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Abstract

Marcus, Spielman, and Srivastava [MSS15] established the existence of Kadison—Singer par-
titions. We provide polynomial-time algorithms for the Kadison—Singer problem. For Her-
mitian matrices Ay,..., A, € C™*™ of rank at most one, we give two algorithms that find
signs o € {£1}™ satisfying || 3, 0:4;]| < C|| Y2, A2||*/2. The deterministic algorithm achieves
C = 3.3443 using O(mn? + n*") arithmetic operations. The randomized algorithm achieves
C = 4.8628 using O(mn? + n358) arithmetic operations in expectation. For vectors satis-
fying >, a;a; = I and |ja;|? < «, the algorithms yield partitions [m] = I; U I, satisfying
12 ier, aiay — 1/2]] < (C/2)/a for j =1,2.

*magic.linuxkde@gmail.com.



1 Introduction

Matrix discrepancy asks how small a signed sum of matrices can be in operator norm. For Hermitian
matrices Aj, ..., A, € C™" of rank at most one, the natural scale is || 3, A?||'/2. The rank-one
matrix discrepancy problem seeks signs o1, ..., 0, € {+1} satisfying

1Yol <Ol Y- AT (1)
i=1 i=1

for a universal constant C' independent of m and n. Here || - || denotes the operator norm for
matrices and the Euclidean norm for vectors. The operator norm requires the same signing to
control every quadratic form ), o;u* A;u over unit vectors w.

A central special case is the partition of an isotropic family of vectors. Let aq,...,a, € C"
satisfy >°.a;af = I and ||a;||* < . The goal is to partition [m] := {1,...,m} into two sets Iy, I so
that each matrix ), I a;a; approximates I/2. The algorithmic challenge is to find such a partition
in polynomial time with a dimension-independent O(y/«) error. Weaver [Wea04| connected this
finite-dimensional discrepancy problem to the Kadison—Singer problem [KS59] through his KSg
formulation. A signing satisfying Eq. (1) gives such a partition: for A; := a;a}, the identity
A? = ||a;]|*A; implies Y, A? < al. The two sign classes therefore satisfy

IS aal = 12] < (C/2)Wa,  j=1.2 (2)

i€l

The bound depends only on the largest squared vector norm and is uniform in the ambient dimen-
sion.

Marcus, Spielman, and Srivastava [MSS15] resolved the Kadison—Singer problem by proving
Weaver’s conjecture. In the normalization above, their partition theorem gives

1Y ;]| < (1/V2+Va)?,  j=1.2

iEIj

Since the two parts sum to I, this also gives the two-sided estimate || Zz‘elj aial —1/2| < V2a+a.
Kyng, Luh, and Song [KLS20] subsequently proved the general rank-one discrepancy bound in
Eq. (1) with C = 4. Their theorem applies without an isotropy assumption and controls the
discrepancy directly by the matrix variance. Xie, Xu, and Zhu [XXZ22] improved this constant to
C = 3 under the same assumptions and matrix-variance normalization. Their proof uses interlacing
polynomials. These results establish dimension-independent existence bounds.

Anari, Oveis Gharan, Saberi, and Srivastava [AOSS18] gave an algorithm for constructing
Kadison—Singer partitions by approximating the largest roots of interlacing polynomials. Its run-
ning time is subexponential in the number of vectors for a fixed vector-norm bound. Jourdan,
Macgregor, and Sun [JMS22] studied the algorithmic problem KSa(c) for real vectors, where the
target partition error is ¢y/a for a fixed constant ¢ > 0. The algorithmic Kadison—Singer problem
asks for a polynomial-time algorithm that finds signs yielding such a partition.

1.1 Our Results

We state our result as follows.



Theorem 1.1 (Informal version of Theorem 3.1, deterministic polynomial time algorithm). For
rational Hermitian matrices A1, ..., Am € C"™ of rank at most one, a deterministic algorithm
finds signs o € {£1}™ such that

13" oidil| < 3.3443] Y A2/,

4.75)

using O(mn® +n arithmetic operations. If A; = a;a}, >, A; = I, and |a;||* < «, the two sign

classes satisfy
1Y aia; — 172 < 167215V,  j=1,2.
iGIj

Our constant 3.3443 is larger than the constant 3 in the existence result of Xie, Xu, and
Zhu [XXZ22]. A natural direction for future work is to achieve C' = 3 with a polynomial-time
algorithm.

Our second result uses randomization to obtain a faster construction with a larger constant.

Theorem 1.2 (Informal version of Theorem 5.1, randomized polynomial time algorithm). For
rational Hermitian matrices Aq,..., Ay € C™™ of rank at most one, a zero-error randomized
algorithm finds signs o € {£1}"™ such that

13" aidil| < 4.8628] Y A2/,

3.58)

using 5(mn2+n arithmetic operations in expectation. If A; = a;a}, >, Ai =1, and ||a;||* < a,

the two sign classes satisfy

1Y " aia; —1/2|| <24314Va,  j=1,2.
iEIJ'

When the rank-one matrices are given in factored form, the input consists of O(mn) scalar
entries. With our current techniques, it is difficult to exploit this representation without explicitly
forming n x n matrices. A natural direction for future work is to use sketching techniques to achieve
a running time of O(mn + n®) for a small constant c.

Organization. Section 2 gives a technical overview of the proof. Section 3 establishes the main
discrepancy bound. Section 4 gives the deterministic construction and the shared algorithmic tools.
Section 5 develops the randomized algorithm and bounds its expected running time. Section 6 gives
the shared finite-precision implementation and proves the bit-complexity bounds.

2 Technical overview

Section 2.1 introduces the potential and explains how the budgets determine the discrepancy con-
stants. Section 2.2 describes the covariance and curvature estimates that give descent, and Sec-
tion 2.3 explains the choice of exponents and polynomial factors. Sections 2.4 and 2.5 list the
required properties of the trace-corrected and fast budgets, respectively. Section 2.6 compares the
two algorithms in a common format, outlines their preprocessing and descent steps, and explains
the deterministic and randomized running-time bounds.



2.1 The budgets and the discrepancy constants

After absorbing eigenvalue signs and applying a common scaling, the inputs are PSD rank-one ma-
trices Ay, ..., Ay, with Y, tr[4;] = 1. Define ¢ := || 3, A?||. A fractional signing y € [—1,1]™ deter-
mines M (y) :== >, y; A;. We use a coupled semidefinite potential based on Lehner’s variational for-
mula [Leh99]. For a nonnegative budget 8 and a parameter ¢ > 0, define K, (D) := >, B(y;)A; DA;.
The matrix potential P(y) minimizes b+ ptr[U 4+ V] over b € R and U,V > 0 subject to

U™+ M(y) + K, (V) <0bI,

. (3)
V7™ = M(y) + Ky (U) 2 bl.
The two constraints control the upper and lower ends of the spectrum of M(y). When a coordinate
reaches an endpoint, its budget vanishes and its contribution to the coupling is removed. The trace
penalty gives the regularity needed to differentiate P; see Lemma 3.2.
The square-root dependence on the matrix variance in Eq. (1) suggests 1/2 as a natural starting
exponent for the scalar budget. Appendix A analyzes the corresponding pure square-root budget.
Our main theorems further tune both the exponent and a polynomial factor:

Bsqre(t) :== (1 — t2)1/2, Theorem A.1, (4)
Ber(t) = (1 = %)% fur(Jt]), Theorem 1.1, (5)
Brass (t) := (1 — 2)7/200£(1¢)), Theorem 5.1. (6)

Here fi; and f are explicit rational polynomials of degree 20, specified in Section 3.9 and
Section 3, respectively. Both have value 1 and derivative 0 at zero. The power determines how fast
a budget vanishes at an endpoint; the polynomial factor adjusts its curvature in the interior. All
three of our budgets preserve

BO)=1, BE)=0, 1-£2<p@H)<1.

The trace-corrected budget also satisfies By (t) > (1 — t2)%/4, while Bgg(t) > V1 —t2. Their
covariance and curvature estimates are different, as described in Section 2.2, and have exact rational
certificates.

For the trace-corrected budget, Figure 2 shows how the six scalar conditions in Section 3.9
depend on ¢ with the budget and helper polynomials held fixed.

Figure 3 gives the corresponding scan for the fast budget used by the randomized algorithm.
The three margins measure joint curvature, budget drift, and the domain bound used by the scalar
certificate.

To distinguish the scalar budget from its sum over coordinates, write

Btr(y) = Z Btr(yi)y Bfast(y) = Z Brast (yz)

The matrix potential also depends on the chosen budget through K. For the fast budget, the
descent analysis uses F := P + vB.st. The randomized implementation smooths its matrix term as
described below. For Theorem 1.1, the budget B;, enters P through the coupling, but the corrected
drift gives strict descent of P itself at light states; an auxiliary term By, is not needed.

The effect of reducing ¢ is visible in the initial-value bound:

IM(y)]| <Py),  PO) <2yl +2np,  (P++B)(0) < 2¢/i + 2np + ym.
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Figure 1: Top row: the budgets i (t) = (1 — t2)/* fir (|t]), Brase(t) = (1 — ¢2)°72%0 fr.i (J¢]), and
Bsqrt(t) = (1 —2)'/2 on [~1,1]. Middle row: the polynomial factors fi, and frast on [0,1]. Bottom
row: the power functions (1 — #2)3/4 and (1 — #2)%7/290 on [~1,1]. Here frst = f in Eq. (6). Each
family of plots uses common axis limits. Panels (a)—(c), (f), and (g) share the reference point
P = (0.8,0.6); “inside” and “outside” mean strictly below and strictly above the corresponding
curve, respectively.

Our covariance and curvature estimates permit

699 14779

%, 2\/Ltr < 33443, Lfast “— m, 2\/Lfast < 4.8628.

Lty ‘=
Small positive regularization and explicit error allowances give the stated constants. Thus Theo-
rem 1.1 uses the trace-corrected budget for the smaller constant, while Theorem 5.1 combines the
other budget with the faster randomized implementation.
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Figure 2: Scalar feasibility for the deterministic algorithm in Theorem 1.1. Define m;-r(L) =
ming g vyepo,1 £i(t, H, Vi), where (Ei,...,Es) = (F,B,f,u,3,p) are the six expressions in
Eq. (61). The curves estimate these minima numerically, with the budget and helper polyno-
mials fixed. The vertical axis uses a symmetric logarithmic scale. The limiting crossing of m{ is
near ( = 2.79592. The blue point marks ¢y, = 2.796, for which Lemma 3.7 proves strict positivity

throughout the cube.

2.2 Sharper covariance and joint curvature

Our descent analysis combines the scalar budget with a covariance estimate for the cost of matrix
inversion. At the optimizer, let W, Z > 0 be the dual multipliers. For A; = a;a;, define

ui=a;Ua;, v :=a;Va;, wi:=a;Wa; z:=a;Za;.

Define f; := B(vi), B; := B'(v:), and B := " (y;). If 1Bv; > 1—1y;, coordinate i can move to 1 while
preserving feasibility. The condition ¢5;u; > 1 + y; similarly permits a move to —1. The remaining
case is a light state, where both inequalities are strict in the opposite direction. There define

1 LB
=1+ 180, =1 — 1By, r; = > :
pi =+ 51 i qi 51 i i Biwav; 1 _ylz

> L.

The first two coefficients describe the response to a coordinate move; I'; measures the reciprocal of
its local coupling strength.

Let Q(r) be the nonnegative quadratic cost of matrix inversion in the first-order responses
of U,V to a direction r, with b fixed. Our weighted projection inequality, Lemma 3.3, retains
the individual I';. For the faster algorithm, Lemma 3.4 gives a centered direction with nonzero
covariance K := E[rr ] satisfying

E[Q(r)] < Z ki (pf wiw; + ¢fvizi) Kii, (7)

7
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Figure 3: Scalar feasibility for the randomized algorithm in Theorem 1.2, with Bgagt, T, Ktast, and
¥, fixed as in Section 3. The normalized margins m{s*, m&st and mf2s* measure joint curvature,
budget drift, and the domain bound, respectively. Define m{?*(1) := min Heer /A over the domain
in Eq. (47), m25(1) := 1 —-20(1+7/2)(1 4+ 94)/[9c(1 — 92)], and m&t (1) := 1 — (1 +9.)/(19?). The
curvature minimum is estimated numerically. The movement condition ¢ > 2 holds throughout
the plotted range. The limiting crossing of mﬁaSt is near ¢+ = 5.91159. The blue point marks
Liast = D.9116, whose scalar conditions are certified in Section 3.7.

where
B 2 1+,

Y= —, ;= .
VY| | 1-v3
As T'; increases, k; decreases towards 1. Keeping this coordinate dependence preserves the stronger
bound at weakly coupled coordinates, in particular near an endpoint.
The scalar budget is matched to these same coefficients. With § := [ and ¢ = it
Lemma 3.5 proves

(-2
75
for the fixed positive parameters 7 and kg, specified in Section 3. The term —/ is the concavity
available for descent; the subtraction pays for the mixed variation of the budget and the matrix
optimizer. The right-hand side is the cost after the covariance comparison. We bound k;p;q; jointly
with the endpoint position, and verify the resulting scalar inequality by exact rational Bernstein
certificates. A coordinatewise drift then cancels the mismatch between the two quadratic weights.
The strict surplus in Eq. (8) gives Eq. (54), which supports the faster algorithm.
Theorem 1.1 uses a further refinement. Lemma 3.6 retains a diagonal and both off-diagonal
local traces and controls the mixed response directly:

) > (1 + /‘ffast)(2 + T)kipiqia (8)

E[Q(T)] + Z AZE[YZFZ] < Z%z(p?uzwz + qzvzzz)Kzz + Veorr - VP.



Here Y, F; are paired response components, and 7{:}, Veorr are denoted in that lemma by k;,v. The
exact mixed variation is the product on the left plus an explicit gradient correction. The off-diagonal
trace has a state-dependent reference value whose deviation is also a gradient term. Retaining its
correlation with A; makes the direct comparison possible. The other off-diagonal entry is also
an exact gradient term. This lets both row auxiliaries use both paired directions. The paired
covariance weight also retains an off-diagonal entry, controlled by a third helper while preserving
positive definiteness. All gradient corrections are canceled by the drift.
The target coeflicient is chosen as

)

ki = ———, ke = 1070,
T2 Ru)pigs "

Lemma 3.7 verifies that the covariance construction works with this target at every light state. Thus
the full budget curvature remains available for descent. The covariance helpers jo; := jo(|yi|, H;)
and by, i = bro (|Yil, Hi), Taux = 0,1, are fixed polynomials, where H; := (28%u;v;/(1 — y?) is the
normalized local product. They are evaluated pointwise; no derivatives of them are needed. The
polynomially weighted 3/4-power budget and ¢y, = 699/250 give strict descent of P, as stated in
Eq. (79), and yield the constant 3.3443. The corrections also change the quantitative drift bounds:
Section 4.20 combines the trace-corrected covariance with entropy smoothing, deterministic grouped
reduction, and block response solves, giving dimension term n*7423%4, The comparison response
holds both matrix constraint expressions fixed, so smoothing leaves its second variation unchanged.
This is the source of the constant—running-time tradeoff between our two theorems.

2.3 Choice of the budget exponents

The exponents 1/2, 3/4, and 97/200 are paired with different polynomial factors and covariance
estimates. Their common purpose is to permit a smaller coupling ¢, since the leading discrepancy
bound is 24/¢. The budget must supply enough concavity to pay for the response of the matrix
optimizer. The exponent and polynomial control that concavity, while the covariance estimate
controls its cost.

The tradeoff between center and endpoint curvature. Define z := |t|. For 0 < p < 1, let
By(t) := (1 — t2)P£(|t]), where f is a polynomial with f(0) = 1, f/(0) = 0, and f(1) > 0. Direct
differentiation gives

~B1(0) = 2p — (0), (9)
. B2 p
M S OmE) T (10)

Holding f fixed, increasing p increases the center curvature, but also increases the endpoint mixed
cost relative to concavity. When the mixed term is bounded by Young’s inequality with 7 > 0, the
fraction of curvature remaining after this cost satisfies

=B = B2 (Bp(2) . p
e —B1(z) =l ioyy (11)

Thus 7 > p/(1 — p) leaves a positive leading curvature margin, whereas 7 < p/(1 — p) makes the
useful curvature negative near an endpoint. Lowering p relaxes this endpoint constraint on 7. A
smaller 7 reduces the opposing factor 2 + 7 in the fast joint curvature inequality, although it also



increases the mixed cost for a fixed budget. The full inequality therefore determines the useful
balance. A regular polynomial factor adjusts the interior profile while preserving the endpoint
ratio in Eq. (10).

Why the trace-corrected budget uses 3/4. A polynomial factor finite and positive at 1 cannot
preserve a lower bound by a fixed positive multiple of v/1 — t? when p > 1/2:

% =(1-2P Pz —0 (@ 1). (12)

The smaller-constant proof uses the weaker lower bound B (t) > (1 — #2)3/* and accounts for
it in its quantitative estimates. At p = 3/4, the endpoint mixed-cost ratio is 3, so a Young-
inequality treatment would need 7 > 3 for a positive leading curvature margin. Our direct co-
variance comparison includes the mixed variation itself, and both off-diagonal trace identities are
used. This stronger comparison permits the larger exponent. The factor fi, sets the center cur-
vature to 3/2 — f{1(0) = 1.116899 and adjusts the interior profile, while the covariance helpers
Jo(|t], H),bo(|t], H),bi(|t], H) also retain the local product.

The construction chooses the target covariance coefficient from the full curvature and certifies
its scalar conditions with coupling ¢, = 699/250. After the stated numerical allowances, the
resulting discrepancy bound is 3.3443. This bound uses both the chosen budget and a covariance
estimate that retains the correlation between the mixed response and the local traces. The full-state
certificate in Section 3.9 verifies this choice; it does not assert that the exponent is optimal.

Why the polynomial factor is useful. For the faster construction, a positive factor with
1'(2) > 0 has logarithmic derivative

B e ) 13)

Ble) 1= f)
The term f'/f offsets the negative logarithmic derivative of the pure power, while f” adjusts
the curvature profile. We choose (p, f,7,¢) jointly to satisfy the full joint curvature inequality at
every light configuration, together with the derivative and drift conditions needed for the faster
implementation. The degree-20 factor provides this construction. The smaller-constant proof uses
the stronger direct mixed covariance and a separate degree-20 factor with nonnegative derivative.
Its certificate controls the full logarithmic derivative and curvature, together with the covariance
helpers jo, bo7 bl.

Why the fast budget uses 97/200. The fast analysis combines the covariance coefficient of
Lemma 3.4 with T = f99a002013 < 1. For p = 97/200, the endpoint ratio is 97/103 < Tfa,
leaving a positive leading curvature margin. The degree-20 polynomial is matched to this exponent
and to tgg = 14779/2500; Section 3.7 verifies the joint inequality on its full domain. The derivative
and zero-crossing properties needed for the faster implementation are listed in Section 2.5. For
comparison, 96/200 and 98/200 have endpoint ratios 12/13 and 49/51, respectively, both below
Trast- Lhus the endpoint test permits both neighboring values; the full joint certificate determines
whether either works with specified polynomial and coupling parameters. The value 97/200 is the

one certified here, and changing it requires rechecking that certificate.



2.4

Properties of the trace-corrected budget

The budget B (t) := (1 — t2)3/% f,.(|t|) satisfies the scalar conditions needed by the potential and
direct mixed covariance. Throughout this section, z := |t|, f := fi, and § := Bi. Derivatives
below are in z. Write 7aux := 1 — 22, p 1= 3/4, a := rauxf’ — 2pzf, and 0 := 2p[1 + (1 — 2p)22]f +
4pzrauxf/ - Taux2f”'

1.

Normalization and regularity at zero. The identities 5(0) = 1 and £'(0) = 0 fix the
initial potential bound and make the even budget smooth on (—1,1). In particular it has the
regularity required by Lemma 3.2.

. Positive, controlled growth. The budget satisfies 1 — 22 < 3(z) < 1 and

B'(2) a(z) 3
0< — = — < . 14
52 U-)fE) S a2 -
The certificate gives f > 1, f/ > 0, and a < 0. At a light state with y; = 2z > 0, the
logarithmic derivative bound gives p; > 1/4 and ¢; > 1. The roles exchange for negative
coordinates. Also f(41) = 0, so the coupling of a signed coordinate vanishes.

. Uniform concavity. Direct differentiation gives

_B"(z) = (1—0(,:2))5#1 > % (15)
This supplies a positive curvature scale for the descent estimates.
. Controlled derivatives through order three. At endpoint distance at least deng,
Bl < ooy, 1BVlB <o 1<i<3. (16)

The fixed polynomial factor and its positive lower bound give these estimates, which control
the Taylor errors in the polynomial implementation. This branch uses strict descent of P
itself and does not require a separate drift inequality for the scalar budget sum.

. Direct mixed covariance at every light configuration. Define ¢+ := 699/250 and x :=

1075, For every z € [0,1) and every ajoc, bloc > 0 satisfying t8(2)aioc < 1 + 2z and 18(2)bjoe <
1 — 2z, define p := 1+ 16 (2)bioc, ¢ := 1 — 18 (2)aioc, and T' := 1/(18(2)aipcbioc). The target
coefficient is Y

poe UE8"2) (17)

2(1+ k)pq

Lemma 3.7 verifies the six scalar conditions that make Lemma 3.6 hold with this target and
jo = jo(z, H) and b, := b, (2, H), raux = 0,1, where H := 1?3(2)?aipcbioc/(1 — 22). The
proof keeps the mixed coefficient and off-diagonal trace reference correlated through the same
state variables. Evenness covers negative coordinates by exchanging aj,. and bj,.. Once all

gradient corrections are canceled, the surplus x gives strict descent.

Section 3.9 specifies the ten integer coefficients of fi, and the helpers jo, bg, b1. Exact Bernstein
checks establish the budget inequalities, and an integer interval certificate with 318239 boxes proves
the covariance inequalities on the full state domain.

10



2.5

Properties of the fast budget

Let frast denote the degree-20 polynomial denoted by f in Section 3. Its role is to make Bt (t) =
(1 —¢2)97/200 £, (Jt|) satisfy both the descent inequalities and the regularity estimates used by the
faster algorithm. Throughout this section, z := |t|, f := frast, 8 := Brast, and p := 97/200. The
following conditions on a fixed rational polynomial f supply the scalar properties used in the proof.

1.

. Joint curvature at every light configuration. Define ¢« := 14779/2500, 7 :=

Normalization and regularity at zero. Require f(0) = 1 and f/(0) = 0. These give
B(0) = 1 and make 8(t) = (1 — t2)Pf(|t|) a C? function on (—1,1) with locally Lipschitz
second derivative. This is the regularity used in Lemma 3.2. On each side of zero the budget
is smooth; derivatives of order three and higher at zero are interpreted one-sided.

Positive, controlled growth. Require f(z) > 1 and f’(z) > 0 on [0, 1], together with
B'(z) <0 for 0 < z < 1. The derivative conditions are equivalent to

f(z) 2pz 972
= f(z) ST 100(1 — 22)°

(18)

Since p < 1/2, these conditions imply v1 — 22 < (1 — 22)? < B(z) < 1. The factor (1 — ¢2)?
gives f(£1) = 0, while f(1) remains positive. These bounds control the coupling at light
states and allow the coupling of a signed coordinate to be removed.

. Uniform concavity. Require

1
—B"(2) > ok 0<z<1. (19)
This gives a positive scale for the budget weights in Lemma 4.4. At zero it becomes 2p —
f7(0) > 1/2, or equivalently f”(0) < 47/100. The concavity condition applies to the full
budget 5.

. Drift compatibility. Require

(=B (=)L +2) <B(2)(=B"(z), 0<z<L (20)

This bounds the first-derivative contribution to the budget drift by its negative second-
derivative contribution. The drift analysis in Section 3 uses this inequality to prove strict
descent of the auxiliary budget sum B(y) := >, B(y;). Together with matrix-potential de-
scent, it yields descent of F := P + ~B for v > 0.

4902302619
5000000000’

and k := 1078, For every z € [0,1) and every ajoc, bioc > 0 satisfying t8(z)ajoc < 14 2z and
tB(2)boe < 1 — 2, define p := 14 18'(2)bioe, ¢ := 1 — 18'(2)a1oc, and T' := 1/(18(2)a10cbioc)-
The growth conditions ensure p,q > 0 and I' > ¢ > 2. Define ¢ := 2/(v/1+4I' — 1) and
k:= (1+9)/(1 —93), the coefficient from Lemma 3.4. Require

Ok
76(2)

Evenness covers negative coordinates by exchanging aj,. and bj,c. The concavity remain-
ing after the mixed-derivative cost must dominate the entire covariance cost for every light
configuration. Lemma 3.5 verifies this inequality. Its strict surplus supports the weighted gra-
dient/curvature alternative in Lemma 4.4. The same parameters ensure (1+7/2)k/c < 9/20,
which supplies the strict margin in the budget drift estimate.

u(=B"(2) ) = (1+K)(2+T7)kpg. (21)

11



6. Controlled derivatives through order four. For 0 < depg < 1/2 and [t| < 1 — Jeng, the
fixed polynomial form and positivity of f give

BB <Cotd,  1<j<4, (22)
1BV _ .
ﬁ(t) C’(Sendv 1< <4 (23)

Here C' depends only on the fixed polynomial, and derivatives at zero are one-sided. With
the algorithm’s cutoff §__ 1 = O(log(2n)), these bounds and uniform concavity imply

end —
|89 (1)]?
B(t)

where P, is a fixed polynomial in log(2n). These estimates control the directional responses
in Lemma 4.5 and the smoothed local corrections in Lemma 4.11.

1BY(1)] + Po(=B"(t), 1<j<4, (24)

7. A nonpositive third-derivative jump at zero. Require f/(0) < 0. Since f/(0) = 0, the
even budget satisfies

B"(07) = B"(07) = 2f"(0) < 0. (25)

The chosen polynomial has cubic coefficient —5706553/10, so this inequality is strict. Along
a line in the coordinate space, each zero crossing therefore contributes a nonpositive jump to
the third derivative of F. The local estimates in Section 4.13 use the appropriate one-sided
derivatives on each side of zero.

Section 3.7 gives exact rational Bernstein certificates for the scalar descent inequalities. Fixed
rational coefficients also permit evaluation of the polynomial and its derivatives at the short pre-
cision used in Section 6.4. The degree and coefficients provide one construction satisfying these
requirements; the proof uses the stated properties of the resulting budget.

2.6 Efficient implementations and running-time bounds

Algorithms 1 and 2 summarize Algorithms 3 and 5. The first gives constant 3.3443 deterministically;
the second gives constant 4.8628 with a smaller expected running time. Both use the same input
conversion and certified optimizer corrections. The randomized algorithm holds a small background
fixed and uses curved moves while many coordinates remain, then switches to endpoint and gradient
sweeps. All randomized routines use finite caps, verified tests, and deterministic fallbacks.

Both algorithms first round the input once to short PSD rank-one dyadic matrices. The grouped-
coordinate reduction in Lemma 4.2 prepares their common partial-signing framework. A balanced
binary tree stores the matrix sums of coordinate groups. Each group has one shared fractional
coefficient, and splitting it preserves the signed sum by copying this coefficient to both children.
Computing all group sums costs O(mn?).

The shared local estimates use

w; = (=B8] (L(viw; + uizi) +7), G := diag(w;).

Lemmas 4.10 and 4.11 give the smoothed Newton neighborhood and optimizer correction. Sec-
tions 4.8—4.11 give capped initialization and operator actions. Section 6 gives their finite-precision
implementations. The short input cache and strict discrepancy margins keep the original binary
input length additive. Section 4 accounts for input approximation, endpoint rounding, numerical
comparisons, and optimizer correction.
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The running-time analysis depends on efficient matrix computations. Related inverse-maintenance
methods for semidefinite programming were developed by Huang et al. [HJST22]. For rectangular
matrix multiplication, we use the bounds of Alman et al. [ADW™25, Table 1] and Le Gall and
Urrutia [LU18, Table 3].

Algorithm 1 Simplified deterministic signing

1. procedure SIMPLIFIEDDETERMINISTICSIGNING (Ay, ..., A.,)

2 (B,t) « (B, 699/250).

3 Preprocess deterministically and initialize the potential. > Lemma 4.19
4 while active coordinates remain after phase updates and deferrals do

5: if a regular endpoint move is certified then

6 Fix its sign and continue the optimizer to the new face.

7 else if the large-gradient test succeeds then

8 Perform a deterministic gradient sweep and correct the optimizer.

9 else
10: Take a certified step in a deterministically selected direction. > Lemma 4.20
11: end if
12: end while
13: Round deferred coordinates deterministically. > Lemma 4.9
14: Recover the original-input signing o.
15: return o.

16: end procedure

Algorithm 2 Simplified zero-error randomized signing

1: procedure SIMPLIFIEDRANDOMIZEDSIGNING (A1, ..., An)

2: (B, 1) < (Brast, 14779/2500).

3: Preprocess by certified orientations and a smaller sketch; initialize the potential. >
Lemma 5.27

4: while the resident count exceeds K. do

5: Hold near-endpoint coordinates fixed until a bulk deletion is due. > Lemma 5.34

6: Mask the pending and non-light coordinates, retaining their coupling.

T: Take a certified drift-adjusted curved move using capped trials and fallback. >
Lemmas 5.32 and 5.40

8: end while

9: Finish using endpoint continuation, gradient sweeps, and checked spread moves. >
Section 5.7

10: Round deferred coordinates by verified sampling with fallback. > Lemma 5.25

11: Recover the original-input signing o.

12: return o.

13: end procedure

Deterministic algorithm. Algorithm 1 completes a fractional signing while controlling the norm
of its matrix sum. After input conversion and variance scaling, the matrices C; satisfy >, Cf =< I
The deterministic reduction in Lemma 4.19 fixes all but at most 2n? coefficients, with a prescribed
residual, using 5(mn2 +n2%0) arithmetic operations. Padding the matrices by zeros increases their
order by only a constant factor and restores the active-count condition. The subsequent state
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consists of an active set I, fractional coefficients y;, and a fixed contribution F', giving the modeled
sum M (y) := F + > ,c;%:C;. The initial residual is charged once when recovering the final signing.

The algorithm uses the trace-corrected budget S, and coupling ¢ = 699/250. It maintains the
primal matrices U,V and dual matrices W, Z defining the smoothed potential Ps. Lemmas 4.10
and 4.11 give the Newton-neighborhood and optimizer-correction estimates. Entropy smoothing
replaces the largest-eigenvalue objective by a log-trace-exponential, giving differentiable optimizer
equations while changing the potential by at most its reserved smoothing allowance. Eq. (120)
gives Ps(y) > ||M(y)||, so controlling this potential controls discrepancy. In a phase starting with
K active coordinates, the descent potential is

Foly) :=Ps(y) + Ak > Bur(wi)-

el

The small positive reservoir supplies curvature in the coordinate directions. Its coeflicient is fixed
during the phase and renewed when the active count halves; the total potential added by these
renewals fits a fixed allowance. Each phase also uses Lemma 4.18, with the phase cutoff in Sec-
tion 4.20, to round sufficiently small-trace inputs and remove their coupling contributions in a
batch.

The local loop first tests whether a coordinate can be fixed at 1 or —1. Endpoint scores computed
from the current optimizer certify that such a move respects the potential allowance. When a test
succeeds, the algorithm records the sign and continues the optimizer to the smaller active problem
using the trace-budget application of Lemma 4.15. Otherwise it tests the weighted gradient. A large
gradient gives first-order descent. A gradient sweep then uses scalar coordinate models evaluated
at one fixed optimizer to make several updates, followed by an optimizer correction. The bounds in
Lemmas 4.16 and 4.17 specify how far the sweep can move before those models must be refreshed.

If both tests fail, the trace-corrected covariance estimate guarantees negative curvature. A
polynomial spectral filter isolates negative-curvature directions, and the conditional-expectation
construction in Lemma 4.20 fixes auxiliary signs one at a time to construct a direction r. It
controls both the largest coordinate of r and the four relative matrix responses: the changes of
U,V,W, Z measured against their current values. These bounds permit a finite step while keeping
the matrices positive and the coordinates inside the cube. The direction is oriented so its first-order
contribution is nonpositive. The finite-step bound in Eq. (202), with the step size in Eq. (203),
gives a definite potential decrease. The new optimizer is obtained by the initialization homotopy
in Section 4.16, and the decrease is checked.

Coordinates within the endpoint cutoff are handled separately from regular endpoint moves.

They are frozen at their current fractional values, whose contributions are retained in F', and their
coupling terms are removed together. Once no active coordinates remain, deterministic matrix-
exponential rounding assigns all deferred signs jointly, with the discrepancy allowance of Lemma 4.3
and the faster implementation of Lemma 4.9. This permits an endpoint cutoff whose reciprocal is
logarithmic in n, keeping the budget derivatives controlled throughout the local loop.
_ The operation count combines these mechanisms. During a phase with K /2 < k < K, there are
O(min{n,n?/K}) curvature moves. Computing all response columns at one optimizer together gives
total curvature-search work over the phases of O(n?). Gradient sweeps reuse an optimizer across
updates, and endpoint continuations are charged to their potential decreases. Adding initialization,
preprocessing, and final rounding gives O(mn? 4+ n*742354) arithmetic operations. The discrepancy
allowances preserve the constant 3.3443 in Theorem 3.1; Section 6 gives the corresponding bit
bound with additive Liy,.
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Randomized algorithm. Algorithm 2 uses random sketches and sampled directions to reduce
the work of constructing a signing. After the common input conversion and variance scaling,
Lemma 5.27 leaves at most 2n? fractional original coefficients using O(mn?) arithmetic operations
in expectation. Its sketches are formed through actions of the original rank-one matrices. Residual
and norm tests certify the reduced instance before it is used. Constant-factor padding restores the
active-count condition, and the single preprocessing residual is reserved in the final discrepancy
allowance.

The local algorithm uses the fast budget Sgast, coupling ¢ = 14779/2500, and the smoothed
potential with its scalar reservoir. It maintains the fractional coefficients and a corrected primal-
dual optimizer. A coordinate is resident while its matrix and coupling term remain in this model.
On reaching the endpoint cutoff, its coefficient is held fixed and marked as pending. Entering this
pending set changes neither the potential nor the optimizer. The algorithm also holds fixed the
coordinates whose endpoint scores do not certify the lightness conditions needed for a curved move.
Lemma 5.33 bounds this combined mask, leaving most resident coordinates movable.

At a state with many resident coordinates, the algorithm modifies the Hessian by subtracting
a diagonal term involving the gradient and the coordinate drift. Lemma 5.30 gives many negative
eigenvalues for this modified operator. A polynomial filter applied to a random sign vector produces
a candidate direction. Random sketches accelerate the inverse actions needed to evaluate this filter.
Lemma 5.31 checks the candidate’s negative curvature, coordinate spread, and relative primal and
dual matrix responses against the true model. These checks ensure that an accepted direction
has both sufficient descent and controlled changes in the optimizer. Each trial has an absolute
conditional success probability. Unsuccessful trials are discarded; a finite trial cap is followed by a
certified deterministic move.

The drift correction is realized by a quadratic path. For each movable coordinate, Eq. (302)
prescribes

yi(8) == y; + sr; — stir?,

where r is the accepted direction and d; is the drift coefficient computed at the base optimizer.
Masked coordinates stay fixed. The second derivative along this path equals the quadratic form
of the modified Hessian. The sign of s is chosen to make the initial linear contribution nearly
nonpositive. A first-order optimizer prediction is followed by a root correction and a true potential
comparison. Lemma 5.32 gives decrease Q(vk/n?/?) when the resident count is k.

Pending coordinates are deleted only after they form a prescribed inverse-polylogarithmic frac-
tion of the resident set. Their combined coupling is gradually attenuated, their fixed matrix contri-
butions are retained, and the optimizer is corrected for the resulting model. Each deletion therefore
reduces the resident count by that fraction. Lemma 5.34 charges the continuation stages to the
potential decrease of each batch, giving only O(y/n) stages in total. This batching shares the
optimizer-update work across many coordinates.

When k falls to K. = nP,, where P, is a fixed polylogarithm, the algorithm clears the pending
batch and switches to the endpoint, gradient-sweep, and verified spread-curvature moves of Sec-
tion 5.7. Finally, Lemma 5.25 rounds the deferred coordinates. Matrices above its trace cutoff
receive their nearest signs; the remaining signs are sampled with the recorded means. A norm
certificate accepts a signing only within the reserved error allowance, and capped sampling has
a deterministic fallback. Restoring the input eigenvalue signs then produces the original-input
signing.

The expected operation bound reflects both progress and evaluation. Rational matrix-function
approximations and shifted Lyapunov solves supply the required actions. The sketch sizes and
recursive solve depth adapt to the resident count; Lemma 5.40 bounds a complete trial, including
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response tests and optimizer correction. In a phase K/2 < k < K, Lemma 5.34 bounds successful
curved moves by 5(713/ 2/y/K). Combining these bounds and charging the largest-count phases
to mn? gives 5(mn2 + n3-57537) arithmetic operations in expectation; Section 5.14 includes the
continuation, finishing, and final-rounding work. The discrepancy allowances give the constant
4.8628 in Theorem 5.1. Section 6 gives the corresponding bit bound with additive Li,.

3 A polynomial time algorithm with small constant

Section 3.1 states the main discrepancy bound. Section 3.2 introduces the normalization, budget,
and matrix potential, and Section 3.3 derives the endpoint moves and variation formulas. Sec-
tions 3.4 and 3.5 prove a weighted projection inequality and use it to construct the covariance.
Sections 3.6 and 3.7 establish strict descent and verify the required scalar inequalities. Sections 3.8
and 3.9 correct the covariance using the local trace and prove the improved constant with its exact
certificate. Section 4 gives the algorithmic implementations.

3.1 Main discrepancy bound

The formal version of Theorem 1.1 combines the trace-corrected discrepancy bound with an ex-
plicit arithmetic cost. Theorem 6.21 gives the corresponding bit-complexity bound with the same
discrepancy and partition guarantees.

Theorem 3.1 (Formal version of Theorem 1.1, deterministic polynomial time algorithm). For
rational Hermitian matrices Ay, ..., Am € C™*™ of rank at most one and total binary length Li,, a
deterministic algorithm finds signs o € {£1}™ such that

1) " oiAi]| < 3.3443] Y~ A2

The number of arithmetic operations satisfies
Torith < O(mn? 4 n*742354)

If Ai = a;af, >, Ai = I, and ||a;]|* < «a, the returned signs determine a partition [m] = Iy U I
satisfying
1Y " aia; — I/2|| < 167215V,  j=1,2.
IS

The partition is computed within the same arithmetic bound. Here 9] suppresses logarithmic factors
m m,n, L.

Proof. Use the budget S and 1, = 699/250 from Section 3.9. For nonzero PSD inputs, write
¢ :=|>; A%|| and fix p > 0. The continuous matrix potential P attains a minimum on the compact
cube. Among its minimizers, choose one with the fewest active coordinates. An available endpoint
move does not increase P and removes a coordinate, contradicting this choice. Otherwise all active
coordinates are light. The active gradient vanishes and the active Hessian is PSD, contradicting
the strict generator bound in Eq. (79). Thus some minimizer is a vertex, and the scalar feasible

point in Eq. (30) gives
| ZUiAiH < 2v/14:C + 2np.
i
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Let p tend to zero and take a vertex that occurs infinitely often. Since 4u, < (3.3443)2, this
proves the claimed bound. For general Hermitian rank-one inputs, apply the result to |A;| and
absorb the eigenvalue signs; |4;|? = A? preserves the variance. The deterministic construction and
its arithmetic cost are proved in Section 4.20. Finally A? < «A; in the isotropic case, and each
partition error is half the signed sum. O

Algorithm 3 records the deterministic construction for rational inputs. For the active set I,
it maintains the modeled sum M(y) := F + >_,.; ¥C; and the smoothed potential Fy := Ps +
AK D e Bi from Eq. (194), with budget 8 := B and coupling ¢ := 699/250. In preprocessing,
replace the grouped reduction by Lemma 4.19, pad the retained matrices to working order N :=
2Mog>(2n)1 and use N in place of n in all subsequent parameters and routines. At the current
optimizer, define §; := S(y;), u; := tr[C;U], and v; := tr[C;V]. The scores 1S;v; — (1 — y;) and
tBiu; — (1 + y;) correspond to the endpoints 1 and —1, respectively. The parameters p, X, dend, 0,
and A\, together with all precision and comparison margins, are chosen as in Section 4.20. Gradient
sweeps use the original weights k; := ¢(v;w; +u;2;) and two separated thresholds. Curvature search
uses G4 and the matrix-response bounds in Eq. (199). Its oriented step has length given by
Eq. (203); the new optimizer is initialized by the explicit data homotopy. Compute all response
columns at one root together by Lemma 4.20. Regular endpoints use the charged continuation
of Lemma 4.15, as justified in Section 4.20. The small-input cutoff and reservoir coefficient are
renewed when the active count halves. Near-endpoint slots are removed together.

3.2 Normalization, budget, and potential

Discard zero inputs. Define L := Y, |tr[4;]| and A; := sign(tr[A;])A;/L. Then A; = 0 has rank
one, >_.tr[4;] = 1, and, writing ¢ := ||>_; A?|,

(mn)™'<¢<1, Al <V

A signing for the A; transfers to one for the A;. For clarity we first analyze nonzero PSD inputs
with a variance upper bound (. The identities also hold on a face with a fixed signed matrix
contribution. We use the variance upper bound ¢ := ¢ for the existence proof.

Until Section 3.8, use the following budget, denoted also by B¢ when both algorithms are
discussed. Let rauc(z) := 1 — 22 and f := fas, Where frag is the explicit polynomial in Eq. (70).
Define

Bly) =1 —-y*)Pf(ly)), -1<y<L
Define 97 14779 4902302619 101
pi=—, L:= —— = 5.9116, T, Py 1= —.
200 2500 5000000000 200

The following properties are certified in Section 3.7:

BO)=1, B(*1)=0, VI—y2<B(y) <1, (26)
fl(z)=0,  p)<0,  =p"(z)>1/2, 0<z<1, (27)
(=B'(2)(1 + 2)

B(2)(=p"(2))

The even extension 3 is C2 and has locally Lipschitz second derivative on (—1,1). Its third derivative
may jump at zero; no third derivative at zero is needed.

<1 (28)
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Algorithm 3 Deterministic rank-one signing with discrepancy constant 3.3443

1. procedure TRACESIGNING(A1,...,Ap) > Theorem 3.1
2 (C,y,I,F,R) + PREPROCESS(Ay, ..., Ap;1077,1076). > With Lemma 4.19
3 if I = @ then

4 Recover and return the original-input signing using R.

5: end if

6 Pad the retained matrices to order NV and use n < N below.

7 Initialize D + @, K < 2|I|, Ag + 0, and L < 1+ [logy(2n?)].

8

9

Build the common dyadic cache; initialize the smoothed optimizer. > Section 4.16
: while I # @ do
10: if |I| < K/2 then
11: Set K « |I| and select S using cutoff x/(4LVK).
12: Round S jointly and record its signs in R.
13: Preserve M, attenuate the slots of S together, and remove them from I.
14: Set the new reservoir coefficient A\ > Eq. (194)
15: elseif S:={iel:1— |y <Odenda} # & then
16: Append (i,y;) for i € S to D; preserve M and attenuate these slots together.
17: Remove S from I and its reservoir contributions, correcting the optimizer.
18: else
19: Evaluate both endpoint scores for every i € I to error 6.
20: if an approximate score is at least — then
21: Record the corresponding endpoint sign s at coordinate <.
22: Set F' < F + sCy; remove ¢ and its coupling and reservoir terms.
23: Continue the optimizer to the new face by the charged positive homotopy.
24: else
25: Compute the certified high gradient test using ;.
26: if the high test succeeds then
27: Execute a frozen-root sweep and correct its optimizer. > Section 4.20
28: else
29: Construct 7 by the deterministic matrix-response selection. > Eq. (199)
30: Orient r by the directional gradient and choose ¢ by Eq. (203).
31: Set y < y+tr, round inward, initialize its optimizer, and certify the decrease.
32: end if
33: end if
34: end if
35: end while
36: Round D jointly using Lemma 4.9 and record its signs in R.
37 Recover and return the original-input signing using R.

38: end procedure

For a fractional signing y, define M(y) := Y, y;4; and Ky (D) := 1>, B(y;)AiDA;. For p > 0
define

= in b trlU +V 29
Ply) =, min b+ ptr[U +V] (29)
subject to U™ + M (y) + K, (V) < bl,

V=t — M(y) + K, (U) < bl
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Our total potential is F := P + vB, where B(y) := >, 8(y;) and v > 0. For every feasible point
the constraints imply b > ||[M(y)||. At y = 0, the scalar choice U := £I, V := (I, and b := £~! + (¢
is feasible. Minimizing its objective over £ > 0 gives

M) <Ply),  F(0) <2y +2np +ym. (30)

The trace penalty makes the optimizer unique. The PSD dual multipliers W, Z are positive
definite and satisfy

trW+ 2] =1, W =UK,(2)U+pU?  Z=VE,W)V +pV? (31)
U+ M+ K,(V)=bl, V'-M+K,U)=0l (32)

The next lemma justifies differentiating the optimized potential twice within each open face of the
cube.

Lemma 3.2. On each open face of the cube, the program in Eq. (29) has a unique optimizer. Its
primal and dual variables, and P, are C? with locally Lipschitz second derivatives. The optimizer
satisfies Eqs. (31) and (32). The value P is continuous on the closed cube.

Proof. The map K, is positive and self-adjoint. Matrix inversion is operator convex, and U := I and
V = I with large b is strictly feasible. On any bounded objective sublevel, the constraints bound
U—1, V1 above, and the trace penalty bounds U, V above. The sublevel is therefore compact inside
the positive definite cone, so a minimizer exists. Convex duality gives W, Z = 0. Differentiating
the Lagrangian in b, U,V gives Eq. (31). In particular W = pU? = 0 and Z = pV? = 0, so
complementary slackness gives Eq. (32).

For a nonzero Hermitian A,

2

g U+ tA) Y)jmo = 2tx[WU AU AU Y] > 0.

Thus the Lagrangian is strictly convex in (U, V'); it has only one minimizer, and the tight equations
determine b.
For completeness, define the self-adjoint linearization

J(A,B):= (U AU — K,(B), V'IBV ™ — Iy (A)).

The positive map N (A,B) := (UK, (B)U, VK, (A)V) satisfies N(W, Z) = (W, Z) — p(U%,V?) <
ro(W, Z) for some rg < 1. Every Hermitian pair is bounded in absolute semidefinite order by a
multiple of (W, Z), so the Neumann series for I — N converges. Hence ¢ is invertible and ¢ !
preserves positivity. This also proves uniqueness of the dual pair.

Let & be the positive definite Hessian of the Lagrangian in (U, V). A vector (dy,A,B, W' Z")
in the kernel of the full KKT Jacobian satisfies

F(A,B) = —dy(I,1), F(W'.Z") = E(A,B), tr[W' + Z'] = 0.

Pairing the middle equation with (A,B) shows ((A,B),&(A,B)) = 0. Thus A = B = 0, then
d, =0 and W' = Z' = 0. The implicit function theorem proves the asserted regularity; the locally
Lipschitz second derivatives follow from those of 5. Finally the sublevel bounds can be chosen
uniformly in y for fixed p > 0. A convergent sequence of optimizers gives lower semicontinuity
at every boundary point. Conversely, keeping U,V fixed and increasing b by a vanishing amount
restores feasibility after a small change in y, proving upper semicontinuity. O
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3.3 Endpoint moves and variation formulas

Fix a state and let its kact active coordinates be indexed by [kact]. Write A; = a;a; and
* * * *
ui=a;Ua;, vi:=a;Va;, w;:=a;Wa;, 2z :=a;Za.

If 1B;v; > 1 — y;, rounding y; to 1 preserves feasibility with the same (b,U, V') and decreases F by
at least v5;. Likewise (8;u; > 1 4+ y; permits rounding to —1. Hence the remaining case is

WBiug < 1+ y;, Biv; <1 —y;. (33)
Define

pi =14 v, q=1—1Bui, c¢i:=\Bipi/t, di=/Biqi/pi, Ti = \/piGi/Bs-
For y; > 0, f' > 0 gives
n
—Bi/Bi < 1_7227 pi>1/(L+y)>1/2, ¢>1, pigi<1—(1+y)5;/Bi
i
For negative y;, exchange p;, ¢; and u;,v;. In particular all scales above are positive. Write

u; = ciug, v; = d;v;, w; 1= cw;, 2z = d;z;.

We will use Cidi = ﬁi, TiCi = Di, Tidi = q;, and

1—y?

2Bi
For a real direction r, hold b fixed and differentiate the two tight constraints. The resulting

feasible local path has derivatives satisfying

< (34)

1
’1715@ = Bzuzvz < -
L
U_lUU_l = Zpﬂ'i/_li + ICy(V),
VWY =2 Cgirids + Ky (U). (35)
Define the nonnegative quadratic form
Q(r) == te[WU Ut UU ] + te[2V VYV IV YL
Differentiating the fixed-b feasible path gives
9P = piwi — qizi = Ti(W; — %). (36)
More explicitly, its second-variation calculation gives

rTV2Pr < 20(r) + 2/ Q(nM(r) — vy (=57 (viw; +uiz)r,

where M(r) = 1> °.(B2/B:)(viw; + u;z;)r?. Here is a direct derivation of the second-variation
bound. Let ¢, (t) := b+ ptr[U(t) + V (t)] along the fixed-b feasible path. Then ¢,(t) > P(y + tr)
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with equality at zero. Also # (W, Z) = p(I,I), so differentiating the constraints once gives ¢/.(0) =
> (piw; — g;z;)r;. Differentiating twice gives

o’(0) =29(r) + 2 Z Blri(wialVa; + ziaiUa;) + o Z B (viw; + wizg)re.
% %

By the dual equations,

Qr) > Z 5¢(wia§‘VV_1Vai + zianU_ani).

The inequalities |a} Uai|2 < uia;‘UU_ani and its V analogue, followed by scalar Cauchy—Schwarz,
bound the absolute mixed term by 21/Q(r)M (). This proves the stated bound because r ' V2Pr <
1
©7/(0).
Apply 2VEB < 7E + B/7. For any centered random 7, with m; := 72E[r?], this gives

L 12
%E[TTV2PT] < (1+7/2)E[Q(r)] — 3 Z(— ! — flﬁl)(vlwl + w2 ) E[r?). (37)

3.4 A weighted projection inequality

The covariance must retain a different coupling coefficient at each coordinate. The next lemma per-
mits these coefficients without requiring that the response projection commute with their weights.

Lemma 3.3. Let e1,... €k, f1s-- -, fra, b€ an orthonormal basis of R?*a<t. Let Tly project onto
the span of the e;, and let I be a rank-k,c; orthogonal projection. Suppose

(I - HO)(I - T)H = 07 <€i7Tei> + <f’b7 Tf2> = 07 <€i7Tei> S 07
<€i7Daux€i> = <fi7Dauxfi> =1, Dayux = TTFT,
where I'e; = Tye;, T'f; =1 fi, and I'; > 2. Define 0 < 9; < 1 and k; by
9 e 2 b 1+
BV ey -3

There is a PSD matriz A, positive definite on range Il and zero on its orthogonal complement, such
that
tr[DaueAl <Y kiles, (I = T)A(I = T)Tey). (38)

7

Moreover tr[(I — T)A(I —T)T] > 0.
Proof. For 0 < 9 < 1 define

1 0 2 2
A=1+09% 493 ¢ = = Naux = —,  Ji=
TUEUL W= YT x4 o) AT T ey
With T := (1 +9)/9? and k := (1 +9)/(1 — 93), direct rational identities give
haux hauX2
_ 1/k —1/T) = 1/w,,
B 1k - D) = 1/ (39)
. .2
I 1wy, (40)

wy 4wa
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hauX2 + ]2

Twe  4l'wy

=1—w, —wy. (41)

Also
2(1 —9)(1 +9)?

(2+9)A
Use these values at 1; for each coordinate and define
D:= Z(wfeiez— + u;lft)‘“ifi—'—)7 A:=EE'DE)ET, B:=D_A,

7

> 0.

haux —Jj=

where E is an orthonormal basis matrix for range IT. Since D~1/2AD~1/2

of rank k.,

is an orthogonal projection

A,B>=0, AD'A=A AD'B=0, tr[D'A] = kue.
The energy outside A satisfies

tr[DauxA] < tr[DauxD] — tr[FTBT '], tr[DauxD] = > (wf +w]).
i
We compare this gap and the movement by completing squares in each row.
For the e; row define ¢; := e;rT and C; :=I';B + k;A. This matrix is positive definite, with

Cil=T;'D '+ (k' -T;H)D'AD L.
Completing a square gives

DitiBt] + ki(e] —t)A(ei —t] ) + hauxities

kilei, Aei) — (kie; — hauxiei/2) T O H(kiAe; — hauxiei/2)
(i, Aei)  haux?

e - €’
w; AT wy

AV

The last equality uses Eq. (39). For the f; row define s; := fZ-TT. The response condition gives
A T
siA = f,' A, so
~ (fi,Afi) + 5B f;

sifi =
1J1 w{‘
Completing a square with the PSD matrix B, which need not be invertible, and using Eq. (40), we
obtain . .2 o ALY -
. Ji Ji is i Ji
TisiBs] + jisifi 2 Lo fi, Afi) — —2—(fi,Bf;) = .
siBor 4 gisdi 2 PR AR) = e e B =
Let

q:=tr[[TBT ']+ kiles, (I = T)AI - T)"es).

Summing the row inequalities and Eq. (41) yields
0+ (hausilei, Tei) + ji(fi, Tfi) > tr[D7PA] = > (1 — wf — w]) = tr[DanxD].
i i
The added sum equals ), (haux; — Jji)(€i, Te;) < 0. Thus q > tr[DauxD], proving Eq. (38).
Finally define 'y := min; I'; > 2 and wpin := Amin(D) > 0. Taking traces in the hypothesis
gives HTH%7 < 2kact /Tmin < Kact, and A = wpinll. Consequently

tr[(1 — T)A(I = T) '] > wiminkact (1 — v/2/Tmin)? > 0. (42)

No dimension-independent lower bound on w, is needed. O
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3.5 A covariance with coordinate-dependent coefficients

We apply the weighted projection inequality to the response system to obtain a covariance for
coordinate moves.

Lemma 3.4. Under Eq. (33), define

S B 9 2 b LU
T BV ) =Y

LU V4 B Lﬁiuwz”
There is a centered, finitely supported direction r with nonzero covariance such that, with m; =
27 [,.2
T E[Tz ]7

E[Q(r)] < Z ki (W + 0iZi) ;. (43)

Proof. Define symmetric PSD, entrywise nonnegative matrices
R * 2 o * 2
%j = LCZ‘Cj‘ai Uaj| y %j = Ldidj|ai Vaj| .

Eor P,Q € RFact let Mp = > ¢;P;A; and Mg =), d;Q;A;. The responses U = UMpU,
V := VMgV satisfy Eq. (35) precisely when

J::P—VQ:%P—Q, r; = Jz/Tz (44)
The linearized constraint map is invertible, so these are the actual responses. Define
Ep = diag(ﬂi@i), EQ = diag(ﬁizi), FE = diag(Ep, EQ).

The energy tr[WMpUMp|+tr[ZMgV Mg] is a PSD quadratic form with matrix M,y and diagonal
E. Hence D,y := E~Y2M,w E=/? has unit diagonal and zero cross-block entries. Define

- ( 0 ES v B,

Eé/2%E;1/2 0 > 5 F:: diag(rl,...,rkact,rlj...7Fkact).

The full coefficient at each coordinate gives

Do = T'TT,  Ti > 1%@ >1>2. (45)

%

Indeed the dual equation and Cauchy—Schwarz imply, for every real P,

a[WMpUMp] > ¢S Bizia;UMpUMpUa; > > %(%P)? =S raz(w Py

Here ]anMpUai\Q < u;afUMpUMpUa; and (% P); = wc;a;UMpUa;. The analogous inequality
for @, followed by diagonal normalization, proves the matrix inequality for all (P,Q). The light
bounds give LQBiguivi <1- yiz; also 8; > 1 — y? These prove the remaining assertions. The
argument applies to complex Hermitian input matrices.
Let
Viesp := {(Pv Q):(I— %)P + (I -7)Q = 0}

This space has dimension k... In fact the strict dual equations give ZzZ < w and Yw < Zz
coordinatewise, so p(%Z 7)) < 1. A nonzero left kernel vector of [I — % I —¥] would be a common
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eigenvector with eigenvalue one, a contradiction. Let IT project onto E'/?Vyeg,. Writing dp; :=
(Ep)i; and dg; := (EQ), define

Vidpiep; — +/dg.i€q.i

Vdgiepi +\/dpieq,
e = , fi = .

Vdpi+dg; Vdpi 4+ dg
Let ITy project onto the span of the e;. Eq. (44) gives (I—TIIy)(I—T)II = 0. The local two-coordinate
blocks of D,y are identity matrices, so its quadratic forms at e;, f; equal one. Directly,
~ dpi Vi + do .«
<€i7T€z’> _ Py 7ii + Q,i Yii
dpJ‘ + dQ,i

<0, (fix Tf;) = —(es, Tes).

The matrix I' is scalar on each coordinate pair, so this change of basis preserves its form. Apply
Lemma 3.3. For independent uniform signs € € {#1}?%act define (P, Q) := E~'/2AY2¢ and define
J,r by Eq. (44). This pair belongs to Viesp, and

E[Q(r)] = tr[DawxAl, (e, (I = DAU = T)Tei) = (dp + doa)E[J7).

Thus Eq. (38) proves the desired comparison, and Eq. (42) implies tr[E[rr"]] > 0. The signs here
supply only a finite-support existence certificate. O

3.6 Joint curvature and strict descent

The coupling coefficient and endpoint position must be bounded together. This replaces the use of
a single lower bound for the scalar curvature ratio.

Lemma 3.5. At every light state,

W~ " _ ﬂ?
b

Proof. By symmetry suppose y; > 0 and define z := y;. Write
QIog = _B//B 2 07 u = Lﬁiu’ia U= Lﬁ’iv’i-

The light inequalities give 0 < u <1+ 2,0 < v <1 — 2z, and

) > (1 + Kfast)(Q + T)k‘ipin} Rfast = 10_8- (46)

_B

pq ( QIog'U)( + QIogu)a w

Here 1 — giogv > 0. The function k(I') decreases in T, since (1 + 1)/9? decreases in 1) whereas
(1+9)/(1 — 9¥3) increases. For fixed v, the product k(I')(1 — qiogv)(1 + qiogtt) therefore increases
with . Define u := 1 + z for an upper bound, define v}, := v/(1 — 2), and define ¥ by

9= 2
‘ \/1 +48/((1 = 22)vioc) — 1

The case v, = 0 is its continuous limit ¢ = 0. The constraint 0 < v}, < 1 becomes

Lf ()92 < (1+9)(1 — 2%t P. (47)

All such parameters satisfy 0 < 9 < ¢, because f > 1, (1 — 22)1_5" < 1, and Ll?,% > 14+, A

cancellation retains the negative endpoint term:

L+9—u(=p)92/(1 + 2)
1—03 ’

kipigi < (1+ (1 + 2)quog) (48)
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Indeed substitute vjo. = t89?/((1 — 22)(1 4+ ) into (1 — qrogv)k-

Define ) , .
Taux :=1—2%, q:= Tauxf - QPZf, V0 1= Tauxq + 2(1 _p)Z(L

do := Tauxf — (1 =+ Z)Qa wo = —7 fvg — qz-
Then B’ = ran? g and 3" = 1o 2vg. After multiplying Eq. (48) by the positive denominators,
Eq. (46) follows from A > raux! "PGeert, where

A= 1](1+ 2)wo(1 — 93) — (1 4 Fgast) (2 + 7)7dogd?],
Geert = (1 + Ffast) (2 + 7)7do(1 + 2) (1 + V). (49)

The scalar certificate below proves wg,dy > 0 and ¢ < 0, s0 A, Geert > 0 on [0,1] x [0,9,]. It also
proves the full-domain implication

Heert := A — Taux PGeert > 0 whenever G := 1f9? — rauxl_p(l +9) <0. (50)

The constraint is exactly Eq. (47). All multipliers used above are positive for z < 1, so this proves
Eq. (46). O

Define Cy; := (1 + 7/2)k; and define

hi == _Chi (u; — v3)m3, K :=E[rr'].
Ti

Define Xg:=Vg-h+ %tr[VQgK]. The cancellation is coordinatewise:
(ww; +v;2;) — (i Z; + vyw;) = (u; — 0;)(w; — z;).
Also
(ﬂigi + fﬁﬂfﬁi)ﬂ'i = piqi(uizi + ini)E[T?].
Combining Eq. (36), Eq. (37) and the two preceding lemmas gives

L "n_ 622

(=i Tﬁi)](uﬂi + vjw;)E[r] < 0. (51)

ZLP < Z[CQ,ipiQi -

No derivative of k; or h; is taken: the drift and covariance are pointwise witnesses for this generator
inequality.
To bound the budget drift suppose y; > 0. Since

Ti(Us — Vi) = w; — vi + 2Bjuv; < uj,
Egs. (33) and (28) give

Coi (=B) (L + i) 1 2y _ Co
L 5@ E[Tz] S L

Negative coordinates follow by symmetry. The exact uniform bound is

Bih;

IN

(—B))E[7].

Coi _ (1+7/2)(1+0,) _ 4485593088319 _ 9.
.~ u(1—93) 10300518152100 ~ 20°

(52)
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Together with —3"” > 1/2, this proves

1 1" 2 1
ZB < 30 z@:(_ﬁi JE[r] < 10 tr[K] < 0. (53)
The covariance is nonzero by Eq. (42). Thus the total potential has strict local descent whenever
an endpoint move is unavailable.

The same cancellation retains the strict surplus:

LP < —Efast Z C2,ipiqi(viw; + u;z;) Ki;. (54)

(2

This additional margin will be used in the faster algorithm. The earlier budget estimate also gives
ZB < —% >, (=BY)K;;. Minimizing F on the cube now proves the 4.8628 discrepancy bound:
an endpoint move strictly decreases F, and a light nonvertex minimum contradicts its negative
generator. Letting p,~ tend to zero in Eq. (30) gives 24/t < 4.8628.

3.7 Exact scalar certificate

The scalar inequalities follow from finite rational coefficient tests. With rauy, ¢, vg, do, wg defined
above, these tests give

F=1>0, />0, —q>0, —w—1/2>0, do>0, wy>D0,
(—fvo)2 -1+ 2)2q2raux >0

on [0, 1]. Each inequality has a rational Bernstein certificate on [0,1/2] and [1/2, 1]; the maximum
degree is 84. The derivative identities give Eq. (27). Since p < 1/2, we have 7aux' P < \/Taux.
Taking nonnegative square roots in the last inequality therefore gives

(=81 +2) 1p—(1+2)q

ﬁ(_ﬁ”) = Taux _f'U(] <1
Also f > 1, monotonicity of , and £(0) = 1 imply \/Taux < Taux” < B < 1. The missing linear
term in f gives a C? even extension with locally Lipschitz second derivative.

We describe the certificate for Eq. (50) without replacing a fractional power by a high-degree
polynomial. Define peert := 1 — p = 103/200. On each dyadic rectangle in [0, 1] x [0,7,], let zo be
the midpoint of its z interval and define rg :=1 — 2(2) > 0. Define ug := k/2%, where k is the least
positive integer satisfying ugoo > r603. This is an exact integer comparison. Concavity of tPeert on
[0, 1] gives the polynomial upper bound

r Z
Taux " < L(Z) = UO(l — Pcert + Peert auX( ))

Indeed the tangent with r§°™* in place of uy is an upper bound, and its multiplier 1 — peer¢ +

PeertTaux/T0 1 positive. Define two polynomials on this rectangle by
Fr .= A — LGecert, Gr :=uf9* — L(1 +9).

Their common Bernstein bidegree is (43, 3). Each rectangle passes one of three tests: all coefficients
of Fp, are nonnegative; all coefficients of GG, are strictly positive; or all coefficients of Fr, + AGp,
are nonnegative for some rational A\ > 0. These tests suffice. Since Geert > 0, the first gives
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Heet > Fr, > 0. The second excludes every feasible point, because G > G. For the third,
feasibility gives G < G <0, and hence Heert > Fr > —AG > 0.

We give the coefficient rules used here and in Appendix A.3. For a polynomial P on a box
H;lzl[aj, b;], substitute z; = a; + (bj — a;)u; and expand P(z) = >, A,u”. If n; bounds its degree
in uj, its tensor-product Bernstein coefficients are

d
By, = ZAV H )’ 0 < pj < njy. (55)

v<p  j=1\yj

The corresponding basis functions are nonnegative and sum to one. Thus P lies between the
smallest and largest coefficients on the box. For midpoint subdivision in one coordinate, apply

™, "
)4 el
(1) % 0<i<n-—r) (56)

(0)

¢, = B, c

The left and right coefficient lists are (c(()r)):f:o and (an—z))?:m respectively. Apply this operation
to every coefficient line parallel to the selected coordinate. All operations are rational.

For the joint inequality, use degree (43,3) and scale ¥ by ¥,. Initialize coefficient arrays for the
six polynomials

A, Geert,  TauxGeert, Lf1927 1+, raux(l + 19)

Keep a common positive scale through subdivision. This preserves the relative coefficients when
forming F7, and Gp. If their coefficient pairs are (a,,b,), define

A— == max({0} U{—a,/b, : b, > 0}), A+ = min{—a,/b, : b, <0}, (57)

where the minimum of the empty set is +o0o. The third test succeeds exactly when a, > 0 for
every b, = 0 and A_ < A;. In that case define A\ := A_. This specifies every multiplier from the
polynomial coefficients.

Start with [0, 1] x [0, ,] and apply the three tests in the displayed order. If none succeeds, split
in z when d, < dy + 3 and in 9 otherwise, where (d, dy) are the coordinate depths. Recompute L
whenever the z interval changes. Exact rational evaluation gives 1421 nodes and 711 leaves: 636
pass the first test, 7 the second, and 68 the third. The maximum depths are 14 in z and 11 in
1. Each split partitions its parent, and the normalized leaf areas sum to 22*@*‘[79 = 1. This
proves Eq. (50) on the entire feasible domain. The drift margin follows from Eq. (52); the final
error allowances are treated in Section 4.

3.8 A covariance correction from the local trace

We now retain a diagonal and both off-diagonal local traces and control the mixed variation directly.
The potential, its regularity, and endpoint moves are unchanged. In this section and the next, 3,
denote the polynomially weighted 3/4-power budget and coupling specified below. This budget
satisfies B(y) > 1 — y? and has positive response scales, as required by the response and coercivity
identities above.

Define D; := w;w; +v;z; and pyat,; := (u;2; +0;w;)/D;. The paired basis gives the exact identities

(ei,Tes) = —prasi/Ti, (fis Tfi) = pravi/Ts. (58)
Indeed, %; = wu? and ¥; = (v?. Substitution into the paired basis proves Eq. (58). Also

Di(1 = prat;) = (; — v3)(w; — %), 0P = 1i(w; — %).
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Define o
UiV Zi — Ui/ Wi — .
v 1= , L; = v/ uvi(u; — v;), §; =T
’ ﬂﬁA@—F \/Z) ’ \/7( ’ l) ! v

The additional off-diagonal identity is

5z(ﬁz — @)Uz ~

(fi.Tei) = Li + D, (w; — ). (59)

To verify it, direct substitution gives
(fi,Tei) = L;

and the factorization

(wi +vi) Vwizi — Dy = (Wi — Z)vi Vv,
proves Eq. (59). Both trace deviations are explicit gradient terms, including when that gradient
coordinate is zero. The other off-diagonal entry also factors through the gradient:

L(ﬂz171>3/2(@1 + Z)
Diivw;z;

Indeed, substitution into the paired basis gives «(w;0;)%?(w? — 22)/(Div/Wi%). Factoring the dif-
ference of squares proves the identity without any division by a gradient coordinate.
Let 1 := 1 4 Ky, with k¢ specified in Section 3.9, and define the mixed coefficient and target

. -V
e / 2 A = gZ 3 k = L( Bl)
wemse MmN
We give the local scalar construction before stating the covariance comparison. Suppress the index,
define § := 1/T and siyy := 1/k, and define H; := 1232u;v;/(1—y?) € (0,1). Define jo := jo(|y:|, H:),
bo := bo(|yi|, H;), and by := by (|yi|, H;) from Section 3.9. Define

(e, T f;) = Q:0;P, Q; = (60)

. A263inv

j: 1 { := ALsiyy,
F = jo% + 250 — § — 47Sinvbo — 47 5iny (Sinv — 0)b3,
B = 2jo —j — (1 + 2j0) — 47Sinvbo — 4 Sinv>Dg,
1/2 + bO(SinV — 5) bo
mgo = . 5 nog ‘= — )
1+ 50 1+ 50

fi=F +4jsinyni(F — B) + 2F/ny,
u:= B+ 0F 4 4jsinymono(B — F) — Flmy,
Py = mof + (no + b1)u, O i= (14 Jo)br,
Zy = 2fu — (Siny — 0)f* + 4jsinv Py,
N, = u? + 0f% + 4jsiny P? — 20fu + 20P,u,
M, = 6(f — wbo + Pi(jo + 9),
3= FZ, — 4j5in, O,
p := BZ, — FN, — 4j5inyO?u® + 8510y Oy Mot + 20500,u%.
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The scalar certificate below proves
F>0, B>0, >0, u>0, 3>0, p>0. (61)

Define the resulting weights

ay == f/u, Ve 1= Py /1, dy = T'jo,

by := Asinvbo, Ts = ASinyYs, 0% 1= ASinyOx,
2y 1= Zy U2, A, = Fz, — 60 = 3/u?,

we 1= F/ AL, wy = 0z, /Ay, Wef = =004/ A

The paired weight block is positive definite, since

-1
We wef _ Zx Ox
(wef wf) = (0* F/5) , F>0, A,>0. (62)
Define its row multipliers by

hy = 2(a*we + b*wef)v Qs 1= 2(a*w€f + b*wf>7
Px = 2(”"*we + d*wef)7 Jx 1= Q(T*wef + d*wf)‘

These helper scalars are distinct from the state variables. The extra trace information allows both
row auxiliaries to use both paired directions. The weight block also retains an off-diagonal entry;
the corresponding trace corrections are canceled by the drift.

Lemma 3.6. There is a centered mormalized response & with covariance A, positive definite on
the response subspace and zero on its orthogonal complement, such that, with F; := fZ-Tﬁ, Y, =
el (I -T)¢, K :=E[rr"], and m; := 72Ky,

E[Q(r)] + Y AE[Y:F] <> kiDimi+v- VP, (63)
where 51k . o
- il w0 Jxi +p*,ivi](ui — ;) g
D;; ’

For Rp == (I — T)A(I = T)7, there are absolute a,C > 0 such that
akact S tI‘[RA] S Ckact‘ (64)

Proof. Use the weights above at each coordinate and define
D=3 [wfeie] +wlfif +wif (eifT + fie] )]
A:=EE'DE)ET, B:=D—A,

where E is an orthonormal basis matrix for the response subspace. As before, A,B = 0, AD™'A = A,
AD~!B = 0, and tr[D!A] = kaet. No commutation is required.

Fix one pair and suppress its index. Define v, := axe + b, f, wy :=ree +duof, € := e — Af/(2k),
te := eTf, and ty := fo. For C, :=T'B + kA > 0, the projection identities give

C;l=6Dt+ (1/k —6)D'ADL.
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Completing a square in t. yields
T'tBt] +k(e' —t)A(e—t]) — Ale” —to)Af + t.(2Dvy)

A2
> 2¢" Av, — (1/k — &), Av, — EfTAf — 0v, Du,.

The response condition gives tyA = fTA. A square with the PSD matrix B, which need not be
invertible, gives
thBt]T +t(2Dwy) > 2fTAw* + 5w;rAw* — (5w*TDw*.

The two diagonal coefficients of A in these bounds are z, and —Asiy by — (Siny — 6)b2 — A2siny /4 +
2d, + 6d% = F/§. The off-diagonal coefficient is

A invWx .
by — % - (Sinv - 5)61*17* + 1y +0redy = ASinv(1 +]0)b1 = Ox.

Indeed, the definitions give by — a«/2 — (Siny — 0)asbo + (1 4 jo)v« = (1 + jo)b1. Multiplication by
Asiny proves the identity, including when A = 0. By Eq. (62), the summed coefficient is exactly
D1

For the scalar constant term, define

£ = we +wyp + (S(UIDU* + wIDw*) + (—hs + )0 + p L.

The exact identity

1—5:§>0 (65)

follows by substituting the three block weights. More explicitly, A2 siny? = 47Siny gives

A,(1 = &) = Bz, — F[1 4 6a2 + 4jsinyy2 — 20as + 207]
- 4jsinv0x2< + Sjsinvo* [5(61* - 1)b0 + Y« (]0 + 5)] + 25]00*

Multiplication by u? gives p, while u?A, = 3, proving Eq. (65).
Sum the two row inequalities over all coordinates. Coercivity gives

t1[DauxA] < tr[DaxD] — teTTBT '], tr[DaxD] = Y (wf + w)).
i
The second equality uses the identity local blocks of 55;(, including their zero off-diagonal entries.
Using the opposite diagonal traces, the remaining correction to the weighted movement is at most

Z[(h*z — Jui)({€is Tei) + 0i) + qui(ei, T fi) + pei((fi, Tei) — Li)].
7
Here the terms & — 1 were dropped using Eq. (65). Egs. (58), (59), and (60) identify this correction
as v+ VP. Since E[Q(r)] = tr[ﬁau\XA] and (e;, Rae;) = D;m;, this proves Eq. (63).

For movement, the compact scalar certificate in Lemma 3.7 bounds F,f,u,3 above and away
from zero. The fixed polynomial b; is bounded, and 602 = 4jsiyO? < C. The block formula
therefore gives w, < C, wy < €4, and |wef| < CV/3$. Tts inverse has z, < C, F/§ < CT, and
lox| < C+/T. Bounding the cross term by its two diagonal terms gives

D < CI, D! < CIIy + CT1I,, I, := I —II,.
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With C, := ETD™'E, the response condition IT{E = Hle and coercivity imply
tr[Cy] < Ckact + C|ITVILTE||% < Chaet + Ctr[T ' TT) < Chiact.

Here the first step follows from the preceding bound on D~ 1L ETE = Iy..., and the response
condition IItE = HlT E. The second step follows from EET = II < I and T'II; = II;T, since
orthogonal projections do not increase the Frobenius norm. The third step follows from coercivity,
71T = Daux, and tr[Daux] = 2kact, after increasing the absolute constant C'. Weighted Frobenius
Cauchy—Schwarz gives

(Kact — tr[TTI])? < (I = TYEC: |2 |ECH?||% = tr[Ra] tr[CL].

Since Hf”% < 2kaer/t and ¢ > 2, [tr[TT]| < kactr/2/t < kact. This proves the lower bound

independently of the smallest weight. The upper bound follows from A < CI and ||I — fH% <
Chkact- O

The mixed variation and its correction. Retain the exact mixed term in the derivation of
Eq. (37), before applying Cauchy—Schwarz:

TV2777“ < Q(r)+ Z mi(r Z(fﬁgl)(viwi + uiz)r?, m;(r) := 1Biri(wiv; + zt;). (66)
i
For the normalized response above, write Y; = v/D;.J; and E; := ej{ . The exact identity
mi(r) = AYFi + am%vi(a —Yi + v;F) (67)
T D
holds even when the gradient coordinate is zero. Indeed, the response equations give

9iJi

Ti

m;(r) =

[ Py 4+ 2iQi + ( _wz)Jz]

and the paired basis expresses the first two terms as

@z‘—zz‘E‘+ (ﬁi+5i)v@izil:
vD; ViviVDi

The factorization used in Eq. (59) proves Eq. (67) without dividing by w; — z;. Define

w; P; + 2,Q; =

Gi

Combining the mixed identity with Eq. (63) gives
/8//)

14

E[r'V*Pr] < Zk‘iDim (v+86) - VP — Z Prat; DiT. (68)

Thus the mixed variation is included directly in the covariance bound.
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3.9 The improved constant and its exact certificate
We use a 3/4 endpoint power and adjust the curvature by a fixed polynomial. Define

699 3 1

ﬁa b= Zu Rtr * ni= 1+ Kir, /Btr(y) = (1 - yQ)pftr(’yDa

Lty = = 1706,

where the polynomial factor is

fir(2) :== 14+ 0.191550522 + 0.077163352% 4 0.039179792°
+ 0.042346092% — 0.088915572'0 + 0.40792039212
—0.913314582' + 1.30793628210 — 1.021457462'8
+0.357139382%.

(69)

For comparison, the polynomial factor of Sg. is

frast(2) := 1 4+ 0.04987351232% — 0.0057065532> + 0.39375407262*
— 11.083291497925 + 203.04435763882° — 2445.81869890942"
+ 20520.65418327022% — 124448.86768980582" + 559322.975110161821°
— 1893873.54508901572" + 4878891.6953827222'2 — 9600597.7359094142'%  (70)
+ 14402676.373907391 214 — 16328233.130940712'° + 13740497.154438846216
— 8313646.912257352'7 + 3417391.2396570222'% — 854236.6692651988 29
+ 97990.32800470862%.

All decimal coefficients in these two expressions are exact. The notation fr.g distinguishes the
polynomial f used in Section 3.2 from fi,. Figure 1 shows all three budgets, the polynomial factors
fir and fr.st, and the corresponding power functions.

The covariance helpers are the fixed polynomials

84047268 — 529387052 + 13336738022 + 4964302823
108
22863212 + 66017181z — 14756858522
+H ,
108
—41550398 4+ 11091757~ — 1443517122
108
57 10275247 — 107155752 + 2131721022
108 ’
3323951 + 40587513z — 13015245922 + 19125381123
N 108
7 2355589 + 497914462 — 11753230422
108 '

jo(z, H) =

b()(Z, H) =

b1<Z,H) :

Here H; := LQ/BZ-QUﬂ}i / (1_%‘2) is the normalized local product. The light inequalities give 0 < H; < 1.
For the remainder of this subsection, define ¢ := vy, 8 := By, and f := fi,. For z € [0,1), define
Taux := 1 — 22 and define the polynomials

a(z) := rauxf (2) — 2pzf(2), 0(2) == 2p[1 + (1 — 2p)2%]f(2) + 4pzrawcf (2) — Tauc £/ (2).
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Direct differentiation gives

/8/(2) = rauxpila(z)v _/8//(2) = rauxp720(z)7 - = -

The exact polynomial certificate gives

fiz) > 0, —a(;) >0, 0(z)> %, 3 <jo(z, H) < 3. (71)

The bounds hold for z, H € [0, 1], with the polynomial continuations of the quotients at zero. Since
f(0) =1, the first inequality implies f > 1. Thus

BO)=1, B(xL=0, 1-y*<Bly) <1, Bly) > (1-y)"" (72)
The upper bound follows from 3’ < 0 and evenness. Also

B W f) 3

o) 1o o) a2
At a light state with y; > 0, this gives p; > 1/4 and ¢; > 1, with the roles exchanged for negative
coordinates. The potential, endpoint, response, and coercivity arguments therefore apply. The
budget is smooth on (—1,1), with 8’(0) = 0. On the truncated interval its fixed polynomial factor
gives |80 < €Y% and |8D|/8 < €67, for 1 < j < 3.

The helpers jo; := jo(|yil, H;) and by, i = by, (|yi], Hi), raux = 0,1, are used pointwise in the
covariance construction. No derivatives of them are needed. The remaining certificate verifies that
construction on the entire light-state domain.

0<

Lemma 3.7. At every light state, the choice

B
2npiq;

satisfies all siz conditions in Eq. (61). The quantities F, B,f,u,3 are uniformly bounded above and

away from zero.

Proof. By symmetry take z = y; > 0 and define qo := —3'(2)/8(2), aoc := tBu;, bioe := tPBv;, and
P := ajocbioe. The light rectangle is 0 < ajoc < 1+ 2, 0 < bioe < 1 — 2. Writing R := p;q;, direct
substitution gives

P 1(B")? 1+¢@P-R
~1 oo —boc) — 2P, §=1, A%= AL=THTZR
R ‘|‘QO(G1 1 ) qo ) L/@? ,BR ) R

At fixed P € [0, raux], the function ajo. — P/ajoc is increasing. Its two boundary values, at bjoe = 1—2
and ajo. = 1 + 2, give the complete parametrization

P:Tauva aloc_bloc:Z(1+H)+(1_H)(2V_1)7 H7V€[0?1]'

The boundary values are affine in P and agree at P = raux. Define Q, := 2(1+H)+(1-H)(2V —-1)
and 0 := raux/*. With the budget polynomials evaluated at z and the helpers at (z, H), the scalar
data become

_oH - na?

d g 1= 95
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2n0[raux f2 — afQy — Ha?] o 2107 aux

Siny = L0f2 s . 2 , l=0+ 4]5 — Sinv-

These formulas keep the mixed coefficient and off-diagonal reference correlated. They remain finite
at both endpoints.
For an exact certificate without singular fractional powers, define

zi=1—t e =ti2-tY),  o=t2—-tHV4  o<t<1.

The six expressions in Eq. (61) are now continuous functions on the closed cube (¢, H,V) € [0, 1]3.
Their only nonpolynomial operation is the fourth root of 2 — t* € [1,2].

The first three polynomial inequalities in Eq. (71) have strictly positive Bernstein coefficients
on [0,1]; their degrees are 18,20, 22, respectively. Since jj is affine in H, its bounds reduce to
H = 0,1. Their cubic Bernstein coefficients are positive on [0,1]. For the full-state inequalities,
use intervals with endpoints in 2719°Z. Define S := 2'% and define outward rounding by

|Sz] [Sz]
[2]s =57, [2]s = == (74)

Enclose each rational constant by these two values. Addition and subtraction use the endpoint
formulas; multiplication takes the minimum and maximum of the four endpoint products and
rounds outwards. For 0 ¢ [a,b], inversion gives [|1/b]g,[1/a]s]|. Integer powers use their exact
range on the interval, including zero when an even power crosses zero, followed by outward rounding.
For 0 < a < b with integer endpoints, the fourth root of [a/S,b/S] is enclosed by

Sl1L(a8%)/4), [(68%) /7). (75)

Both integer roots are determined by comparisons of fourth powers. Define Foy f(z) = f(22).
Evaluate f, f/, f” by Horner’s rule and use

Flz)=2:F(2%),  f'(2) = 2f (%) + 422" (7).

Evaluate the helper polynomials by Horner’s rule in z, retaining their affine dependence on H.
Substitute into the displayed scalar formulas, preserving their factorizations. In these formulas,
evaluate squares of computed quantities as products of two copies of the same interval. Differentiate
by the product, quotient, and chain rules, using the same outward interval operations to enclose
every first derivative.

Here is the complete subdivision rule. Let Gi,...,Gg be the expressions in Eq. (61), in that
order. Start with [0,1]3. On a box @ with midpoint ¢ and half-widths hy, ho, k3, first compute
interval enclosures I;(Q) of G;(Q). Accept Q if every lower endpoint is positive. Otherwise compute
I;(x0) and derivative enclosures D;;((Q), and define

¢; = inf I;(x0), eij == [hjsup{|u| : u € D;;(Q)}]s, (76)
3
L; := max{inf [;(Q), ¢; — Z €ij}- (77)
j=1

The mean-value theorem gives G;(z) > L; throughout Q. Accept @ when all six L; are positive. If
some remain nonpositive, bisect the coordinate maximizing

e,'j
v 78
i Te20 max{S—1,¢;}’ )
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breaking ties in the order ¢, H,V. If an interval denominator contains zero, bisect in ¢ before
continuing.

Exact evaluation of these rules gives 636477 nodes and 318239 accepted leaves, with maximum
coordinate depths (15,19, 6). Every accepted lower bound exceeds 3-10~%. Each bisection partitions
its parent, so the leaves cover the cube and have disjoint interiors; their exact volumes sum to one.
This verifies the inequalities on the full closed cube, including all light-state limits. Compactness

gives the stated uniform bounds and proves the lemma. O
Define the drift i
hi = ——Z(ﬁz — 5,)71’2 —UV; — 92
T

The last two terms cancel the gradient corrections in Eq. (68). The first changes k;D;m; into
kiprat; Dimi. Since prag; Dimi = pigi(viw; + ui2) Ky, Eq. (73) gives

LP < —FKir Z k'ipratz‘Dﬂri < 0. (79)

The weights are positive and Eq. (64) ensures nonzero movement. No derivative of the covariance
or drift is used. This proves the local assertion in Theorem 3.1. Its polynomial implementation is
given in Section 4.20.

4 Deterministic construction and shared algorithmic tools

Sections 4.2 and 4.3 round and rescale the inputs and reduce the number of active coordinates.
Sections 4.4 and 4.5 give the maintained model, deferred rounding, and conditioning estimates. Sec-
tion 4.6 establishes the shared descent and directional estimates. Sections 4.8-4.11 provide capped
initialization, operator actions, regular endpoint bounds, and arithmetic costs. Sections 4.12-4.19
establish fast rounding, smoothed geometry, corrected optimizer evaluation, and shared endpoint
and gradient-sweep proofs. Section 4.20 combines these tools with the trace-corrected covariance to
prove the deterministic algorithm and running time in Theorem 3.1. The randomized construction
and the square-root budget also use the shared tools in this section.

4.1 Multiplication parameters

For the operation bounds below, define
wp = 2.371177, Wrectg 1= 2.042777, x = 3.250036, Po = 2(wp—wWrectn) = 0.6568. (80)

Square multiplication has exponent wy by Dupont et al. [DEK26]. The rectangular bounds
w(1,1/2,1) < 2.042776 < wrecto and w(1,2,1) < 3.250035 < x follow from Alman et al. [ADW ™25,
Table 1]. The strict slack permits fixed recursive algorithms at the stated exponents.

The shared fast-budget estimates use Sgast, ¢ = 14779/2500, and its parameter 7 from Section 3.
Section 4.20 states the specialization to the trace-corrected budget. Constants C, a > 0 are absolute,
respectively sufficiently large and small. The covariance and drift prove that a descent direction
exists; the constructions compute directions from the gradient and Hessian.
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4.2 One-time rounding before partial signing

We first approximate the inputs by PSD rank-one matrices on a common dyadic grid and reserve
part of the strict slack in the final discrepancy constant for transferring the resulting signing back
to the original inputs.

Absorb the eigenvalue sign of each nonzero rank-one Hermitian input into the final output sign,
writing B; := sign(tr[A4;])A; = 0. The sign can be read from any nonzero diagonal entry. If all
inputs are zero, stop. Let a, be the largest diagonal entry among all B; and choose a normalization
factor Daux with ax < Daux < 2a4. In the arithmetic construction take D,ux := ay, using only
comparisons and divisions. Work with A; := B;/Daux. Then

JAill = tr[Ai] < my Goi= 1) ATl = 1/4.

The second assertion follows from an input with diagonal entry a./Daux > 1/2 and Y, A? = /_1]2-.
Define ¢ := 107% and 6 := ¢/(mn). Construct dyadic PSD rank-one matrices A; with

| Ai — Al|p < 6.

All their entries can use one common denominator 2%, where p = O(log(2mn)).

For a nonzero normalized input, choose a largest diagonal entry a := (/L-)jj of each input.
Since A; is PSD and rank one, A; = aww* with w := f_liej/a and |w;| < 1. Choose a common
dyadic mesh hauy = 27P with haw < 62/(1050%). Approximate a and the selected column with
absolute error at most huux in each complex entry. If the approximation a < §/(4n), replace the
input by zero: a < §/(2n), so ||A;||r < na < §/2. Otherwise a > §/(8n) and @ > 0. Divide the
approximate column by @, round its real and imaginary parts to the mesh h,.yx, and call the result
w. Conservative rounding gives

|a — a] < haux, 1@ — wl|z < 3203/ 2Ry /6.

Define ;L := qww®*. Store the two factors without expanding their outer product. It is PSD of
rank at most one, and N
|4; = Ai|| P < 2000 haux /6 < 6.

Products of the three dyadic factors have common denominator 23?. Choose the least p satisfying
the mesh inequality, so p = O(log(2mn)). The scalar roundings use bisection on bounded intervals,
with O(p) additions and comparisons per entry. Selecting the diagonals and forming the normalized
columns uses O(mn) arithmetic operations. N

Constructing and storing the compact factors therefore takes O(mn) arithmetic operations.
Expanding their outer products costs 6(mn2)

Run the algorithm on the A; and charge the partial-signing residual after variance scaling. For
~ ~2
the input-transfer estimate, set C, := 4.86276 and ¢ := || >, 4;||. Then

IC—Gol €D d(2n+0) < 3¢, Ve 1466V

Here (p > 1/4 and /1 4 12§ < 1+ 6¢. For any signing satisfying || >, O'i;li” < Ci \/:, we have

1Y " oidi]| < c*\/@ mé < [Ch(1 + 6€) + 2£]1/Co < 4.8628+/Co.
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Multiplying by D.u.x and undoing the eigenvalue signs proves the claimed guarantee for the original
inputs. Thus the rounding does not change the stated constant. For the rest of the algorithmic
proof the inputs are the dyadic matrices just constructed.

4.3 Variance scaling and the maintained instance

Reduce general rank-one Hermitian matrices to PSD matrices by absorbing the sign of their nonzero
eigenvalue into the output sign. Normalize the dyadic inputs so that )", tr[A;] = 1, and assign
arbitrary signs to inputs with trace below egiscarda/(m?n). With egcale := 1078 and egigearq := 1075,
choose rational ¢ satisfying ¢ < ¢? < (1 + €scate)¢ and define C; := A;/q. Then

2012 = I, p = gscale/n-
7

The removed inputs have total norm at most €giscara/(mn) < €qiscarav/C. Partial signing leaves
k < n? fractional coordinates. Use Lemma 4.2, with normalized residual allowance 7ps := 1077 and
arithmetic cost 5(mn2 +n>05%) If k = 0, output the signs directly; their residual is at most Mps-
The two exact alternatives below give comparison bounds.

To compute the variance scale, first form My = 5. A2, Rank one gives A? = tr[4;]A;, so
forming this matrix costs O(mn?) operations. Its norm has an inverse-polynomial lower bound,
since tr[Ma] = 37, tr[A;]2 > 1/m. Choose {pow as the least power of two at least Ce_l log(2n).
The trace power satisfies

M| < tr[MyPov ]/ vow <t/ toow|| M .

Choose C' so that n/%ow < 1+ e.ape /4. Compute tr[prOw] by exact repeated squaring. Since
1/(mn) < ||Ms]| < 1, bisection of g?ov = tr[Mgpow] on [0, 2] returns a rational upper endpoint ¢
within egcale/(16mn) of the root using O(log(2mn)) steps. Each comparison uses exact repeated
squaring. The displayed trace-power bound and this scalar accuracy imply ||[Mz| < ¢® < (1 +
Escate) || Ma]|. The cost is O(mn? +n?) on the short dyadic inputs. A common scalar normalization
does not change linear dependencies among the vectorized inputs.

We reduce the number of fractional coordinates while allowing a controlled residual. The
arithmetic construction uses approximate nullspace directions.

Lemma 4.1 (Partial signing with bounded residual). Let by, ..., b, € R% have rational entries
and satisfy ||bi||2 < 2, and let 0 < n < 1. Define x := 211/400. There is a deterministic algorithm
returning y € [—1,1]"™ with at most dyec fractional coordinates and

1>~ yibill2 < n.
;

Its arithmetic cost is

O(mdiEX + d¥/?),

vec vec

where the suppressed logarithmic factors also include log(1/n). In particular, for dy. = n?, the
arithmetic cost is O(mn>% 4+ n?).

Proof. We count scalar additions, subtractions, multiplications, divisions, and comparisons at unit
cost. The ridge matrices and their batched updates are maintained exactly in this model; the
dyadic rounding below is part of the algorithm.
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All unprocessed coefficients start at zero. Retain the fractional columns in a matrix A, insert
the next input with coefficient zero, and, whenever there are dye. + 1 retained columns, perform
the following approximate nullspace move. Choose a positive dyadic § with

1 n 2 n 2 T T -1
() << (——)%, G:=46I+ AA ", ig:=1—-A G A
2 G00mdee” == Qoomadig * d
The matrix Il,;q is PSD and has trace at least one. Choose a largest diagonal entry, say Il;iq;;, and
define r := Il;jqe;. Then
Vo

ry > —, Arlls < —.

2 A<
The latter inequality follows by applying singular value decomposition to Allq = §(61+AAT) "L A:
its singular values are ds/(8 + %) < v/8/2. Singular value decomposition is used only in this proof,
not by the algorithm.

Define 7 := 1/(10*md2,.) and choose a dyadic mesh u with 7/8 < u < 7/4. Round the exact
diagonal entries to this grid, choose a largest rounded diagonal, and round the corresponding exact
column to the same grid, obtaining . The estimates below require only that each entrywise error
is at most 7. In particular,

1 1
Mo > ——- 37> ——— .
|| HOO o dvec + 1 o 2(dvec + 1)
Move in its positive direction until the first coefficient reaches a boundary. The step length is at
most 4(dyec+1). The boundary ratios are formed and compared exactly. Set each hitting coefficient
exactly to its boundary value, round the other coefficients toward zero to the grid of mesh u, and

remove every coefficient at a boundary. Each move removes at least one retained column. Since
|A|| < 2v/dyec + 1, the change in the signed sum has norm at most

4(dvec + 1)(? + 2(dvec + 1)7‘) + 2(dvec + l)u
With u < 7, the sum of these bounds over at most m moves is less than n. Insertions do not
change the signed sum. This proves the output guarantee. We now implement the exact matrix
evaluations and dyadic rounding within the claimed arithmetic cost.

We use two levels of batching. An epoch ends after dye. column insertions or deletions. At
its start let C' contain all currently retained columns and the next at most dye. input columns.
There are at most dyec + 1 retained columns, so C' has at most 2dyec + 1 columns. Keep this same
C throughout the epoch, including columns subsequently deleted from the active set. Form the
current G and G := C'TG71C exactly from scratch. To invert G > 0, recursively invert a leading
principal block of half the order and its Schur complement; both are positive definite. The block
inverse formula uses a fixed number of matrix products at each recursion node. After padding with
an identity block to an order that is a power of two, square multiplication with exponent 5/2 gives

Ty (d) < 2Ty (d/2) + O(d*?),  Tiny(1) = O(1).

Thus exact inversion costs O(dgéf ) arithmetic operations. Forming G and CTG~IC has the same
bound. During the epoch, inserting or deleting column C; changes G by f-:updC’Z-C’iT , with eypq €
{1, -1}, and hence changes G by

€upd
G- —2°___G.,G;.. 81
1+ eupaGy 7 7 (81)

Gnew =
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The insertion denominator is at least one. For deletion, write G = G_ + C;C.", where G_ > 41.

7 7
Then

4]

Consequently every update is defined in exact arithmetic.

Define bpateh := [dyvecX]. Keep these updates as a list of at most bpasen, outer products. Re-
covering a requested column costs O(dyecbpaten); updating all diagonal entries costs O(dyec). The
restriction of I — G to the retained columns supplies II,;q. Before the next update would exceed this
limit, collect the pending terms as A diag(aauX)AT, add this product to the explicit base matrix G,
and clear the list. Here A has O(dyec) rows and at most bpaten columns. The rectangular multipli-
cation bound w(1, x,1) < 2.055 of Alman et al. [ADWT25, Table 1] gives cost O(dyec' T2X) for this
operation. This writes the sum of pending updates explicitly; it does not recompute an inverse. At
an epoch boundary discard the list and recompute from the actual retained columns. No product
is needed merely to clear the final incomplete list. If several coordinates hit boundaries, an epoch
may end between their deletions; the new epoch includes every column still retained.

Since 0 =< IIiq < I, its entries lie in [—1,1]. Binary search on the dyadic grid rounds each
requested entry using O(log(1/u)) arithmetic operations and comparisons. The same bound applies
to rounding each coefficient in [—1,1]. Each candidate boundary ratio for a nonzero direction
entry is formed and compared in O(1) operations. Choosing ¢ and u by repeated halving costs
O(log(2mdyec/n)) operations. The batch size is the least integer b with 4% > @21l so binary search
computes it in O(log(2dyec)) operations. Thus all scalar choices, rounding, and input inspections
together cost O(mdyec).

There are at most 2m insertions and deletions, at most m nullspace moves, and O(m/bpatch)
products that write pending updates explicitly. The total cost is therefore

6((m/dvec + 1)dvec5/2 + (m/bbatch)dvecl+2x + mdvecbbatch) = 6(mdvecl+x + dvec5/2)7

because y > 1/2.
O

Grouping before applying a small reduction also appears in the Carathéodory construction of
Maalouf, Jubran, and Feldman [MJF20]. Here a balanced tree of groups combines cube constraints,
inherited coefficients, and controlled numerical error.

Lemma 4.2 (Partial signing by grouped coordinates). Let by, ..., b, € R%e have rational entries
and norm at most two, and let 0 < n < 1. A deterministic algorithm returns y € [—1,1]™ with at
most dyec fractional coordinates and
I ZyibiHZ <
i

using 6(mdvec + d%3275) arithmetic operations. The suppressed factors include log(1/n).

vec

Proof. Write D := dye. and use the arithmetic model of Lemma 4.1. We first give a small rounding
procedure. Let A have rayyx < 2D columns of norm at most two and let y,ux € [—1,1]"* be any
dyadic coefficient vector. For 0 < € < 1, we can leave at most D fractional coordinates while
changing Ay..x by norm at most ¢, at cost 6(D2'5275) arithmetic operations. Coordinates already
at a boundary are fixed and removed before this procedure.

For each remaining active matrix define G := 6I + AA" and Iliq := I — ATG"'A, with a
positive dyadic § satisfying

$(e/(100D?))* < § < (/(100D%))2.

39



When 7y > D, tr[lliq] > raux — D > 1, so some diagonal entry is at least 1/(2D). As in
Lemma 4.1, the corresponding column r satisfies ||Ar|js < v/8/2. Set 7 := ¢/(10*D3) and choose a
dyadic mesh u with 7/8 < u < 7/4. Round the exact diagonal entries to this grid, choose a largest
rounded diagonal, and round the corresponding exact column to the same grid. The estimates
below require only that the entrywise errors are at most 7. The resulting direction has maximum
absolute entry at least 1/(2D) — 37 > 1/(4D). From any yaux in the cube, the positive boundary
step therefore has length at most 8 D. Form and compare the boundary ratios exactly, set all hitting
coordinates exactly to their endpoints, and round the other coordinates toward zero to the grid of
mesh u. Remove every boundary coordinate. At most D moves are needed. Their total change in

Ayaux has norm at most
D(8D(V5/2 4 4D7) 4 4Du) < e.

Here the rounding error is at most the sum of the column norms times the coefficient errors. The
argument does not require yaux = 0.

We implement the small procedure by batching its deletion updates. Keep its original matrix
C', which has at most 2D columns, including columns subsequently removed from the active set.
Define a := 211/400 and bpaiey, := [D?]. Initially form G := C'T G~1C exactly in O(D?/?) arithmetic
operations, using square multiplication and the recursive positive-definite inversion in the proof of
Lemma 4.1. Represent subsequent changes to G by an explicit base matrix and a list of at most
bpatch rank-one terms. Keep its diagonal separately, and perform all matrix updates exactly. A
requested column is the corresponding base column plus the pending terms, and costs O(Dbpatcn)
to recover.

For a deletion at position j, recover the full column z = G.;. Eq. (81) adds 2z' /(1 — Gj;)
to G. Append this term to the list and update every diagonal entry in O(D) operations. The
deletion-denominator bound in the proof of Lemma 4.1 gives 1 — Gj; > 6/(6 +4) > 0, so every
update is defined. The grid searches and scalar parameter choices in that proof apply here as well.
Rounding each entry costs O(log(1/u)) arithmetic operations and comparisons, with log(1/u) =
O(log(2D/¢)). Consequently choosing a direction, taking a boundary step, rounding coefficients,
and processing a deletion cost 6(Dbbatch) in total per deleted coordinate. The inherited vector yaux
changes only the boundary ratios; it does not enter G or its update formula. Process simultaneous
boundary hits as consecutive deletions before the next rounding move. There are at most 2D
deletions, and no inserted columns in this small procedure.

After every by deletions, add the pending sum U diag(caux)U " to the explicit base and clear
the list. Here U has O(D) rows and at most bpaien columns. The bound w(1,a,1) < 2.054999 <
1 + 2a from Alman et al. [ADWT25, Table 1] gives cost O(D'*2%) per such product. A final
incomplete list need not be written to the base after the stopping condition is met. Therefore the
total arithmetic cost of the small procedure is

O(D? 4 D?bpasen + (D/bpaten) D' 2% + D?) = O(D**), 24 a = 2.5275.

We now organize the full input into a balanced binary tree whose leaves are the indices 1,...,m.
Each internal node splits its leaves into two sets with sizes differing by at most one. Precompute
the vector Wy 1=}, ; b; at every node J by additions. There are fewer than 2m nodes, so this
costs O(mD) operations. Initially the root is the only active group and its coefficient is zero. A
group coefficient is shared by all leaves of that group. A group at coefficient 1 or —1 is frozen
permanently.

Let Liree := max{1, [log, m]|} and choose a power of two Mgy, with m < Mg, < 2m. At each of
at most Lyee rounds, replace each active nonsingleton group by its two children, with both children
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inheriting the parent coefficient; retain active singletons. Since

yauijJ = yauijjl + yauijJQa

splitting makes no change to the signed sum. There are at most 2D groups after splitting, provided
there were at most D before it. Apply the small procedure to the columns Wy /Mgy, whose norms
are at most two, with e := 1/(MgpLiree) and the inherited coefficients. Freeze every group that
reaches a boundary. At most D active groups remain, and the change in the original signed sum is
at most Mgpe = 1/ Liree. If there are already at most D groups, this rounding step is empty.

The root satisfies the required group count. After L rounds every remaining active group
is a singleton, because its size is at most [m/2lte] = 1. Hence at most D original coordinates
are fractional. Starting from zero and summing the residual allowances over the rounds gives the
asserted bound 7. Store each coefficient only at its current tree node; a final tree traversal assigns
coefficients to all leaves in O(m) operations. No update scans the leaves of an active group. The
total cost is

é(mD + LtreeD2‘5275) — 6(mD + D2'5275).

The power-of-two scale and the tree depth are found by doubling, within the same bound. This
proves the arithmetic cost. O

For the matrix inputs, use an orthonormal real basis of the Hermitian matrices and approximate
the coordinate vector of each C; to Euclidean error at most nps/(4m) on a common dyadic grid.
Since ||C;||F < 1, these approximations have norm at most two and a common dyadic denominator
of polynomial size in mn. Rank one and the variance computation above give total cost O (mn?+n3)
for scaling and vectorization. Apply Lemma 4.2 with 7 := n,s/2 and dyec := n?. Because every
output coefficient has absolute value at most one, the resulting coefficients for the true matrices
satisfy

€0 = Zyicia [leol| 7 < 7ps-
i

The mathematical model below uses the true retained matrices. Only this single initial residual is
charged to the approximate procedure; its error does not recur in the nonlinear phase. For exact
partial signing, define eg := 0.

4.4 The maintained model and deferred rounding

Define

v :=10"%/F, Eround = 1076.
Use the budget 8(y) = (1—y2)?/29 f(|y|) from Section 3; f > 1,0 < 8 < 1, and ¢« = 14779/2500.
At endpoint distance at least denq/2,
i 97/200—75 . _
BO@) < U™ (1<j<3), 1AW <o) (82)

end

The relative derivative bound follows directly from the logarithmic derivative of (1 — y2)97/ 200
and boundedness of f’/f. Third derivatives at zero are interpreted one-sided; 3 is C? and its second
derivative is Lipschitz on every truncated interval.

There are two deliberately separated objects: the exact mathematical model, and rounded
numerical data used to evaluate it. All discrepancy and descent inequalities refer to the exact
model.
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Let 4" be the fractional coefficients from the chosen partial signing. Round them to a common
fine dyadic grid, obtaining 7° € [~1,1]* with each error at most dy, where dovk < Eround/2.
Initialize the model with

k
Fi==>"30C,  My)=F+> yCi
i=1 i€l
Thus M (3°) = 0. The actual previously frozen sum is eg — Y, y?C;, so this initialization creates
a fixed final discrepancy error of norm at most 1ps + €round/2. For exact partial signing eg = 0 and
the 7ps term is omitted. Indeed

1D riGill < 1Y riCillr < lIrll2- (83)

For rank-one inputs, the adjoint inequality is >_; tr[C; Daux]? < t1[Daux’ 3; C?] < || Dauxl/%-
Define Liog := [logy(4n)]| and choose a dyadic cutoff

2
Eround €round
—— < epd & ————. 84
8192L10g ™ = 4096L1og (84)

When a coordinate t; has endpoint distance at most denq, update F' < F +t;C;, remove its coupling
slot, and record ¢;. Its output sign is chosen jointly with the other recorded coordinates at the end.
This removal preserves the modeled sum and cannot increase the potential. Process these removals
before testing regular endpoint moves. The continuation paths below remove the coupling while
keeping the modeled sum fixed. A regular endpoint move fixes its sign immediately.

For the fast-budget estimates, the potential is F := P + B, with B(y) := > _..; 6(y;) and

P(y) ;= min{b+ ptr[U +V]: U+ M(y) + K, (V) 201, V'~ M(y)+K,(U) < bI},

Ky(D) := 1Y B(y:)CiDC;.
i€l
We work in the original coordinates y. Write A < B when A < P, B for a fixed positive polyno-
mial P, in log(2n), enlarged when needed. Since J_' = O(log(2n)), the explicit budget satisfies,
throughout endpoint distance at least denq/2,

’ﬁ(j)|2 5 —ﬁ”
p

At zero, the derivatives of orders three and four are interpreted one-sided. Derivatives through

order two are continuous.

Coordinates close to an endpoint can be rounded together within the reserved discrepancy
allowance, completing the partial signing.

8" >1/2, D] <-p", (1<j<4). (85)

Lemma 4.3 (Deferred rounding). Suppose C; = 0 have rank at most one, satisfy C? <1, and
have coefficients t; € [—1,1] with |t;| > 1 — dena, where Eq. (84) holds. All the coefficients can be
rounded deterministically to signs with

||Z(Uz' —t;)Cill < €round/2.

For at most k input matrices, the cost is 6(14:713) arithmetic operations.
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Proof. If there are no inputs, return the empty signing. Otherwise choose a positive dyadic v with
Eround/ (256k) < u < €round/(128k). We first construct rational PSD matrices of rank at most
one @ with H@ — CillF < u using arithmetic operations. Let ¢; be a largest diagonal entry of
Ci. 1f gi < u/(2n), set C; = 0; then ||Ci||r = tr[Ci] < ngi < u/2. Otherwise, for a maximizing
index j, define ¢; := Cje;/qi, so C; = g;cicf and each entry of ¢; has absolute value at most one.
Also ¢; < 1. Round ¢; and the real and imaginary parts of ¢; to a dyadic mesh of size between
u/(200n) and u/(100n), obtaining ¢; > 0 and ¢;, with (¢;); = 1. Set Ci := Gi&icr. The outer-
product perturbation bound gives ||C; — Ci||r < u, and every nonzero tr[@] is at least u/(4n).
Binary search on bounded intervals performs these scalar roundings in O(log(2n/u)) arithmetic
operations per entry. Constructing all expanded matrices costs 6(kn2) arithmetic operations. The
approximations satisfy

SC2 < (1t 2hu+ k) 221, 2ku < Erouna/64.
7

Define

1 S d
0= 8L10g/5round; T = @ = ?);OTulnog'

For every matrix with 7; := tr[@] > 7, choose the nearest sign. Rank one gives @2 = 7/}@, so the
norm of the total error from these matrices is at most

6endH Z az” < 2(Send/T < Eround/64' (86)

ﬁ¢>T
For v; < 7, temporarily let ¢; € {—1,1} have mean ¢;, and define E; := (¢; — tl)@ Then
E[E] =0, E[E}=(1—1)C? = 20enaC?, ||0Ei]| < 1/2.

For |y| <1, e¥ <1+ y+ 9% Spectral calculus and scalar Jensen therefore give, for either sign,

0 2 GF :=log E[e*"] < 2000a0°C2,  [|D_ GF| < 40enab® < Liog/16. (87)
For a chosen prefix with error sum FE, define the estimator
Ema(E) :=trlexp(0E + Y G +trlexp(—0E+ > G;)]. (88)
remaining remaining

Lieb’s concavity theorem, in the form E[tr[e#tU]] < tr[ef e El”)] implies that the weighted
average of the two next estimators is at most the current one [Trol2, Corollary 3.3]. Thus one of
the two signs does not increase it. Initially &nq9 < 2nelos/16 Choose the smaller estimator with
additive evaluation error at most 1/(8 max{1, k}). The total increase is at most 1/4, hence the final
estimator is at most 2&,4g- At the end, the remaining sums vanish and

NEI < tr[e?P) + tr[e™F] < anelos/16,

Consequently
log(4n) + Liog /16 < 17¢round

6 - 128
Combining Egs. (86) and (89) with the matrix approximation error gives

IE]l <

= < 5round/2~

€round 1751round Eround 21ground
O < 21 —
”Z:(U’ DGl ==+ s e 128

43



It remains to justify the evaluation cost. Rank one gives the explicit expression

log mif ~ 14+t N 1 —1t D
Gt = gﬁi LG, mE= 42' i 01—t 5 i FO(UH):

with zero matrices omitted. Store the signed prefix and the two remaining sums, updating each by
one matrix addition at a decision. By Eq. (87), the remaining sums are PSD. The estimator bound
therefore bounds ||#E|| by log(4n) + Liog/16 at each accepted prefix. Either candidate changes this
by at most 1/2. Hence M := 4Li,g+4 = O(log(2n)) bounds both Hermitian exponential arguments
with more than one unit of spare margin.

For ||[H|| < M, the degree-.J Taylor polynomial for e/ has operator error at most e M7+ /(.J+
1)l Taking J = O(M + log(2kn)) makes the trace error smaller than 1/(32k). Its factorial
recurrence uses J ordinary matrix multiplications. The scalar exponential arguments in mli have
absolute value at most 1/2, and 1 < mii < €!/2. Taylor series for the exponential and the convergent
series logm =23~ 227+ /(25 +1), where 2 := (m —1)/(m+1), therefore give the required scalar
accuracies with logarithmically many arithmetic operations. The lower bound 7; > u/(4n) controls
the division in Gli.

Choose each computed G5 to have operator error at most 1/(64k?*n3+1). Exact additions of
these approximations give error at most 1/(64kn3™*1) in each remaining sum. On arguments of
norm at most M + 1, the trace exponential is ne™+1-Lipschitz in operator norm. Thus these scalar
approximations and the matrix Taylor tail together keep each candidate evaluation error below
1/(8k), as required. There are at most k decisions, each costing O(n?) arithmetic operations, and
the matrix additions cost O(kn?) in total. This proves the claimed arithmetic bound. O

4.5 KKT conditioning and weighted norms

Matrix spaces carry Frobenius norms and pairs carry product norms. Order inequalities for pairs
are componentwise. Write P := (U, V), Q := (W, Z), and E := (I, ) for the primal and dual pairs
at the unique optimizer. The dual and tight-constraint identities give

w[W+2Z =1, WxpU? ZzpV? UV izl ULV <O,

ptr[U? + V3 < 1.
Let

I (AL AY) = (U AU = Ky(Ag), VTIAYV ™ — Ky (AY)).

It is self-adjoint and _# ~1 preserves the PSD order by Lemma 3.2. Also JQ = pE and
| Z 71 < p~t: for | B||p < 1, positivity gives —Q/p < _Z 1B < Q/p, whose Frobenius norm is at
most tr[W + Z]/p = p~!. Let & be the block diagonal Hessian of the Lagrangian in P; its U block
is

Sg(A) :=U AU WU U twu Tt AU
In particular ap?l < & < CI and || _Z|| < C. For the lower bound, W = pU? implies
tr[WU AU AU Y] > pte[AUTIA] > p% 2| A%

The V block is identical, and p < 1 gives the stated weaker bound. The full KK'T Jacobian satisfies
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IR < Cp2 = Cm?. (90)

For completeness, consider the full KKT inverse, including the scalar normalization. Write
E :=(1,I). Its linear system has the form

FIA+dE =, IB—EA=F, (E,B) = fs.
Define f := ¢~ 'E, go:= # 'Fy, and Dy := (f, &f). Elimination gives

db:<f’5g°>+D<f’F2>_f3, A=gy—fdy, B= g YEA+R).
0

Use the following projection bounds before estimating these expressions:

17 =66/ Doll < IS/ Aumin(€) = O(p™"),

0=<&— EFE/Dy < &,
If[*/Do = O(p~?), IEF|[[Ifll/Do = O(p™ ), Il > [I1EI/11 21| > av/n.

Applying these separately to the Fi, Fo, f3 terms gives
1AL+ 1Bl + [db| < Cp2(IF1] + | Bl + | f3))-
For a Hermitian pair D := (Dy, Dy ), write
Dy = U-\2pyU—1/?, Ty = U~ \2wu—1/2,
and use the analogous notation for the V' block. Define
e(D)? := (D, &D) = 2tr[Ty D] + 2 tr[Ty D).

Sums over the two blocks below are denoted by 3 4_;7y,. We have >_ 4 tr[Ta] < C, Ty = ropl,
and & > 2p3/2I. Consequently

ID|[F < Cn*e(D), max IDall < CVne(D),  e(D) < C|D|p. (91)

The second inequality follows by bounding tr[ﬁQA] using Ty = kopl. We also have | D4l| < C||Da|| .
For a Hermitian pair B, define the weighted order bound

q(B) :=inf{(Q,A): A= 0, —A=<B < A}.
It is subadditive and homogeneous. Positivity and self-adjointness of # 1 give

ILZ77'Blr <p~'a(B),  e(#7'B) < Cng(B). (92)

Indeed, for any admissible A, define Cy := ¢ ~14 > 0. Then —Cj < 7 ~1B < (), and the sum
of the nuclear norms of the two blocks is at most (E,Cp) = p~1(Q, A). For this nuclear-norm
inequality, pair the two spectral projections of _# ~!B with its upper and lower bounds. Taking
the infimum proves the first assertion; & < CI proves the second.

Define A(Dy, Dy) := (Ky(Dy ), Ky(Dy)). For the weighted maps below, AEJ ) denotes a deriva-
tive along any path whose coupling coefficients have bounded relative derivatives. Along a reset
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path this bound is absolute; along a local y segment it is at most P,. In the following display,
replace C' by P, in the latter case.
Two useful consequences are

@(AYD) < Ce(D),  q(&D) < Ce(D). (93)

For the first, define Dﬁ := UY2|Dy|UY2, and similarly for V. Then :l:.Al(tj)D < CA(D%). The
dual equation implies 4;Q < S, where S := (U 'WU~!1, V=12V ~1). Hence its weighted cost is at

most
C(S,D#*) = > tx[Ta|Dal] < c\/z tr[T4] \/Z tr[TaD%] < Ce(D).
A A A

For the second, the normalized U block of &D is ﬁUT v+ 1 UﬁU. For any a > 0, its positive and
negative are bounded by aﬁ%—i—a*ng. The total weighted cost is at most ae(D)?/2+a™1 Y , tr[T3].
Optimizing a and using _ 4 tr[T3] < C proves the claim. This argument does not require the
matrices to commute.

There is also an exact description of the order norm:

aB)= Y 1Q{*BsQY*|.. (94)

A=UV

Congruence reduces its defining minimization to the trace of a positive majorant of a Hermitian
matrix and its negative, whose minimum is the nuclear norm. For an inverse-derivative block
U~Y2DU~Y/2 this equals HTLl,/ 2DTI1/ 2H*, by polar decomposition. This also justifies the noncom-
muting products below. Define f := ¢ 'E = Q/p and Dy := e(f)?. Then

Iflz<Cn, Do=2p"% Y (T3] = v/2/escate. (95)
A=U,V
Indeed Ty = pU implies tr[T3] > ptr[TyU] = ptr[W]. Summing both blocks and applying the
power-mean inequality on 2n eigenvalues gives Y , tr[T5] > 0?2 /\/2n.
On a fixed-radius neighborhood in the optimizer variables, the KKT map Exkr(y,s) has
I€kkTss|| < C: inverse matrices, W, Z, and the coupling have bounded operator norms. Hence
the inverse bound in Eq. (90) gives a Newton radius r,, := k,,n" 2. Inside this radius,

Isj+1 = sill < Cn?lls; —s.[|*. (96)

Inexact evaluation adds a polynomially controlled error floor.
Write

C(y,P):= (U P+ M+ K, (V),V1 = M+ K, (U)), L:=b+p(E,P)+(Q,C — bE).

The optimizer satisfies C = bE, #Q = pE, and tr[W + Z] = 1. The symbol s := (b, P, Q) denotes
all optimizer variables. The matrix & is the Hessian of £ in P.
Write C; = a;a; and

* * * *
ui=a;Ua;, vi:=a;Va;, wi:=a;Wa;, zi:=a;Za;, t;:=vw;+u;z;.

There is no numerical choice of phases for these vectors: the expressions can all be computed as
matrix traces. Define
wi = (=) (ti +7), G :=diag(w;). (97)
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At a light state, u;, v; < 2/(¢f;) and w; + z; < tr[C;] < 1. Consequently
v/4 < @i < P (98)

For a Euclidean unit direction r, define
A, = LZ(* Vtir?, 0:=r'Gr=A,+ 72(—@{/)7“2-2. (99)
i i

In particular 6 > /4 > a/n?, where a > 0 is absolute.

4.6 A budget-weighted gradient/curvature dichotomy

The following dichotomy selects the next type of local move using thresholds scaled by the coordi-
nate budgets.

Lemma 4.4. At every light state, either some coordinate has

5| > Pyt @i/, (100)
or there 1s a Fuclidean unit direction r with
r'V2Fr < —P74TGr. (101)

Both alternatives admit fized-factor separated numerical thresholds with inverse-polynomial evalu-
ation margins.

Proof. Use the pointwise drift h; = —Cs; M;K;;, where M; := u; — v; + 2Blu;v; and Co; = (1 +
7/2)k;. Lemma 3.5, the strict surplus in Eq. (54), and the budget descent estimate give

20

)

LP < —ay pigitiKi, — ZLB< - > (=8 K.

Here a > 0 is absolute, although small. Since p;q; > 1/2 and —3" < P,,
ZLF < P tr[GK). (102)

On the other hand lightness implies |M;| < w; + v;. Define v; := tr[C;]. Rank-one Cauchy—Schwarz
and the dual lower bounds give

w; > puifvi, 2 > poilvi,  u,vi > Kovi.
Therefore t; > rop(u? + v?), and hence
(CaiM;)? < new;. (103)

If every |F;| is smaller than a sufficiently small inverse-polylogarithmic multiple of y/w;/n, equa-
tions (102)—(103) imply
tr[V2FK] < —P, ' tr[GK].

1/2 proves the second alternative. Otherwise the

The covariance is nonzero. Conjugating by G~
first holds.
To quantify the evaluation margins, define g; := F;/+/w;/n and A := G 12V2FG—Y2. The

exact argument provides an inverse-polylogarithmic §, > 0 such that max;|g;| < J. implies
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Amin(A) < —6,. Suppose § and a symmetric A satisfy [|§ — gllo < 6./8 and |4 — AJ| < 8,/8. If
some |g;| > 36,/4, then |g;| > 56,/8. Otherwise max; |g;| < 76,/8 < 8, 50 Amin(A) < —75,/8.
There is then a unit vector h with hT Ah < —36, /4, and it satisfies h' Ah < —54,/8. For
r =G~ 2h/||G=/2h||, this yields

r V2Fr < —(5(5*/8)7“TG1".

Enlarge P, by a fixed factor to obtain the stated thresholds. By Eq. (98), the diagonal scalings,
their inverses, and the normalization are polynomially bounded. The KKT inverse and derivative
bounds make ||A|| polynomially bounded as well. Thus inverse-polynomial errors in the unscaled
quantities suffice for these tolerances. Reserving a further fixed fraction of each margin permits
approximate diagonal scaling and a direct check of the final generalized Rayleigh quotient. O

4.7 Directional estimates retaining the size of the budget

Derivatives in this section are along the straight original-coordinate line y + tr. Work at endpoint
distance at least depnq/2. Define A := P’ B:= Q’, and F, := A'Q.

The next estimates retain the directional budget scale, which controls the optimizer response
and the length of a local step.

Lemma 4.5. For1 <j <4,
q(AY D) < \/Ae(D |(Fy, D)| < \/Ave(D (104)
For j >2,q(C) < A,. The second-order envelope identity is
P = —A, +e(A)? +2(Fy, A). (105)
Consequently, in a region where P” < C6y and 0 < 60y, one has
e(A) S Voo, |Alr Sn**Voo, |Bllr S nv/bo. (106)
Proof. For one coupling block, use
la} Dy-a;|* < viafDyvV ' Dya;.

Weighted scalar Cauchy—Schwarz bounds its majorant cost by the product of
()2 * 2
(S T

The first squared factor is at most P, A,. The second is at most tr[DyV 1Dy KC(W)] < e(Dy)?/2,
by the dual equation. Combine both blocks. This proves (104). For direct partial derivatives use
M) =0 for j > 2 and (85); their majorant costs are at most P, A,. Differentiating the stationary
Lagrangian gives (105) because (Q,Cy) = —A,. It gives P > e(A)? — P,\/A,e(A) — A,, proving
the energy estimate. The remaining estimates follow from Eqs. (91)-(93), B = ¢ "1(£A+ F,), and
the dual energy bound for F5. O
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4.8 Capped semidefinite initialization

The following short-step barrier method initializes the optimizer cache for the square-root budget.
The bounds in this subsection are per initialization; each application counts its own calls.
The face has a bounded modeled M and a PSD coupling . The bounds

M| <20,  K(I) =321 (107)
hold for the true model and for its sufficiently accurate short PSD cache. Define
a=1/1000, R.=2[p %], T, =200.

For a = (b,U, V) impose the two affine LMIs

Dy (a) <bI - M[ K(V) [I]> ~ 0. Dy_(a) = <b[ + M[ K(U) {/) 0, (108)

plus al XU,V 2 R.I and 0 < b < T,. Minimize
(Cobj»a) = b+ ptelUU + V],

The independent real variable dimension is O(n?).
The added caps provide a bounded domain and a strictly feasible starting point for barrier
initialization while preserving the optimum.

Lemma 4.6. These caps do not change the potential optimum. The point
ag = (100, 1,1) (109)
is strictly feasible, with every slack matriz bounded below by I/2. The domain has diameter O(n).

Proof. At ap, the top-left block of each LMI is at least 481. Subtracting I/2 from the complete
block matrix and using its Schur complement proves Dg4 (ag) = I/2. The other slacks have the
same lower bound.

The scalar feasible point gives objective at most 100+2¢egcq10 < 101. The unconstrained optimizer
therefore has b, < 101. Its tight constraints give U{l, V;*l =< 1211, so U, Vi = I/121 > al. The
dual equations give ptr[U2 + V2] < 1, hence U,, Vi, = p~ Y2 < R.I. Adding the two tight
constraints gives b, > v/p > 0. Thus all added caps have slack at the optimizer. The diameter
follows from R, = O(y/n) and Frobenius dimension n in each matrix block. O]

Barrier and local norm. Let Dyy,..., Dgg be the two LMIs in Eq. (108), the four matrix cap
slacks, and the two scalar slacks b, T, — b. Use

8
f(a) == logdet Dg;(a), v =38n+2. (110)
j=1

Scalars count as order-one matrices. Realification is unnecessary analytically: Hermitian log-
determinant derivatives obey the same inequalities. A rational real/imaginary basis has only a
constant-factor change in norm.

For Cj = Dg;(a)"Y/2(DDg;[A])Dg;(2) /2,

D?fIAA] =) tx[C7], DPf[AAA] = -2 tr[CF),
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so | D3 f[A%]] < 2(D?f[A2))%/2 and |Df[A]] < /T(D? f[A2%])Y/2. Thus f is a self-concordant barrier
of parameter at most . The cap terms also give the global lower bound

V2f(a) = hol, ho = (T. + R.) "2, (111)

in the product Frobenius norm. For example the U — al term is at least R_?|| Dy, and —logb
gives at least T, 2(nb)2.

For the Newton contraction and minimizer-distance estimates we use [dKV15, Theorems 2.7—
2.8]. We give the conditioning and precision estimates for this program below.

Initialization without assuming an analytic center For f(a) + (bopj,a), denote the Newton
decrement by

Obop;(a) = IVF(@) + bobillae, 17130 = (Fawe, V2F(2) ™ rau).-

Compute a short rational b, approximating —V f(ag) so that 5bobj0(30) < 1/64. The global
Hessian bound makes this an inverse-polynomial absolute tolerance.
First track the objectives f + 1(bobj,,a) from =1 down to a positive rational piyin satisfying

Hmin < fio s
128(1 + || bobjg 1)

within a factor two of the displayed quantity. Next switch, with a constant number of corrections,
to f+ aIpM<cObJ~, a), starting at positive rational

Vho
1+ [ congll)

within a factor two, and increase to arpMmax > 404/ €obj- Norms in these choices can be replaced
by explicit rational upper bounds. Here e,,; is any specified inverse-polynomial objective accuracy.
In either phase use parameter changes of relative magnitude at most

1

RN

and at least /2, except for the last truncated change. Take one full Newton correction per change.
If 6 <1/8, the exact corrected decrement is at most

arpMo < 125(

(%)2 < 1/49.

Reserve additive error 1/256 in decrement for rounding and the linear solve. Define o = 1/49 +
1/256. Since

bl < VF+ By (@), a0+ T = S <

the invariant closes with slack. At the phase switch the omitted linear term and the new linear
term each have dual local norm at most 1/128, by Eq. (111); this also fits the invariant after a
constant number of corrections. All parameter endpoints have polynomial magnitude and inverse
magnitude. Hence the stage count is

O(v/nlog

2nk

€obj

) = O(V/n). (112)

Store p and arpy on sufficiently fine common dyadic grids. Relative changes between vy/2 and
Yo are available because the smallest parameter and smallest increment are inverse-polynomial.
Form the linear objective from its current short scalar and fixed short coefficient vector, not by
accumulating rounded objective updates.
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Polynomial bounds on inverse slacks. To bound the required precision, we bound each inverse
slack and the condition number of the Newton system.

For any objective vector b,p,; on the two paths, let b be the exact minimizer of f + (bobj, -)-
It exists in the interior because the capped domain is bounded and the barrier diverges at its
boundary. Central stationarity and affinity imply the exact identity

8
> " tr[Dyi;(ab,,,) ' Dstj(a0)] = 5 + (bobj; a0 — ab,,;)- (113)
7j=1

Indeed DDy [ao—ébobj} = Dqg1(a0)—Dagl j(ébobj ); pair this with each inverse slack and use V f (ébobj) =

—bob;-
Every summand on the left is nonnegative. Since Dg;(ag) = I/2, Lemma 4.6 gives

> " tr[Da;j(an,,;) "] < 21 + [[bops || diam D). (114)
J

The right side is polynomial in n, &, z—:obj_l. Thus each slack inverse has polynomial operator norm.
A bound on the product of slack eigenvalues would not suffice here.
The self-concordant minimizer-distance bound, at decrement at most 1/8, gives
362

1
<o+ < ot

I 24 1
objlla —= (1 . 5)

—-a — <.
la =2 343 " 4
Therefore each slack at an iterate is within constant Loewner factors of its slack at the exact center.
Eq. (114) applies to iterates with changed constants. Upper slack norms are polynomial from the
caps and bounded affine coefficient maps.
These inverse-slack bounds and Eq. (111) give polynomial conditioning of the Newton systems.

Objective accuracy and KKT recovery At an exact center for by,; = arpmcobj, and any
capped feasible a,,

aIPM<CObja a— a*> =1 — Z tr[Dslj(é)_lelj(a*)] < .
J

An iterate of decrement at most 1/8 is within a fixed local distance of this center. Since
| arpmCobjlla« < v/,

its additional objective gap is less than v,/arpym after enlarging an absolute constant. Thus
QIPMmax > 4Vb/€obj leaves a margin for a true objective gap at most epj, including the chosen
rounding and data errors.

We next recover the primal-dual optimizer from a feasible point of small objective gap. The
optimal multipliers satisfy Wi, Z, = pI/1212. On the cap, U=}, V=1 = Rl so the Lagrangian
Hessian in P is at least 2p/(1212R?) times the identity. This is at least a fixed positive multiple of
p°/2. Let L, be the original Lagrangian with the optimal multipliers fixed. Its b coefficient vanishes
because tr[W, + Z,] = 1, and its gradient in P vanishes at P,. For any capped feasible a,

(Cobjs 3) = (Cobjrax) = Lu(P) = Lu(Pa) = a”p"?|IP = P 3.
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The last inequality follows by integrating the Lagrangian Hessian along the segment in the matrix
caps. A feasible point of gap eop; therefore satisfies

IP = Pufle < Cp™>/ /op. (115)

Recover Q from /5(5 = pE. Near P, the inverse bound and a Neumann perturbation give

1(5,P. Q) — s.|| < Cn** Jeaw;, (116)

plus controlled coefficient and solve errors. The scalar error follows as well from the objective and
Eq. (115). For example eoh; = a'(2nk) ™0, with sufficiently small fixed ' > 0, reaches a fixed
fraction of the x,,n~2 KKT Newton radius. A final KKT correction restores its standard cache
floor.

Coefficient errors. The solver uses the short PSD rank-one cache and nonnegative dyadic budget
coefficients. These preserve the SDP’s convexity and strict scalar point. On the capped domain,
coefficient errors perturb each Schur-complement constraint by at most a fixed polynomial times the
cache tolerance. Increasing b by that amount repairs true feasibility; b < T, has ample slack near the
optimum. The same repair in the opposite direction compares the two optima. Choose cache error
so both repairs and objective perturbations are much smaller than eqpj. Then Eq. (116) produces
an approximation to the true optimizer. The fixed contribution is still a symbolic combination of
the initial k£ matrices with bounded coefficients, so its error is bounded afresh, independently of
how many resets or local steps occurred.

Each call therefore uses O(y/n) barrier stages.

4.9 Rank-one operator actions

The rank-one representation reduces coupling evaluations and their directional derivatives to rect-
angular matrix products.

Lemma 4.7. For a fized number of Hermitian arguments, the coupling and its fived-order di-
rectional derivatives can be applied in O(nX) arithmetic operations, to any prescribed inverse-
polynomial accuracy. The same bound computes all endpoint scores, gradient coordinates, and
weights w; at a given optimizer.

Proof. For each nonzero input, choose a largest diagonal entry ~; := (Cj);; > 0 and set b; :=
Ciej/vi. Then C; = ~;b;bf and ||bi]|c < 1 by the PSD minor inequality. These factors require
O(nk) arithmetic operations; omit zero inputs. Put all k¥ < n? columns in C and pad to an n-by-n?
matrix. For an argument Dy, compute D,,xC, and then its column inner products with C. This
gives every b’ D,uxb;. A coupling with scalar weights r; is

C diag(/ﬁwf(beauxbi))C*.
The two products have shapes (n,n,n2) and (n,n?,n). Permutation symmetry of the matrix mul-
tiplication tensor gives cost 5(nx) for each. The column inner products and diagonal scalings cost
O(nk) < O(n?). The same products compute all quadratic forms defining u;, v;, w;, z; in the poten-
tial notation. Directional differentiation changes the weights to L,Bi(J )rz , S0 a fixed derivative order
has the same cost. These products also form signed sums ), x;C;. Every fixed-order differenti-
ated KKT right-hand side is a fixed sum of these expressions and matrix products, so its assembly
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has the same bound. The primal inverse-congruence and Lagrangian-Hessian maps require a fixed
number of order-n products, whose cost is smaller.

The fixed-order scalar budget derivatives are evaluated by bisection and convergent series on the
maintained truncated domain. Their magnitudes and accuracy reciprocals are polynomial in k,n,
so this adds only logarithmic factors. Exact matrix arithmetic and these scalar approximations
therefore attain the prescribed accuracy within the stated arithmetic bound.

O]

4.10 Regular endpoint moves

The next lemma bounds regular endpoint moves.
Lemma 4.8. There are O(n) regular endpoint moves.

Proof. Process near-endpoint coordinates first. For a regular move to 1, define C; = a;a}, v; :=
tr[C;] < 1, and d := 1 — y; > Jeng- At an exact trigger, t5;v; > d. After changing M by dC; and
deleting this coupling slot, the two slacks at the old optimizer are (:5;v; — d)C; and (¢5;u; + d)C;.

Define ag := tB;u; + d and replace V' by
V= (V_l + CL()CZ‘)_I.

Keep b, U fixed. The second constraint becomes tight, and the first remains feasible because V; <V
and the remaining coupling preserves PSD order. Sherman—Morrison and Cauchy—Schwarz give
aoa;‘VQai S agv;

v . 117
1+ agv; _pl/i(l"’a()vi) (1)

7Dold - Pnew > ptI‘[V - V+] =p

The last fraction increases with ag, v; and decreases with v;.

For an approximate trigger of absolute error at most J, the exact score is at least —29. Take
0 < end/4. Then v; > dena/(2¢), since f; < 1. The feasibility repair increases b by at most 20v;.
Using ag > denq and depq < 1, the gain in Eq. (117), before that repair, is at least

p(sgnd
442 + 20
Choose § smaller than a fixed fraction of this quantity. The repaired move decreases P by apég’nd.

The move to —1 is identical with U,V interchanged. The reservoir also decreases. Since the
nonnegative potential starts at an absolute constant, and 5;&1 = O(log(2n)), there are O(p~!) =

O(n) such moves. All additional comparison margins are inverse polynomial. O

4.11 Arithmetic cost per stage

We give the matrix algorithms and count their arithmetic operations to the inverse-polynomial
accuracies required above.

Inversion by Newton—Schulz iteration. Here is an explicit substitute for rational elimination
with growing intermediate denominators. Suppose a real square matrix A has polynomially bounded
|A|| and ||A7Y||. This applies to the KKT Jacobian throughout its Newton neighborhood by
Eq. (90) and the Newton-neighborhood bound above. Choose a polynomial upper bound L > || A||,
and initialize
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ZO = AT/L27 ZTaux+1 = ZT‘aux(2I - Azraux)'

With B, =1 — AZ,,, ., exact arithmetic gives E, 11 = E% and
1
B <1—- 55—
[ Eoll < L2||A-12

Thus an inverse-polynomial residual is reached in O(log(2kn)) matrix multiplications. This
works for nonsymmetric and indefinite matrices; it does not rely on positive eigenvalues of A.

For order dsys = O(n?), these products and multiplication by the right-hand sides cost O(n?°)
arithmetic operations. The same construction handles the order-n primal inverses.

Fast products and assembly. Here assembly also reduces to these products. In real coordinates
on the Hermitian matrices, let B have columns vec(C;). The coupling operator is represented by
1B diag(B;) B*, a product padded to order O(n?). The inverse-congruence and Lagrangian-Hessian
blocks are sums of a fixed number of Kronecker products; their O(n*) entries can be assembled
directly after order-n products. Rank one makes each column of the derivative right-hand sides
a scalar multiple of C; in each block; the scalar coefficients require O(kn?) work in total. Let
Jenv(y,s) be the vector of envelope first derivatives, so that VF(y) = genv(y,s(y)). The same
observation applies to the k-by-O(n?) matrix genys, and Genvy is diagonal. Consequently forming
Qenvy — qenvSRflé’KKTy uses a fixed number of products padded to order O(n2), together with
O(n*) work. Assembly, Newton-Schulz inversion, and all Hessian entries therefore cost O(n2)
per curvature event, in the arithmetic model.
For a barrier stage, let A; be the linear part of a — Dg;(a). Its Hessian is

VQf(a) = ZA;%ongDslj(a)fl-Aj, %ongE(D) = EDE.
J

After real Hermitian vectorization all maps have order O(n?). Their coefficient matrices and Kro-
necker blocks have O(n*) entries. Fast multiplication forms the initial Hessian and its Newton
inverse in 5(712“0) per face. The ordinary implementation recomputes this inverse at each stage.
There are a constant number of blocks. A rational real/imaginary basis has bounded diagonal
Gram weights (one or two), so no exact irrational basis or growing-denominator orthogonalization
is needed.

A curvature witness by normalized matrix squaring. This construction avoids a cubic-time
Jacobi sweep and requires no separation between adjacent eigenvalues. Let A approximate the
symmetric scaled Hessian G1/2V2FG~1/2. Choose a known polynomial bound L > max{1, [|A||},
and let § be a sufficiently small inverse-polylogarithmic threshold. If the gradient test fails, the
existing error margins ensure Apin(A) < —20. Define

To=1—A/(2L),  Dpowg=To/ITollr,  Dpowjs1 = Dyow=/| Dpowlr.

In exact arithmetic Dpow, = Tg/[|TgllF, where ¢ := 27w, Choose ¢ as the least power of two
satisfying
q > (4L/0)log(8kL/9), raux = O(log(2kn)).
An eigenvalue of A at most —24 gives an eigenvalue of T at least 14+ 0/L. For eigenvalues of A at
least —§, the corresponding ratio is at most
1+46/(2L) <1 5 .
1+0/L — 4L
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The total squared Frobenius weight of these latter eigenvectors in Dpeyw, is therefore at most
kexp(—q8/(2L)) < 5/(8L).

It follows that
tI‘[_DpOVVTaux‘/4_Dpovv7"aux:| S _35/4’ ||Dpow"'aux||F = 1

Writing this trace as the sum of the column quadratic forms shows that a column has negative
Rayleigh quotient. More quantitatively, discard columns of squared norm less than 6/(16kL); their
total contribution in absolute value is at most §/16. Some retained column has Rayleigh quotient
at most —9/2. Compute all column quadratic forms using one product ADPOWraux’ then scan them.
This costs O(k“0) < O(n2%0).

The scalar normalizations can be evaluated to inverse-polynomial accuracy within the same
arithmetic cost. To bound their errors, define Ny(X) := X°/||X?||p for nonzero symmetric X.
Differentiating the power and its normalization gives

svV'k
1 X1

S
IDN(X)[E]|lF < MHEHF < 1E] 7.

Thus N is 2sv/k-Lipschitz on a segment within Frobenius distance 1/2 of a unit-Frobenius-norm
symmetric matrix. Symmetrize each computed iterate. If its initial and local errors are at most
n < 1/2, propagating them through the remaining exact powers ¢, q/2,...,2 gives

IDrrne = Dpore,,, |lF < 8avkn.

Taux

Choose 0 < € < §/(100L) and 7 := ¢/(8¢Vk). Every normalization is polynomially conditioned,
since a computed iterate of Frobenius norm at least 1 — n has squared matrix of Frobenius norm
at least (1 —1n)?/vk > 1/(4Vk). The final quadratic trace changes by at most L(2 + €)e. The
retained-column argument therefore still gives a Rayleigh quotient at most —d/4 with conserva-
tive comparison margins. Checking the selected quotient directly certifies the witness, and the
Hessian approximation margin transfers it to the true potential. Each scalar evaluation uses only
polylogarithmically many arithmetic operations, so the arithmetic bound remains 5(n2‘“0).

4.12 Fast deferred rounding

The rounding rule of Lemma 4.3 admits a faster implementation of its trace-exponential compar-
isons.

Lemma 4.9 (Fast evaluation in deferred rounding). Under the hypotheses of Lemma 4.3, the
deterministic rounding rule and discrepancy allowance can be obtained using O(kn“°) arithmetic
operations.

Proof. Retain the heavy/small split, scalar coefficients Gli, and conditional trace-exponential es-
timator in that lemma. Its proof gives known bounds O(log(2n)) for both Hermitian exponential
arguments at every accepted prefix and either next candidate. For example, ||0E|| < log(4n)+£¢/16
follows from positivity of the remaining G,Li and the estimator bound. A candidate changes this by
at most 1/2. A conservative integer M = 4¢ + 4 therefore bounds all argument norms, including
the stipulated evaluation errors.

For ||A|| < M, evaluate e” by the factorial Taylor recurrence

J
Ty=1, Tj=T;14/j, E;=> T
=0
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Its operator tail is at most e M7+1/(J + 1)!. Since e < 3 and (J + 1)! > ((J +1)/e)’ T}, taking,
for example,

J = [16M + 2logy(512max{1, k}n)]

makes the trace tail smaller than 1/(256 max{1, k}). This uses J = O(log(2kn)) order-n multiplica-
tions. A recurrence error inserted at order i is propagated by a product bounded by M7=%!/5! < M,
summing all errors adds only a polynomial factor in n, k. The exact term and partial-sum norms
are at most e, also polynomial. Exact arithmetic products and inverse-polynomial scalar approx-
imations therefore enclose each candidate estimator to the original additive tolerance. The number
of products is logarithmic.

The rank-one formula for Gfﬁ uses only scalar exponentials and logarithms, evaluated once per
coefficient. For small traces use the equivalent divided series from the source. Maintain the two
remaining matrix sums and the signed prefix by rank-one additions, costing O(kn?) altogether;
their cumulative errors over at most k& updates are bounded by k times the prescribed unit error.
Choosing that unit smaller by this known polynomial keeps the estimator enclosure valid. There
is no full reconstruction for every candidate and no multiplying of conditioning factors over the
sequence. N
A constant number of candidate trace evaluations per coordinate now costs O(n*?) instead of
O(n3). The scalar work and rank-one updates are smaller. Choose the smaller candidate using the
same conservative error allowance as in Lemma 4.3. Its conditional expectation argument and all
errors then remain unchanged, including

|| Z(U’L - tz)czn < 216round/128 < 6round/2-
7

The matrix algebra uses complex Hermitian inputs directly; real bilinear products compute their
real and imaginary parts at constant factor overhead. This proves the arithmetic bound. O

4.13 Smoothed potential and retained geometry

We analyze a retained instance of order n with k& < n? active coordinates. The same estimates
apply after constant-factor padding whenever the retained count is at most the square of the padded
order. The retained matrices are PSD and rank one, and satisfy

VPRI D aiVille < alle.
[ 7

The single preprocessing residual has operator norm at most 7,5 = 10~7. The deterministic grouped
routine in Lemma 4.2 is available for fallback. To see the compatibility with the new potential, let
y" be the partial signing and ey = > y?C’i. Keep the true retained matrices V; = C; and subtract
ep from the frozen contribution. Then the modeled sum starts at zero, and its difference from
the true signed sum remains exactly ey. The residual is charged once at the end. The grouped
procedure changes coefficients only; it preserves rank one, positivity, and the variance bound on the
retained inputs. The Frobenius bound above follows by considering the nonnegative Gram matrix
Jij = tr[ViV;]: with v; = tr[V;] > 0, Jv < v follows from > . V> < I, so ||J|| < 1. The same
common-grid construction preserves the residual allowance. Stop directly if £ = 0. Fix

L= 14779/25007 Escale = 10787 P = Escale/n7 Y= 1076/’“7 €round = Ediscard = 1076‘

Use the degree-20 budget S from Section 3, B(y) = (1—42)°/20 f(|y|). These reference estimates
take v fixed. The final implementation uses the phase values in Eq. (131), keeping v fixed within
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every move and attenuation path. Their additional logarithmic factors are absorbed in P,,. Define
Liog = [logy(4n)| and retain a dyadic denqg with

2 2
Eround Eround -8
——— < end & ———— =10""/Liog.
81921 0 = 4096Lg’ /Loy

The smoothing temperature 75 is unrelated to the budget parameter 7 in the scalar certificate. At
endpoint distance at least deng/2,

—8">1/2, [BI| < Pu(=p"), [BYP/B< Pu(=p") (1<j<3). (118)

Second derivatives are continuous at zero; higher derivatives below are one-sided there.
On a face, let M(y) = F+> ,y;Viand Ky(D) = ¢, B(y;)ViDV;. With P = (U, V), E = (I,1),
define
CP.y)= U+ M+Ky(V), VI = M+ Ky (U)).

Pairs are identified with block-diagonal matrices, and traces and Frobenius inner products sum
over the two blocks. Define

fr.(C) = 15log trlexp(C/75)],
Puly) = min {prlU + V] + fn (C(P. )},

Fo(y) = Ps(y) +7 Z B(y:)-

(119)

For the original potential P,
P<P<P+rlog2n) <P+10"%  Py> || M|. (120)

Indeed these are the eigenvalue/log-sum-exp inequalities before taking the infimum over P.

The objective is convex: inversion is operator convex, and fr, is convex and PSD-order increas-
ing. Bounded sublevels are compact inside the positive cone, so a minimizer exists. Its Gibbs
state

Q= (W, Z) = exp(C/75)/ tr[exp(C/7s)]

satisfies
tr[Q) =1, £Q=pE, W=UKZ)U+pU?, Z=VKW)V +pV? (121)

where
J(Dy,Dy)=U"'DyU™ ' = K(Dy), V''DyV~! — K(Dy)).

The positive-map argument preceding Eq. (35) makes ¢ invertible with positive inverse. It uses
the strict dual identities, not hard tight constraints. The objective Hessian in P is positive definite,
as shown below; thus the optimizer is unique and is C? on every open face, including coordinate
ZEros.

Uniformly at roots on bounded-model sublevels, scalar feasible matrices and Eq. (121) give

U,V =aol, U IVZHLIK@)IL W) < C,

122
W = pU?%  Z=pV? ptr[U> 4V <1, W,Z = adlpl (122)

Here and below zero inputs may be omitted. The same argument applies when the modeled sum
and coupling are scaled by a common factor in [0, 1].
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Let & be the Hessian in P of (Q,C) with Q fixed. Define

Dy =U"'"PDyU™? Ty =U"'"PWUY? e(D)*=(D,&D)=2 >  tr[TaD3].

A=UV
The dual identities and the bounds above give
&= an™*?I, & =<CI, |D|lr <Cn*e(D),
”ﬁA” < Cv/ne(D), a/n < Amin(Ta), Ztr |<C (123)

The weighted order norm is

q(B) =inf{{Q,A): A>=0, —A<B=< A} = ZHQW Q..

The equality follows by congruence and minimizing the trace of a PSD majorant. In particular
q(Cpp[D, D]) = e(D)>*.

Entropy metric and an inexpensive root inverse On the trace-zero space 7 = {B : tr[B] =
0} define
Bq = llrDlogq |7, €(B)* = (B, BeB).

Its inverse is the Gibbs covariance operator

1
= / Q'BQ!!dt — tr[QB]Q). (124)
s JO

Adding a scalar multiple of E to its argument has no effect. In a basis diagonalizing Q, the integral
has logarithmic-mean coefficients L(z;, zj) < (z; + 2;)/2. Hence

(B,QqB) <7 'u[QBY,  |(B,B)| < '/2/u[QBYE(B). (125)

The inverse relation also follows by differentiating the normalized matrix exponential. At roots,
Bq has eigenvalues between 75 and P,n.
The following stronger relative bound will be used repeatedly:

1Q712BQ™2)| < (RAwmin(Q))V/?E(B) < Pov/nE(B). (126)

Indeed, if B = Q!/2BQ!/2, the energy coefficient of \@ij\z is 7522 /L(2i,2;), which is at least
Ts min(z;, ;).

For completeness the root preconditioner has a dimension-free bound apart from 7, . Complete
positivity applied to (DV‘EJDV [‘)/V) = 0 gives K(Dy)? < [|[K(V)||K(DyV~Dy). Pair with W and
use K(W) = V=12V =L Together with U=2 < ||[U}|U~! and (A — B)? < 242 + 2B?, this proves

r[Q(# D)’ < Ke(D)?, K =max{|[U}|+ K@), [V +[KW)|} <C. (127)
Consequently the primal Schur complement obeys
EXJs: =6+ 7Qqf 2 (1+K/1)é. (128)

This also proves the strict convexity and regularity asserted earlier.
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To apply &1, its U equation becomes the Lyapunov equation
l/jUTU + TUBU = UI/QFUUI/Q.

Diagonalize the order-n Ty and divide entry (i, j) by t;+t;; all denominators are inverse-polynomial.
The V block is identical. A gap-free approximate Hermitian diagonalization, with residual and
orthogonality bounds, costs 6(713) It requires no accurate choice of individual eigenvectors at a
repeated eigenvalue. Evaluating (Jq uses the same kind of decomposition and scalar logarithmic
means. For nearby eigenvalues use the divided exponential series, not cancellation of nearly equal
logarithms.

The rectangular products of Lemma 4.7, or square products on groups of at most n factors,

give cost B
F(n,k) :== O(min{nX,n> + (k + n)n“°~1}). (129)

This covers coupling actions, signed sums and complete scalar score scans. In particular, an n-
by-n? factor matrix reduces these actions and their adjoints to products of shapes (n,n,n?) and
(n, n?,n). Tensor permutation preserves the exponent x and the fixed recursive error bounds. The
O(n?) spectral work is smaller than O(nX). It applies to a rational representation V; = c;a;a}
without extracting exact square roots. By Eq. (128), a Chebyshev solve for Js uses only poly-
logarithmically many &~ !-preconditioned actions. Similarity to its symmetric normalization has
polynomial condition number by Eq. (123). Second-kind Chebyshev bounds control accumulated
application errors: an error inserted at step ¢ is multiplied at step J by a scalar ratio at most
one and a second-kind polynomial of norm at most a polynomial similarity factor times J — ¢ + 1.
Taking the local action tolerance below the target divided by this polynomial attains the required
arithmetic accuracy.

Covariance and endpoint moves A regular move to +1 changes the two C blocks, at fixed P,
by
(1 -y — Bivi) Vi, (—(1 — ;) — 1Bius) Vi

Both are PSD-nonpositive when the endpoint test holds. Order monotonicity of f, proves nonin-
crease. The other sign is symmetric. A deferred removal preserves M and removes a PSD coupling
term. Conservative score errors are repaired by a uniform eF, whose cost is exactly e because
fr(C+eE) = f..(C)+ e. The same reservoir margin therefore pays for the endpoint-score errors.

We do not impose C = bE on the new root. Instead the inverse function theorem for ¢
supplies a local comparison path with C(P(t),y + tr) = C(P(0),y) fixed. Its first-order response
satisfies Eq. (35). Along it f. is constant and ptr[P(¢)] + f~(C(P(0),y)) majorizes Ps with first-
order equality. Its second variation is exactly the inversion-energy and mixed-coupling expression
preceding Eq. (37). Lemma 3.4 uses that response equation, the dual identities, rank one and
lightness, all valid here. The unchanged exact scalar certificate therefore yields the same strict
generator surplus.

Define u; := tr[UV;], v; := tr[VV;], w; = tr[WV], z; := tr[ZV;], and t; := v;w; + u;z;. Thus
pi = 14 1fv; and ¢; = 1 — 1flu; are the two response coefficients. Define

wi = (=B (i +7), G =diag(w;), A, = LZ(—,B;’)ISZ'T?, 0 =r"Gr.

(2

At a light state v/4 < @; < P, and § > 1/(P,k). The drift estimate in Lemma 4.4 (C2,;M;)? <
P, nw; follows from w; > puz2 /tr(V;) and its partner, so remains valid. Dividing the strict generator
estimate by its nonzero covariance proves the numerically separated alternative

((Fo)il > Py t/wi/n forsomei, or r'V2Fr<—P;l6. (130)
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This is the proof of Lemma 4.4 applied to the fixed-constraint comparison path for Ps.

Reservoir phases without a new discrepancy allowance. Let ky be the initial retained
count, A = 1075, and Ly = 1+ [logy max{2, ko}]. At the start of a phase record the current active
count K and set A

LoK~
Keep this value fixed until the active count is at most K /2, then start the next phase at the new
count. Stop if it is zero. Thus at each light state in a phase, K/2 < k < K. There are at most Lg
phases, and v > A/(Loko) throughout.

A phase change modifies only the scalar reservoir, not Ps, its optimizer, the signed sum, or any
coupling coefficient. Since 0 < < 1, each increase in the potential is at most Ypewhk < A/Lg. The
initial reservoir is also at most A/Lgy. Therefore

5 (131)

initial reservoir + all positive phase jumps < A. (132)

This replaces, rather than adds to, the original initial reservoir allowance 107%. All other moves
decrease their current phase potential. Their total certified decrease is bounded by the same
constant as before, with Eq. (132) accounting for all jumps. Phase counters and updates cost only
linear scalar work.

4.14 Joint-energy Newton continuation

We use the joint primal and entropy metrics to control a Newton correction, and keep the inverse
at the base root fixed during each short continuation step.
Work with tr[Q] = 1 and residual

Ekkry(P, Q) = (pE — #pQ, 7 (7slogQ — C(P,y))). (133)

Its derivative on matrix pairs A and trace-zero pairs B is

A= <Hf/ _gi’T). (134)

The cross terms are skew-adjoint. At a root let D = diag(&, Bq) and ||(A,B)||3 = e(A)? + £(B)2.
Then
A+A*=2D, |DY2A'DY?| <1 (135)

The second assertion follows by pairing Ayaux = bloc With yaux and Cauchy—-Schwarz. Norms of
D'/2 and its inverse are polynomial.

A uniform Newton neighborhood ensures that approximate optimizers can be corrected during
continuation.

Write s = (P, Q) for the optimization variables.

Lemma 4.10 (Joint-energy Newton ball). At every bounded-model root there is a Newton ball

Is = sillp. < a/(Pav/n)

inside the positive cones and the trace-one affine space. On a smaller such ball, exact Newton
iteration satisfies

. < Pov/nlls —s.l5,. (136)

||5new - 5*|
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Moreover

D2 (A(s) — A(s))D5 | < Puv/lls — s.lo.. (137)

All comparisons and the Newton radius are uniform in the face and in real or complex Hermitian
nputs.

Proof. The primal relative bound in Eq. (123) and the dual one in Eq. (126) keep U, V, Q within fixed
Loewner factors of their root values in the stated ball. In particular Q > a/n, and W > (a/n)U,
Z = (a/n)V, throughout it: these last inequalities follow by comparing W, U separately to their
root values. Hence the bounds T4 = a/n and ) tr[T4] < C remain valid there.

We detail the differential estimates giving metric comparison, rather than assuming it. For fixed
test D, variation in P gives (Q,Cppp[AP, D, D]). Its three normalized inverse words are bounded
by

C/ne(AP)e(D)?.

For an exterior AP use weighted Cauchy—Schwarz and tr[TlA)‘l} < HﬁHQtr[T 132] For the mid-
dle word use DTD = 0. Variation in Q contributes (AQ,Cpp[D, D]), of absolute value at most
1Q/2AQQ 2 [e(D)?. Thus [4&[D, D]| < Puy/| (AP, AQ) [pe(D)?.

For the entropy block, define R, = (Q + ¢I)~!. The resolvent formula gives

(B, Dlogq[B]) = / tr[R,BR,B|dg,
0
and differentiation in AQ bounds the derivative of this form by
2/|Q*AQQ"?||(B, Dlogq|[B]). (138)

Indeed the differentiated integrand is minus twice the real trace of (Ré/ 2AQR}/ 2)(R;/ 2BRé/ )2,
The first factor has operator norm at most the displayed relative norm, and the squared factor is
PSD. No commutation is used.

Finally, the derivative of the cross block # in AP pairs with B as (B,Cpp[AP,D]). Its ¢-
majorant is at most Ce(AP)e(D), by the matrix Young inequality. Eq. (126) bounds the pairing
by P,v/nE(B)e(AP)e(D). These prove the normalized differential bound for A, and the relative
derivative bounds for both diagonal metric blocks.

A first-exit argument along the straight segment from s, keeps Ds within constant factors of D,
in the stated ball: until exit, integrate the preceding differential bounds, and choose a small. The
direct Loewner comparisons already ensure positivity and the T4 bounds needed along the segment.
Integrating the cross estimates now gives Eq. (137). By Eq. (135) and a Neumann perturbation,
the inverse Jacobian in the fixed root metric has norm at most two. The integral Taylor remainder
for Ekxr, proves Eq. (136). These arguments use only two derivatives of C in P and the smooth
log map; coordinate zeros do not enter this fixed-parameter Newton argument. O

Let A =P’ and B = Q' on a path of exact roots. Differentiating the two root equations gives
I A+ 1Dlogq[B] + dpormE = F1, #ZB—-EA=F,, tr[B]=0, F=C, F=AQ.

Pairing the equations gives
e(A)? + &(B)? = (F1,B) — (Fy, A). (139)

The scalar dyo,, is only the log-normalization derivative and need not be stored as an unknown.
Controlling metric and Jacobian variation allows correction systems along a short root path to
reuse a fixed approximate inverse.
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Lemma 4.11 (Anchored transport and executable correction). Along a wunit-direction local root
path, write a(t) = e(A) + E(B). The metric and joint Jacobian satisfy

ID~V2DD V2|, [D-V2A'DV2|| < Pyvnla(t) + O()). (140)

For a logarithmic data homotopy M; = ' My, K; = 'Ky, replace /8 by 1. If the integral of the
right side over a path is sufficiently small, its base root is a valid Newton start at the end. A fized
approzimate inverse at that base solves every correction system along the path in O(F(n,k)) work.
It is an implicitly applied inverse, not a stored dense matrix.

Proof. The metric derivatives and the optimizer-dependent part of A’ are bounded in Lemma, 4.10.

The additional explicit coupling term in _#’ pairs with By € 7 and D as (By, A’D). Lemma 4.5,

specifically Eq. (104), gives ¢(A'D) < P,v/fe(D); use Eq. (126) on Bg. This proves Eq. (140). On

the homotopy, the relative coupling bound and the dual identities instead give ¢(A'D) < Ce(D).
If aint is the accumulated bound, integration gives e~ %ntDg < Dy < e%ntDy and

D52 (A — Ag)Dg 2| < et ayyy.

Use Eq. (135) to get constant contraction for refinement with A 1 A sufficiently short energy arc,
measured in the successive root metrics, also bounds the endpoint distance in its root metric. Take
it below the radius in Lemma 4.10. That lemma adds a small perturbation for each off-root Newton
iterate, so the same base inverse still gives contraction at most, say, 1/2.

At the base, solving Ag(A, B) = (7aux, t) reduces to

JS,OA = Taux + fOQOta B= QO(t - fOA) (141)

Eq. (128) and the explicit Lyapunov inverse implement this in 5(F (n,k)). Build it from a suffi-
ciently accurate base cache. For a current Jacobian A, Uus€ Yauxj1 = Yauxj T ;1;,0 (b1oc — Ayauxj),
where Ei\n/vo means applying Eq. (141) to its prescribed accuracy. The exact base inverse has
contraction bounded away from one; polynomially small root, coefficient, and application errors
preserve it. All changes of norm have polynomial condition. The error recurrence in the base norm
is at most one half the preceding error plus a polynomial multiple of the additive evaluation toler-
ance. Polylogarithmically many refinements therefore attain the required precision. In particular
we do not assume that the off-root current Lyapunov preconditioner satisfies Eq. (128) merely from
constant Loewner proximity. The use of the base inverse and the joint transport estimate avoids
that inference. O

4.15 Local moves, curvature tubes, and zeros
The proof of Eq. (104) uses only Eq. (121) and therefore still gives, on a unit direction,
g(AVD) < Pon/Ace(D),  [(Fy, D)| < Pav/Are(D),  q(Cu) < PaAr (j22).  (142)

Only j < 3 is needed. The last bound uses M) = 0 for j > 2. The second-order envelope identity

now reads
Pl = — A, +e(A)? + 2(F, A) + £(B). (143)

The entropy term is positive, not an uncontrolled remainder.
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Coordinates For r =¢;, F1 = (p;V;, —¢;Vi). On expanded light bounds, |p;|, |¢:| < P, and
tr[QF?] = v (pPwi + ¢22) < Povi(w; + 2;) < Put; < Py, v; = tr[Vj].
Here wu;,v; > agv;. Apply Eq. (125), Eq. (142), and Eq. (139); then use Eq. (143):
e(A) + E(B) < Py/@i, |02 Fy| < Ppw;. (144)

Relative variation satisfies |u}| /u;, [v}|/v; < Cy/ne(A). For the dual scalars Eq. (125) and w; > a3pv;
give |wi|/w, |2/ 2 < Ppy/n€(B). Thus

|w£| < Pn(l + ,/an"o)wi

until a fixed-factor exit. A first-exit argument, also for the expanded light bounds and endpoint
distance, yields the tube

It < ap min{dena, (nwio) Y2}, wi(t) = wip. (145)

At zero the second derivatives are continuous, so this argument integrates through it. A zero input
needs only the scalar reservoir and can also be rounded directly.

Curvature directions Consider a certified base with F”(0) < —P, '6y. In a temporary region
P < Dauxbo and 0 =< 6y, completing the square in Eq. (143) gives

e(A) + £(B) < Pyy/bo. (146)

The needed third derivative is proved from the stationary saddle ptr[P] 4+ (Q,C) — 75 tr[Q log Q] on
tr[Q] = 1. Let

By = Cy 4+ 2A'A + Cpp[A, A, Bs = Cuy + 3A"A + Cppp[A, A, Al
The envelope identity is
P! = (Q, Bs) +3(B, B2) — s D’ tr[Qlog Q[B, B, B]. (147)

Terms containing second optimizer derivatives cancel by stationarity. Eq. (142) and normalized
inverse words give q(B2) < P,0y and |(Q, Bs)| < P,(6y + \/593/2). Eq. (126) bounds |(B, B2)| by
Pn\/ﬁﬂg/z. The resolvent estimate Eq. (138), with AQ = B, bounds the last term in Eq. (147) by
the same quantity. Finally differentiating A, = —(Q, Cy) and using Eq. (142) proves

P, |F|, 10 < Pa(6o + vnbd'). (148)

These are one-sided inequalities at zeros.
At the base, P! < 6y. A simultaneous first-exit argument using Eq. (148) proves Eq. (146) and
weight comparison throughout

It] < ap min{denq, (o) ~/2}. (149)

This length is at most denq/4 after fixing its prefactor. It also keeps the model in a bounded-sum
neighborhood. Coordinate-zero crossings cause no problem: P/ and 6 are continuous, and their
one-sided derivatives have the asserted absolute bound. We use a third-order remainder, not a

fourth derivative or a Taylor jet crossing a jump.
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The better of the two signs of Eq. (149) has decrease
A > Pyl min{deng?00,n 71} (150)

Indeed, in the symmetric average the linear terms cancel and the absolute third-order remainder is
at most a small fraction of P, 10yt2. Since 6y > a/k, the accepted count is

I. < O(k +n). (151)

Eq. (146) and Eq. (149) give an energy arc small enough for Lemma 4.11 over each whole candidate.
The same base root starts both branches; each needs only a constant number of corrected stages,
including final grid rounding. No O(n) tracking mesh remains.

For later use, Eq. (143) also gives a global lower bound V2F, = —P,G at a light state, by
completing the square in e(A) and retaining £(B)?. Eq. (144) gives bounded diagonal entries of the
scaled Hessian. Therefore

A:=G V2V EGYV2 = —P I, |Au| <P, ||A| <Pk (152)

The last implication uses positivity and the trace bound of A 4+ P,1.

4.16 Explicit initialization
For a face with modeled My and coupling KCy, use
Mrhom = Thom Mo, Krhom = Thom Ko, 0 < rhom < 1,

in the smoothed problem, with the same p, 75. This is only an optimizer-evaluation homotopy; it
never changes the signing or its potential comparisons. At rpom = 0 the exact root is

Up=Vo = (2np) Y21, Wy = Zy=1/(2n). (153)

The constraints are scalar and the normalized exponential uniform; substitution in Eq. (121) proves
stationarity and thus optimality. Scalar root evaluation approximates this to any prescribed preci-
sion.

The true and cached data satisfy ||[Mo|| < 20, Ko(I) < 32I. Taking U = V = I bounds the
objective uniformly along the homotopy. Thus Eq. (122) holds throughout it. In particular the
Euclidean inverse of Eq. (134) is polynomially bounded, by Eq. (135); a conservative bound on's],
is P,n?. The rpom-forcing has Frobenius norm O(y/n) and the inverse has norm O(n3/2 +7.1). An
initial positive dyadic rpoms < ann > therefore makes Eq. (153) a valid Newton start at rpoms. To
apply the anchored solve across this first step, one may also bound the explicit-data cross variation
by Pyndriom: |[AoD|lr < C||D||r, Eq. (123), and ||B||r < 75_1/28(8) are more than sufficient. The
stated rpom. absorbs this bound.

For Thom > Thoms Parameterize by t = logrpom. Then M{ = M, K, = K;. At a root,
P =M, +K . V), =M, +K,. (U))has operator norm bounded by a constant. Eq. (125)
gives |(F1,B)| < P,E€(B). The dual identities give (A, . Q,D)| < Ce(D) by weighted Cauchy—
Schwarz. The energy identity Eq. (139) proves

e(Pt) + £(Q)) < Pa. (154)

The explicit-data bound for transport is ¢(A, D) < Ce(D). Choose logarithmic parameter
increments between fixed fractions of a/(P,+/n). Lemma 4.11 supplies one corrected stage per
increment, at cost Eq. (129). The whole face requires

O(Pov/n10g(1/homs)) = O(v/n) (155)

64



stages. This supplies the first root.

Store rom on a common dyadic grid, with mesh smaller than a fixed inverse-polynomial fraction
of homs«/(Pry/n). Round multiplicative increments so their logarithms stay between the chosen
fractions, except for the final truncated increment. No exact product of all previous rational
increments is retained. The parameter error is below the same root-transport margin. The initial
face starts from Eq. (153). Later face changes use the separately proved continuation paths.

4.17 Arithmetic evaluation of smoothed states

The preceding continuation estimates require matrix actions and value comparisons at inverse-
polynomial accuracy. The following construction supplies them and preserves the corrected-root
invariant.

Lemma 4.12 (Matrix functions and corrected states in arithmetic operations). Assume the geo-
metric bounds of Section 4.13 and a corrected optimizer in the joint-energy ball of Lemma 4.10. The
required order-n matriz logarithms, square roots and their inverses, Lyapunov solves, and entropy
covariance actions can be evaluated to inverse-polynomial error using residual-certified spectral de-
compositions. Each decomposition costs O(n?) arithmetic operations. Together with the anchored
inverse of Lemma 4.11, these actions preserve the corrected-root invariant and provide the required
value, endpoint, and residual enclosures.

Proof. Here is a constructive spectral subroutine for the order-n operations. A complex Hermitian
Jacobi rotation annihilates a largest off-diagonal entry and reduces squared off-diagonal Frobenius
norm by twice its squared modulus. Thus each rotation reduces this measure by a factor at most
1—-2/(n(n—1)). After O(n?log(Mauy/n)) rotations it is at most 72, for a known norm bound M,
and requested residual 7. A max-heap for pivot magnitudes and the two changed rows/columns
give O(n) work per rotation; accumulating the rotations costs the same. Only a pivot above the
stopping threshold is divided by when finding its complex phase. Rotations have norm one, so
rounded similarity and orthogonality errors sum polynomially over the rotation count, while the
off-diagonal recurrence has its usual additive-error floor. For = (2kn)~C this remains O(n?)
arithmetic work with inverse-polynomial local errors. Direct residual and orthogonality checks
supply certified bounds. No small adjacent eigenvalue gap is used.

For a logarithm, the integral resolvent formula bounds perturbations of Dlogq by CAmin(Q)
times the matrix perturbation. For Lyapunov solves the residual is converted to solution error by
2Amin (T17). Square-root and inverse-square-root perturbations have polynomial bounds on the same
spectral ranges. These facts turn the residual-based decompositions into matrix-function actions
without requiring individual eigenvectors to be accurately determined. Project approximate entropy
actions to trace zero on both sides and symmetrize; on this space their exact smallest eigenvalue is
inverse-polynomial, so the selected accuracy preserves positivity.

Scalar powers with either fixed rational exponent 97,/200 or 3/4 use certified bisection or series.
Matrix logarithms, Lyapunov inverses, and ()q use gap-free order-n spectral decompositions with
inverse-polynomial spectral lower bounds; the requested higher accuracy adds only polylogarithmic
factors. Direct log-trace-exponential value evaluation uses a common spectral shift. On the bounded
model its eigenvalue magnitudes divided by 73 are O(logn) with fixed constants. No underflow
assertion or unit cost for an unbounded exponential is used. There is also a direct residual-based
value evaluation: put h = tr[C — 75log Q]/(2n). Since tr[Q] = 1, fr.(75logQ + hE) = h, so the
absolute difference between f, (C) and h is at most ||II7(C — 75log Q)||. This supplies an additional
value error enclosure from the joint residual itself. The fixed rational real/imaginary Hermitian
basis has polynomial condition and constant diagonal Gram factors for the full pair space; projection

-2
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to trace zero adds only a polynomial factor. All analytical square roots of metrics used for error
bounds need not be computed.

At a corrected Newton stage, approximate the root-anchor inverse and current actions below a
fixed fraction of the contraction margin. The refinement error recurrence is a contraction plus ad-
ditive error; Newton then restores the cache floor. This recurrence does not multiply per-stage con-
dition numbers over the signing trajectory. Root perturbation, coordinate-grid, value-comparison,
and endpoint-score tolerances are chosen below fixed fractions of the proved energy radii and true
potential decreases. All minima of weights, endpoint distances, and spectral values appearing in
them have polynomial or inverse- polylogarithmic bounds. Final Rayleigh and solve residuals in-
clude true-versus-cached errors. At every accepted state, certify the optimizer cache inside its
joint-energy ball and correct it to the prescribed floor. Use that base inverse for the next candidate
or homotopy increment. The residual uses logarithms of the current positive Q. Traceless updates
keep tr[Q] = 1 exactly, using the rational projection B — B — tr[B]E/(2n). Positivity follows from
the joint ball and errors below a fixed fraction of its radius. The local inverse bound converts
residual enclosures to root-error enclosures. O

4.18 Charging face changes to potential decrease

The explicit homotopy above is used initially and after regular endpoint moves. Deferred removals
are instead followed to their new face. We give a quantitative bound for these paths because merely
accelerating the curvature search would leave the old initialization cost unchanged.

Lemma 4.13 (Regular endpoints and charged attenuation). There are 6( ) regular endpoint
moves. All deferred remowals, including final corrections, use O(k—i—\ﬁ) corrected stages. All face
work, including explicit initializations, therefore uses O(k‘—{— \ﬁ—l—n?’/Q) stages of cost O(nx) arith-
metic operations. These bounds hold for every sequence of certified local moves and for Hermitian
nputs.

Proof. For a regular move to 1, put d; = 1 — y; > dena, vi = tr[V;] < 1, and h; = 1Bu; + d;. After
changing M by d;V; and deleting the coupling slot, test the new problem at the old U and

V=V 4 V)t

The new minus block of C equals its old value. At an exact trigger the plus block does not increase:
WBivi > diy VT < V, and the remaining coupling is positive. Order monotonicity of f. and
Sherman—Morrison give
hﬂ}iz

Vi(l + hzvz) '
Thus the rank-one adjustment in Lemma 4.8 also applies to the smoothed maximum; it does not
require hard tight constraints. More explicitly, at a conservative trigger of absolute score error de,
the exact score is at least —20.. For de < deng/4, we have v; > deng/(2t), since 5; < 1. A uniform
20.v; E repairs the comparison, at cost exactly 2d.v;. Before repair the last fraction in Eq. (156)
is at least pdena’/(4¢? 4 20). Taking the tolerance smaller than a fixed fraction of this and of the
original reservoir allowance leaves decrease apéend?’ The other endpoint exchanges U, V. All other
accepted moves decrease the same nonnegative, initially bounded potential, so the regular count is
O(n). Explicit initialization thus costs O(n®/2) stages in total.

For a deferred coordinate, absorb its unchanged fractional coefficient into F', preserving M.
Write its old slot as IC;(D) = ¢3;V;DV;. Hold the other slots fixed and track

Ps,old - Ps,new > Ptr[v - V+] >p (156)

Ks = Krest + 7K, r:e—s’ 0<s< L.
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The reservoir is constant during this evaluation path and is removed at its end. All bounded-model
root estimates hold, because the coupling only decreases. Define the positive map on pairs

Ks(Dy, Dy) = (rKi(Dv),rKi(Dy)), v(s) = (Q, KsP) > 0.

The envelope gives P.(s) = —uv(s), and v(s) < C. The forcing is F} = —K P, F» = —K,Q. The
pair KsP is a PSD subpair of the full coupling. Hence the entropy variance bound and weighted
Cauchy—Schwarz give

tr[QFZ < Cv, |(Fy, D)| < Cvve(D), q(K,D) < Cy/ve(D).

For the last two inequalities, apply the proof of Eq. (142) to the single nonnegative coefficient r¢f;:
the first squared factor is r¢/3;(v;w; + u;z;) = v, and the second is bounded by the full dual energy
since this slot is included in K. Eq. (139) now yields

e(P) +&(Q) < P (157)

The proof of Lemma 4.11, with the displayed ¢(KsD) bound as its explicit-data term, gives normal-
ized metric and Jacobian variation rate at most P,\/nv. Lightness is not needed on this auxiliary
path.

There is a relative scalar bound as well. Since K. = —Kj,

v = —v+(Q, K,P) + (K,Q, P).
The two pairings are at most P,1/vE(Q’) and C'y/ve(P’) in absolute value. Consequently
W] < Poo. (158)

A zero slot can be omitted directly. At a corrected root compute an upper approximation v < v <
C(v+ 1/n), using absolute error at most a/n, and take a dyadic increment within fixed factors of

a

Py(1+v/nv)’

except for the final truncation. All other calculations still use the finer root cache floor. Eq. (158)
keeps v comparable over the increment. Its joint energy arc is at most a/(P,+/n) and its normalized
variation is small. Thus Lemmas 4.10 and 4.11 justify one corrected stage, with positive matrices
and trace exactly one.

Choose r, = e I below the root-cache floor divided by a fixed polynomial in n,k. With
the prescribed inverse-polynomial root accuracy, r, is inverse polynomial and L, = O(log(2kn)).
At r, drop the remaining slot exactly and correct once. The direct derivative with respect to r is
uniformly polynomially bounded even at zero: the fixed slot has bounded Frobenius operator norm,
|IPllr < Cy/n, and the joint inverse and metric changes have polynomial norm bounds. Extra fixed
guard powers in the choice of r, put this last jump inside the joint Newton ball and the required
error floor. The endpoint is precisely the optimizer of the new face, not a presumed continuation
across a large face change.

For A; = fOL* v(s)ds, the step count is at most

L*
Po [0+ Vrolo))ds +15 Pl -+ VAL 41
0
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This follows by integrating over each interval, where v is comparable to its starting value. The
nonnegative A; sum to at most the initial potential, since all other moves decrease it and each
removal also drops its reservoir term. Summing over at most k removals gives 5(k + \/@) stages.

Evaluate » = e from the current path parameter. The smallest step and 7, are inverse
polynomial, and the horizon is O(log(2kn)). Scalar Taylor evaluation and the preceding corrected
solves attain errors below the displayed margins with logarithmic overhead in arithmetic operations.
The numerical slot stays nonnegative; the true matrices and symbolic signed contribution are
unchanged. Process simultaneous deferred hits successively, charging each coordinate once. This
introduces no extra rounding or discrepancy allowance. O

4.19 Shared endpoint continuation and gradient sweeps

We work at matrix order N, with initial retained count kg < N2, p = gcale/N, and the cutoff
and smoothing temperature specified in Section 4.13. The reservoir phases in Eq. (131) give v >
A/(Lokp) and total positive injections at most A. Write Py for a known fixed polynomial in
log(2N), enlarged finitely many times. Its coefficients follow from the coefficient sums, truncated
budget bounds, and root estimates already proved. The nonzero input scale retains its established
polynomial lower bound.

Positive auxiliary penalties and offsets. We enlarge the class of auxiliary evaluation prob-
lems, not the signing potential. Let K be a positive self-adjoint coupling of the retained rank-one
form, let M be Hermitian, and let the matrix pairs 2 > pE and D > 0 be fixed. Define

Rap=_min {(QP)+ f(C(P)+ D)},  fn(C)=rlogtr[e”/™], (159)

P=(U,V)>0
where C' denotes the block diagonal matrix associated to its pair and C(P) = (U™! + M +
K(V),V='—=M+K(U)). All instances below have bounded || M|, | D[, ||| and a uniform constant

upper bound on their optimum.

Lemma 4.14 (Uniform root machinery with positive additions). The bounded-model root, joint-
energy ball, and inerpensive anchored correction statements hold for Eq. (159), with the same
logarithmic losses. A corrected stage costs O(NX). The residual is

Q- /PQ, 7 (7slogQ — C(P) — D)), tr[Q] = 1.

The joint Jacobian and metric are precisely A and D in Eq. (134) and Eq. (135). If only 2, D vary,
the Jacobian has no additional explicit-data derivative.

Proof. Convexity and attainment follow by the same operator-convex inverse and positive trace-
penalty argument as for Ps. At a minimizer the Gibbs multipliers satisfy

W =U(Qu + K(2))U, Z=V(Qy+KW)V, aW+Z]=1

They are positive definite. In particular W = pU?, Z = pV?2, and ptr[U? + V?] < 1. The value
upper bound, D > 0, and bounded M bound the primal inverses and K(U),K(V) above. Thus
U,V = apl, Q = a/N, and all the weighted bounds used in Lemma 4.10 hold. Strict convexity of
the weighted inverse terms proves uniqueness.

The additional trace penalty is linear in P and the offset is constant in P. They therefore
leave the joint Jacobian unchanged. Its coercivity identity is algebraic on the trace-zero space
and does not require 2 = pE. The inverse-word and resolvent proofs of the joint-energy ball
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apply without change. For the inexpensive root inverse, the complete-positive Schwarz proof uses
K(W) =< V=1ZV~! and its other-block counterpart; these still follow from the displayed dual
identities. Consequently & = J, = & + £Qq 7 = (14 C/75)& remains valid. The explicit
Lyapunov inverse and rank-one actions implement the same anchored correction and its residual
certification. Positive additions have only a fixed number of rank-one terms in the application
below. O

Charging regular endpoints to their true decrease. We first treat an exact trigger to +1.
At the old root put d = 1 — y; > Oend, B = B(yi), a = tx[UV;], b = txr[VV;], p = tr[WV}], and

q = tr[ZV;]. Let K;i(Maux) = t8ViMau Vi and let the target face have My = M +dV;, K4 = K—K,.
Define pairs

A= (Ki(2),Ki(W)),  Ei=((tBb—d)V;,(tfa+d)Vi),  vo=(A,P)=1B(bp+ag). (160)

An exact trigger makes F; = 0. Both A and F; have bounded operator norm. Also vy < C, because
IC;(P) is a positive subpair of the full coupling at a bounded-model root.

Lemma 4.15 (A charged positive homotopy for a regular endpoint). Let A = P g1qg — Ps new for a
regular endpoint, with the conservative score tolerance tightened as below. Then A > apdena® and
there is an executable continuation from the old root to the new one with at most

O(1+ VNA) (161)

corrected stages. All regular endpoint continuations together use 6(]\7) stages, including their initial
and final corrections. No cold initializer is invoked after these endpoints.

Proof. We use a quantitative consequence of Golden-Thompson [Trol2]. If 0 <= E' < My,
M > 1,0 <7 <1, and Q¢ = €“/7/ tr[e®/7], then

7(1 — e~ Maux/T)
Maux

F1(C) = fo(C— B > tr[QeE] > 5= — tr[QeE). (162)

-
2Maux
Indeed e B'/7 < T — (1 — e Mawx/T)E' | M,y by scalar convexity on [0, Mauy]. Golden—Thompson
gives tr[e(C—F)/T] < tr[e€/Te=E'/7]; then use —log(1l —r) > r for 0 < r < 1. This proof applies
directly to the block diagonal pairs and to complex Hermitian matrices.

At the old P, the new constraint pair is Cyiq — F;. Testing this P in the new minimization and
using Eq. (162) yields

Ts
A >
T 2Maux

The self-slot in the old dual equation gives g > ¢8b*p. Since t8b > d > fenq and B < 1, b > dena/t,
whence

<Qa EZ>

vo = 1Bbp + 1Bag < (1 + 1/6ena®)(Q, E;) < PyA. (163)

The separate Sherman—Morrison estimate in Lemma 4.13 gives A > apéend?’. We retain this
estimate for counting endpoint events; Eq. (163) supplies the additional path charge.
For r = e™® consider the auxiliary values

F(s) = mPin{p tr[P] + 7(A,P) 4+ fr.(Chew(P) + 7E;)}, (164)

where Cpew denotes the full constraint pair for the target face. At r = 1 the old root is an exact
root of this problem: its constraint pair equals the old one, and _#1.Q = _ZoaQ+ (Ki(Z), Ki(W)) =
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pE +A. The initial value is Py o1q + vo; the limiting value at r = 0 is P, new. Both positive additions
decrease with s, so

F'(s) = —v(s), v(s) =r(A,P(s)) +r(Q(s), E;) > 0, /000 v(s)ds = A+ vy < PyA.

All these problems have the uniform bounds in Lemma 4.14.

The derivative forcing is F} = —rE; and F, = —rA in the convention of Eq. (139). The entropy
variance bound gives |(Fy,B)| < Py+vvE(B), since ||rE;|| < C and tr[Q(rE;)? < Cr(Q, E;). For
the other forcing use rA < Q = pE+rA <X (U'WUY, V=1 ZV~1). For example, after congruence
by U2, write Jy = UY2rAyUY/2 < Ty Then

| tr[rAy Dy]| < /er[Jy]y/ tr[Jy D2].

Summing both blocks proves |(rA, D)| < \/v/2e(D). The joint energy identity therefore gives
e(P)+&(Q) < Py, V| < Pyw. (165)

For the second inequality differentiate v; its two nontrivial pairings are bounded by the same two
estimates. The normalized metric and Jacobian variation rate is at most PN\/m: there is no
explicit coupling derivative on this path.

As in the charged attenuation proof, compute an upper approximation v < v < C(v + 1/N)
and take increments within fixed factors of a/[Py (1 + v/ N7)]. Each increment stays in the joint
Newton and anchor-transport neighborhood. Over a polylogarithmic horizon L, its count is at most
Pyn(Ly«+4/NL, [v)+1. Choose the final 7, below the root cache floor divided by a fixed polynomial
in N, ko; then set r = 0 and correct once. Direct sensitivity in r, including at zero, is polynomial
because its two fixed forcing matrices are bounded and the joint inverse has a polynomial norm
bound. This proves Eq. (161).

We detail conservative triggers and numerical coefficients. A trigger may have (8b — d > —26,.
Replace this coefficient by its nonnegative part, and round the coefficients of A, E; to nonneg-
ative dyadics, at a smaller prescribed accuracy. The resulting positive pairs A E differ from
the exact pairs by Pyd. in norm. With b > 0¢nq/(2t), the same self-slot argument gives vy <
(14 2/8ena®)(Q, E;"). The uniform repair and Eq. (162) yield vy < Py (A + &.). Tighten 6. below
both the preceding apdeng® margin and a sufficiently small fixed inverse-polynomial fraction of every
root radius. Then the original regular decrease remains positive and vg < Py A still holds.

At the old root, the residual for the rounded initial auxiliary problem is Pyd.. The initial
inverse can be built there using #4, the old &, and the old entropy operator: the inequalities
Ki(W) X K(W) and K4 (Z) < K(Z) prove the same root Schur preconditioning bound directly.
Thus it is not assumed to follow from an unproved off-root rule. The joint ball, small initial residual
and the usual inverse perturbation argument supply a constant number of initial corrections. Their
value changes are Pyd.. For the exact rounded auxiliary path its total drop is at most Py A, after
further tightening that accuracy. This makes the path executable without knowing any exact old
multiplier.

There are 5(]\7 ) regular events. Their true matrix drops sum to at most a constant: their
reservoir removals are nonnegative, all other signing moves decrease their phase potential, and
the total positive phase injections are at most A. Cauchy—Schwarz in Eq. (161) gives 5(]reg +
VNILeg Y A) = O(N) stages. The negative endpoint exchanges the two blocks. O
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A weighted parameter neighborhood of one light root. The coordinate counts can be
improved without changing the scalar budget. At a light base state y° with corrected root zy =
(Po, Qo), fix the current reservoir coefficient and put

0

ry = (vjw] +ul2)) v, eilt) = (W) = )t + KIB(). (166)

Each ¢; is concave on the truncated interval. Its derivative is the true gradient coordinate evaluated
at the frozen root, with only its scalar coordinate argument changed.

Lemma 4.16 (Frozen-root weighted neighborhood). There is a known Py with the following prop-
erty. Fory,y" in the cube truncated at endpoint distance dena/2, let

do(y,4°) = > /Ky — o).

If dy < a/(P%V/'N), then the optimizer at y is obtainable from zy in 5(NX) work, using the same
base inverse. Its root distance and gradient error satisfy

l12(y) — 20llpy, < Pndo,

19i(y) — ©i(ys)] < P]%/'\/ Kk{do, (167)

sk <uti(y) + v < 2.

It is not required that the whole coordinate segment stay light. All constants are uniform in the
number of coordinates moved and in real or complex Hermitian inputs.

Proof. At the light base, u?,v? < Py. On the entire truncated scalar interval, 8,3 and 1/83;(y?)
have polylogarithmic bounds. These facts, rather than a unit bound on a coordinate displacement,
suffice below.

For a fixed test scalar t the first forcing is Fi; = ((1 4+ ¢f'(t)vi) Vi, (—1 + 15/ (t)w;)V;). At the

base, and throughout a sufficiently small joint-energy ball,
tr[QFY;] < Pyvvi(w; + 2) < Py (viw; 4+ ui2;) < Pysy.

Use u;,v; > agy; and constant-factor Loewner comparisons with the base matrices. The entropy

variance inequality bounds its dual energy norm by PN\/,%?. For Fy; = 1f8'(t)(zVi,w;V;), the

weighted coupling proof at the base gives dual energy norm at most Py/ m?: replace its coeflicient

ratio by |8'(t)|?/B8(y?) < Py. At nearby positive P, Q the scalars w;, z; remain within fixed factors of
their base values and the metric remains comparable. The same estimate follows by absolute values
of the two block pairings. This argument does not assert an order comparison of noncommuting
products from separate Loewner bounds.

Integration at the fixed zy therefore gives

€K,y (20)lp-1 < Pdo.

The optimizer-dependent Jacobian variation is that of Lemma 4.10. Its explicit coupling change is
bounded by Pyv/Ndp in the normalized joint norm: use the just stated single-coordinate weighted
coupling estimate, pair its value with a trace-zero dual test through the relative entropy bound,
and sum the absolute coordinate displacements. In a joint-energy ball this yields

Dy (Ekker.y (2) — A0)Dy 2 < Py vVN(||z = 20]lmo + do)-
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The square of Py in the allowed radius pays for both the residual constant and the Jacobian
Lipschitz constant. Choose a sufficiently small. The chord map z — z — Ay 1SKKT’},(,Z) is a
contraction on a ball of radius 2Pydy about zg, maps the ball to itself, and keeps it in the positive
cones and trace-one affine space. This proves root existence there and the first bound in Eq. (167).
The convex minimization has a unique root, so this is its optimizer. The inexpensive approximate
base inverse and additive-error chord iteration give the executable correction with the preceding
short precision. This proof also establishes boundedness of the model; no large signed-sum change
is presumed harmless from its Euclidean coordinate length alone.

The derivative in root variables of g;(z,t) is (Fy,;, AP) 4+ (F1 ;, AQ). The two dual energy bounds
just proved hold along the straight segment inside the base ball. Integrating gives the gradient error
in Eq. (167). Positive scalar trace comparisons give the stated bounds on «t; + . The proof uses
only continuous first and second derivatives at coordinate zero. O

Two separated gradient thresholds. Write x; = ut; + 7, so w; = (—f/)k; > k;/2. Fix a
positive rational inverse-polylogarithmic hy. The high test uses

lgi] < hy/ki/N for every i. (168)

The application chooses hy small enough for its failed-gradient condition; the sweep proof below
applies to any such threshold. Put [y = hy/64. A separated numerical high test either certifies
some |g;| > (hn/2)\/ki/N or certifies Eq. (168). For instance compare an approximation with error
at most (hy/8)\/ki/N against (3hy/4)+/ki/N, with constant slack for square-root evaluation.

Lemma 4.17 (A gradient sweep using one root). A successful high test at a light root can be
handled by a deterministic gradient sweep. It ends either saturated, with true potential decrease at
least 1/(PnN), or unsaturated, with all its remaining nondeferred coordinates satisfying

\gil/V/iti +~ < hy/(8VN). (169)

The sweep uses one final optimizer correction and a single initial scan, of total cost 6(NX), plus
O(N?) work for each coordinate update. Ouver the whole signing trajectory the number of these
coordinate updates is at most ko plus the number of saturated sweeps. FEvery sweep has a positive
inverse-polynomial decrease.

Proof. At its base store Eq. (166) and dyadic weights {/kY < r; < 24/k. Use an arc budget A, a

positive dyadic within fixed factors of
In

CP{VN’
where the fixed C is sufficiently large for Lemma 4.16 and the margins below. Track Z =
> ilyi—v?|- The low test selects coordinates with frozen derivative magnitude at least 2l /x? /N,

(170)

evaluated with error at most (Ix/4)y/k/N. Absence of this test bounds every such magnitude by

(9l /4)\/K/N.

On selecting ¢, move monotonically downhill for ¢; toward the endpoint target +(1 — denq/2),
stopping early only when the arc budget is exhausted. Concavity ensures that the frozen derivative
keeps the same sign and its magnitude does not decrease along this move. The gradient error in

Eq. (167) is less than (Ix/8)4/kY/N, by Eq. (170). Thus the true potential decreases throughout,
with

Fs 0 — F > 0 P — 0 > 2% 171
(y") (y)_2 ~ EZ \ Ki Y yz\_4 ~ (171)
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Coordinates that reach their target are marked, but their coupling slots and reservoir are kept until
the end of the sweep. They remain inside the same open face at endpoint distance Jenq/2. No
optimizer is computed during these coordinate updates. Frozen functions of untouched coordinates
do not change, so one initial eligible list suffices.

All coordinates lie on one common sufficiently fine dyadic grid. Take the largest grid dis-
placement in the chosen direction not exceeding the endpoint or arc limit. If a last grid step
cannot use the entire arc, declare saturation only after Z > A,/2; a mesh smaller than a fixed
inverse-polynomial fraction of A,/(komaxr;) ensures this. Unchanged coordinates need no re-
peated rounding. Eq. (171) then gives the asserted saturated decrease. In the unsaturated case
the eligible list is empty and the same error bound, followed by #;(y) > £?/2, gives Eq. (169), with
ample slack.

A selected coordinate is processed just once unless it is the final partial coordinate of a satu-
rated sweep. Every complete coordinate update reaches a near-endpoint target and is permanently
removed at the next deferred batch. Consequently there are at most ky complete updates and one
partial update per saturated sweep. Each has only a constant number of scalar budget evaluations
and a rank-one modeled sum update; charging O(N?) per update is sufficient. Alternatively keep
only the exact coefficient list inside a sweep and reconstruct its modeled sum at the corrected
endpoint by the retained rank-one action. This avoids accumulation in the numerical sum and is
already included in the stated scan cost. The value and gradient comparisons at the end use the root
correction from Lemma 4.16. A nonempty unsaturated sweep has a complete coordinate displace-
ment of at least deng/2, since its base has no near-endpoint coordinates. Its decrease is therefore at
least Indenar/Y/ (4v/N) up to the fixed evaluation slack. This and the saturated bound are inverse
polynomial. The preceding finer common cache floor certifies the final value decrease. O

4.20 A polynomial algorithm for the smaller constant

We prove the algorithmic assertion of Theorem 3.1. Use Sy, ¢ty from Section 3.9, abbreviated by 3, ¢
here, and the direct mixed covariance of Lemma 3.6. The two gradient corrections in Eq. (68) are
not proportional to the covariance diagonal. We first give a direct implementation using the strict
descent of P. Entropy smoothing then improves its running time without changing the covariance
certificate or constant.

Preprocessing and the maintained model. Apply the same one-time input rounding and
variance scaling. Use grouped partial signing with its prescribed residual allowance. The input-
rounding transfer will use the internal constant Ci, . := 3.34427 verified below. At most k < n?
coordinates remain fractional and ), Cf < I. Keep cgcale := 1078, p := Escale/M, and Eyound =
Ediscard = X = €end := 1075, Round the initial coefficients with Euclidean error at most &;ounq/2 and
initialize the modeled sum at zero as before. Small-input rounding is applied in phases, as specified
below. It preserves the modeled sum and uses the same total allowance x. Write ¢; := tr[C;];
throughout, t; < 1. Choose deng by Eq. (84). At endpoint distance at most denq, record the
fractional coefficient, preserve the current modeled contribution in F', and remove the coupling
slot. At the end, apply Lemma 4.3 jointly to all recorded coefficients. This lemma uses only
the variance bound and endpoint distances, so it applies to the present budget and pure matrix
potential. It is deterministic and costs less than eounq/2 in discrepancy. Together with initial
rounding, the allowance remains ;ounq. NOW 5;11(1 = O(log(2n)); in particular, deng > a/n. The
initial matrix potential is at most 2v/1 + 2¢4cale-

Algorithm 4 collects the common preprocessing for Algorithm 3 and the square-root construc-
tion. Its accuracy inputs are 7,5 and €;ound; the signing algorithms use 10~7 and 1075, respectively.
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Fix &€ := 1078, egcale = 1078, and eqiscara := 107% as in Sections 4.2 and 4.3. The output C is
the active matrix list. The record R stores original indices, eigenvalue signs, common scales, and
assigned signs; callers add each subsequently fixed sign to this record. The returned state satisfies
[I| < n?, Y ier C? < I,and F + > icr ¥iCi = 0. Centering contributes a single error of at most
Tps + Eround/2 from Section 4.4. When I = &, R already determines a complete signing.

Algorithm 4 Shared preprocessing for deterministic signing
1: procedure PREPROCESS(A1, ..., Am; Mps; Eround)

2 Initialize R and assign sign 1 to each zero input; set J < {i : A; # 0}.
3 if J =2 then

4 return (&, 9, 3,0,R).

5: end if
6
7
8
9

For i € J, record s; < sign(tr[A;]) and set B; « s;A;.

Apply the common power-of-two scaling and PSD dyadic rounding to B;. > Section 4.2
Normalize the rounded matrices to obtain A; with Y-, ; tr[A;] = 1; record the scales.

Set ¢ + || Y-;cs A?|| and compute rational ¢ > 0 with ¢ < ¢? < (14 gcate)¢. > Section 4.3

10: Record arbitrary signs and discard indices with tr[A;] < eqiscara/(m?n) from J.
11: Set Ci<—A,~/qf0ri€J.
12: Form common-grid Hermitian coordinates b; to Euclidean error n,s/(4m). > Section 4.3

13: Apply grouped partial signing to (b;);es with tolerance Nps/2, obtaining y. > Lemma 4.2
14: Set I« {i € J:|y? <1} and k <« |I|; record 3 for every i € J \ I.

15: if £k =0 then

16: return (&, 9,,0,R).

17: end if

18: Round 3} inward to a common dyadic grid of mesh 8 < &rouna/ (2vk), obtaining y.

19: Set F' <+ —> .1 4iCi. > Section 4.4
20: return ((Cy)ier,y, I, F,R).

21: end procedure

Lemma 4.18. Let k < n?, let C; = 0 have rank at most one, and let y; € [—1,1] be the initial
dyadic coefficients. Choose a common dyadic PSD rank-one cache with ||C; — Ci||p < u, where
u < x/(64n?), and define

Tsmall ‘= ﬁ7 S = {Z tI‘[ ] < 7-small}-

There is a deterministic choice of signs on S such that

1D (oi = y)Cill < x/2.

€S

Every remaining matriz satisfies tr[C;] > x/(8n). Given the cached matrices and coefficients, the
rounding costs O(kn?) arithmetic operations.

Proof. For independent signs with mean y;, centering and rank one give

E(l Y (0 —y)Cillz] = Y _(1 = yD)ICillF < kroman-

€S €S

Derandomize this identity by conditional expectation. Starting with £ = 0, at each coordinate
choose the sign minimizing ||E + (0; — y;)Ci[|%, and add its contribution to E. The two possible
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conditional expectations have weighted average equal to the current value, so choosing the smaller
cannot increase it. The final cache error is at most \/E’Tsmau < x/4 in Frobenius norm. Consequently

1Y (o1 — yi) Cill < x/4+ 2ku < 9x/32 < x/2.
€S
If i ¢ S, then tr[C;] > Teman — nu > 15x/(64n) > x/(8n). The difference between the squared
norms for signs 1 and —1 is 4(tr[EC;] — y; tr[C;]?). Each comparison and update therefore costs
O(n?) operations. Form the inner products, compare the two candidates, and update E in exact
arithmetic. At most & comparisons and updates give the stated cost. O

Phases for small-input rounding. Set L := 1+ [logy(2n?)]. At the start of a phase let K be
the current number of active coordinates. Apply Lemma 4.18 with cutoff

TR = X u < X .

ALVK' 64Ln?

The cutoff can be rounded downward by a factor of at most two. Use one common cache of
this accuracy throughout the algorithm. The same conditional-expectation calculation gives a
discrepancy error of at most x/(4L) +2Kwu < x/(2L) in this phase. Every retained trace is at least
x/(16LV/K): indeed the trace error is at most nu < x/(64Ln) and K < n?. Keep the removed
fractional contributions in F', so this operation preserves the modeled matrix and only deletes
nonnegative coupling terms.

Start another phase whenever the active count becomes at most K /2. If small-input rounding
itself causes this, repeat before taking a local step. There are at most L phases, so the total
discrepancy error is less than x/2, as before. During local steps of a phase, K/2 < k < K and
consequently

a a
ti > ——, Wi > ——.
Tk "= Lnk
The second bound follows from u;,v; > at;, w;, z; > at;/n, and —F; > a. In particular the earlier
lower bound becomes w; > aP, 'n~3, which suffices below. Each phase costs O(K n?) operations.
The starting counts decrease geometrically, so all such rounding uses O(n*) arithmetic operations.
The signs are chosen by exact dyadic comparisons; these phases introduce no random bits.

(172)

Quantitative drift witnesses. In this paragraph, X <Y means X < P,Y for a fixed positive
polynomial in log(2n); X 2 Y has the reverse meaning. Choose a single sufficiently large polynomial
P, to cover all such bounds below, enlarging it when finitely many factors are combined. On a
bounded-potential region, the same KKT estimates give

al < U,V < Cy/nl, an ' I<W,Z < 1.

Together with the trace cutoff, the budget bounds, and lightness, these imply

at; < u,v; < C\/’ﬁti, an_lti < wj, z; < L,
Bi 21, a<pi,qSl, a < pigi S 1,

Indeed, 6L = O(log(2n)) and p;g; < C/(1 — |ys|), while p;,q; > 1/4. Lightness also gives the

end — =
stronger upper bound

2
Uz, Uy S E S ].
1
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The movement estimate in Eq. (64) gives
ket <tr[RA] < Ckaet,  Ra:=(I —T)AI-T)".
Rank-one Cauchy-Schwarz and W = pU?, Z = pV? give
w; > pu?/ti, z; > pvf/ti.
Consequently, writing A; := D;72,

a(uf +v))

A; = prujw; + ¢Puiz > s >an't? > aP;'n 73 (173)
The budget bounds also give
agki:%fgi)gca;g/“y.
Define the diagonal metric and the strict descent by
wi = (=B} ) (viw; +uizi), G = diag(w;), (174)
Dy == ki Z kiprat; Dimi = % tr[GK). (175)

1

The ldentlty preceding Eq (79) gives wz/AZ — 277kiprati' At every 1lght State, (]/Pnilnf‘g S (73 S P’rL
Suppose that
|8;P| < k1P 'n"Y% /@ for every active i. (176)

We first show that w;/z; € [1/2,2]. The dual lower bounds and u;, v; > at; give

w; Uj V; U; vU;
T S M
(wi + Zi)2 w; + 2; u; + v;

n.

Since 0;P = 7;(w; — z;) and 7; > a, Eq. (176) bounds |w; — z;|/(w; + Z;) by 1/3, after enlarging P,
and choosing k; sufficiently small. Consequently

1 Wiz + VW5

5 = Prati ﬂz’[@ +»6Zfz7z S 4, w; i

up to the polylogarithmic factors. The movement bound and D;m; = (Ra)e;.e;/ 7'142 imply Dy 2 kact.

~

We bound the drift in the same metric. For its ordinary part, the terms containing 3. cancel:
7i(w; + v;) = piw; + qv; = u; +v;. Thus \hz(-o)\ < (u; + v;) K. The lower bounds on w;, z; imply
wiv; (u; + v;) (u; + v;)?

ntz- 5 = ,Snti(l/u,-—l—l/vi) Sn

>

w; <,

It follows that 3, |5\” | /@ < v tr[GEK).
For the trace correction, the compact certificate and block weights give

lawi) + Wi <O, Jwf| <CVE,  0<w! <8,

§i(b2;+ 1) <C, |0ids.i] = |jo;| < C.
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Hence hi i, jxis @+i, 0ip« i are bounded. Set s; := min{u;,v;} and r; := max{u;,v;}/s; > 1 within
this paragraph. Then s; > at;, max{u;,v;} <1, and |v;| S /3. Forr > 1,

2(1 2 2
Q4Pa+Vi? o r0evi?
1473 1473
Since 6; = tfjuiv;, Eq. (173) gives
(ui +vi) (1 + |vi])
< V/nti/s; S /n, 177
\/E ~ n Z/S'L ~ \/’E ( )
S i _ b4 T
AV, ~ s 1+ T‘? ~
The diagonal and lower off-diagonal correction is
©) _ Oi[Pui — Jxi + P ivi] i (s — U;)
v = :
(2 Az
Since |7 (u; — ;)| < u; +v; and w; S Ay, Eq. (177) gives \/wi|1/i(0)| < v/n. The upper correction is
yi(l) := ¢.i%%. The balance w;/Z; € [1/2,2] and Eq. (60) give || < (uv;)3/?/A;. Since |g.i| < 1
and w; X Ai,

(178)

(uivi)3/2

2.)3/2
Va5 W e T o
Ai Jud +od

The last inequality uses lightness, u;,v; < 1, and t; < 1. Thus the weighted sum for (! is at most
Po/nkact. All helper functions are fixed polynomials in |y;| and H; := (282u;v;/(1 — y?) € [0,1].
No derivatives of these helpers enter the descent argument.

For the mixed correction, retain the coefficient I'; in the coercivity inequality. The response
condition gives E; —Y; = e;ff and F; = fin ¢. Since T is scalar on each paired plane and A < C'1,
Eq. (45) gives

S DE((E; — Yi)? + F2) = tr[T TTA] < C t1[Daux] = 2Ckaer. (179)
7
Set Z; := E; — Y; + v;F;. Eq. (178) and §; = 1/I'; imply

E[Z? 1+ |v])?
[A;] < Z (A’ZDE[(EZ - Yi)2 + Fzz] 5 nkact~

% %

The definition of 6;, |g;| < 1, and w; < A; now give, by Cauchy—Schwarz,

7. 7
Sl s Z'E[Y\/KZ” < \/ng ik

Here >, E[Y?] = tr[Ra] < Ckact. Combining the contributions proves, under Eq. (176),
Dix Z kact,  ZLP<—Du, Y |hily®i < Puv/aD. (180)

i
Thus, for a sufficiently small absolute k1 > 0,
|0; P| 1 _ _

mlaxliwi > kP72 or Apin(GTVAVEPGTY?) < —ky. (181)
Indeed, failure of the first inequality makes the drift term smaller than Dy, /4 in absolute value. If
the second also fails, then Eq. (175) gives tr[KV?P]/2 > —Dy,/4 after decreasing ;. Their sum
cannot be at most —Dy,. The algorithm uses this alternative without computing the covariance,
drift, or helper coefficients.
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Multiplicity of negative curvature. The same covariance construction can be restricted to a
prescribed subspace of physical directions. Let its codimension be ¢ < k/8. The response graph
is bijective, so the restricted response space has dimension ¢ := k — ¢q. In Lemma 3.6, use an
orthonormal basis E of this space and set

A:=FEE'D'E)'E"T, B:=D-A.

All row completions and trace identities remain unchanged. The only rank-dependent equality is
now tr[D~'A] = k — q. Thus the right side of Eq. (63) acquires exactly the additive term gq.

The movement lower bound remains proportional to k. To check this without using the smallest
weight, the block bounds in that lemma give A < C'I and D~! < CTIy+CTIl;. The response identity
and energy dominance imply

tr[E'D'E]| < Ck,  |T|% < 2k/..
Writing IT := EET, we have

tr[( — T)I) > ¢ — \/2k(/L > k/16.

For the last inequality, the expression increases for £ > 7k/8, and (13/16)% > 7/(4¢) for « = 699/250.
Weighted Frobenius Cauchy-Schwarz, with Cp := ETD™LE, gives

~

(tr[(I — T)I])? < tx[(1 — TYA(I — T) "] tr[C).

Hence ak < tr[(I — T)A(I — T)T] < Ck. The upper bound follows from A < CI and energy
dominance.

All the preceding drift estimates hold for this restricted covariance: they us@\precisely these
movement bounds, A < CI, and Eq. (179), which still follows from TIT < D,ux. Thus, at a
failed gradient test, its physical covariance K, satisfies

: 1
Dy >aP'k, D, = ;—tntr[GKq], VP hy+ 5 K, VPl < ~Dy+q,  (182)

and Y, [(hg)il\/@i < Pay/nDg. Choose the common gradient threshold small enough that its drift
term has magnitude at most D,/4, uniformly over the restricted spaces.
There are a fixed v > 0 and an inverse-polylogarithmic 7, > 0 such that

BN (GY2VEPGY2) < 84} > ok, (183)

Indeed, suppose the number on the left is ¢ < m,k, and restrict to the inverse image of its orthogonal
complement. Choose m, < 1/8 and m,k < D,/4 using the uniform lower bound in Eq. (182). On

this complement,

1
itr[KqVQP] > —dytr[GKy] > —Dg/4
if v < kit /(32n). The left side of Eq. (182) is then at least —D,/2, whereas its right side is at most
—3D,/4, a contradiction. This also covers m,k < 1, since ¢ is an integer. These covariances are

proof witnesses and are not computed.
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Deterministic selection of a spread direction. We give the selection procedure explicitly.
Suppose a real symmetric k X k matrix H has norm at most a polynomial in n, and at least m,k
eigenvalues at most —4~. Set B := H + 2vI and define the bounded filter

F, := %(I — B(B? + 21)71/?),

Choose a positive inverse-polynomial € sufficiently small. The scalar formula shows that 0 < F, <
I, tr[F?] > m,k/2, and ||HpaaFy]| < €2/(49?), where Ily,q is the spectral projection of H onto
eigenvalues larger than —vy. Compute a symmetric dyadic approximation F' such that

T
IFI <2, olF) 2 mk/2 [Pl < 0 < g (184)

Hll +7)
There is slack for the trace guard: taking e < 7/2 makes F. > 3/4 on the specified negative
eigenspace, and decreasing ¢ further makes this eigenvalue arbitrarily close to one. No spectral
projection is needed in the computation.
The inverse square root can be evaluated to inverse-polynomial accuracy in 5(k“’0) arithmetic
operations. Define A := B?+¢2I, and choose known bounds agl < A < byI, with aal, bo polynomial
in n. For a prescribed inverse-polynomial error n,, use

2 o
ATV? = / (A + 1) 1dt.
m™Jo

Choose an integer J = O(logn) so that 277 (ag! + 1) < ns/8. Truncating the integral to [277,27]
has operator error at most 75/8 before the factor 2/7. Split this interval into [a,2a] with a = 27.
Define R, := (A/a? + (5/2)I)7, so ||[Ra|| < 2/5. On each interval the geometric expansion gives

2a s—1 2
/ (A+£D At =a"Y ¢RI+ By cpi= / (5/2 = u?) du.
a (=0 !

Since |5/2 —u?| < 3/2, the remainder summed over all intervals has norm at most (3/5)%7/(2,/ag).
Choose s = O(logn) to make this at most 7,/8. The coefficients are explicit:

¢ 2041 _
S R (s

= 2v+1

The sum of the absolute values of these terms is at most 2(13/2)*, which is polynomial for £ < s.
Evaluate these rational coefficients in exact arithmetic. Form each positive-definite shifted inverse
by recursive block inversion, as in Lemma 4.1, using O(k*?) arithmetic operations. Evaluate the
finite matrix sums exactly, and approximate the scalar constant 2/m by a convergent series to
sufficiently small inverse-polynomial error. All matrix and coefficient magnitudes are polynomial,
so the truncation bounds and this scalar error give total error at most 7. There are O(logn)
intervals and O(logn) products per interval. Thus the total arithmetic cost is O(k“?). Choose 7
below a fixed fraction of the filter guards divided by 1 + || B||, symmetrize the output, and use the
trace slack above to obtain Eq. (184).

To obtain a flat vector, consider independent signs £; only as a device for conditional expectation,
and put

(&) 1= | FE[* = Ap 3 cosh((FE)), Ay 1= ma/100.

79



Each row has squared norm at most four. Since []; cosh(F;;) < exp(}_; FZQJ/Z) < 8, Eq. (184)
gives E[®] > m,k/2 — 8\ sk > 2m,k/5. Fix the signs one at a time, choosing the larger conditional
expectation, to additive error at most m,/100 per decision. Then z := F¢ satisfies

O(&) > mak/4, el > mak/4, 2]l < log(800k/my,).
For the last inequality use ||z||> < 4k and Afcosh(z;) < ||z||>. Also Eq. (184) gives
2THz < =2 + (1= + 7tk < =34]12]%/4.

Maintain the prefix sum, the remaining squared column norms, and the row products in the
conditional estimator. Each choice costs O( ) arithmetic operations, hence the total is O(kz) At an
accepted prefix the positive conditional estimator and the quadratic bound 4k give cosh(v;) < 4k/A¢
for the prefix sum v. A trial changes an argument by at most two, and each remaining product
is between one and eight. Taylor series therefore evaluate these scalar candidates to the required
absolute tolerance in polylogarithmically many arithmetic operations per term.

Apply this procedure to a symmetric approximation of G12V2pG—1/2 with operator error
at most v/4. Eq. (183) and G < G = 2G supply the required multiplicity with slack. Undo the
diagonal scaling and normalize, r := G~1/2z/ HG 1/2%]|. The computed direction, after sufficiently
accurate dyadic rounding and normalization, has certified bounds

r V2Pr < —arTGr, HTHC%O < Pnn(rTGr). (185)

The curvature margin follows from the preceding quotient and the operator error. For the second
bound, before the harmless rounding,

Irl3e _ maxi(2f /%) Py

— < P
PTGr = 22 kmima; -

by Eq. (172). All quantities have polynomial reciprocals where needed, so the rounding and the final
quotient and spread checks require only inverse-polynomial accuracy. The procedure is deterministic
and its guarantees hold at repeated eigenvalues of H.

Final constant. Short-precision partial signing costs at most 7,; initial rounding and near-
endpoint removals cost at most £.ounq; small-input removals cost at most y; endpoint repairs cost
at most ec.nq. Restoring variance scaling and the earlier discarded inputs, the internal coefficient is
at most

(2\/699/250 + 2<€scale + €round + X + €end + 77ps) V 1+ Escale T Ediscard < Ctr,* = 3.34427.

To check the strict inequality, define ¢ := 1078 and b, := 3.34427 — 1075 — (31076 + 107 7)(1 +¢).
Exact rational arithmetic gives

~3344265899999969
* 1015

>0, b2 —4(699/250 + 2€)(1 +¢€) > 1074, (186)

Taking positive square roots and using +/1 4+ € < 1 + € proves the strict inequality. The one-time
input approximation, with ¢ = 1078 as above, changes the coefficient to at most Cirx(14+68)+2¢ <
3.3443. These allowances give the stated discrepancy constant.
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Entropy smoothing for the smaller constant. We now reduce the dimension exponent by
smoothing the matrix maximum. The budget, coupling, preprocessing, and rounding allowances
remain unchanged. Set

Liog := [logy(4n)], T i= 10_8/L10g,

and define, on matrix pairs,
C(P,y) == (U + M(y) + Ky (V), V' = M(y) + K,(U)),  P:=(UV).
Use the smoothed potential without a scalar reservoir:

Ps(y) := Uxf‘l/igo{ptr[U + V] + 75 log tr[exp(C(P,y) /7)) }- (187)

The trace and exponential in this formula act on the block-diagonal matrix associated with the
pair. The log-sum-exp inequalities give
IM(y)l < Py) < Psly) < Ply) + 1slog(2n) < P(y) +107%. (188)
Let Q := (W, Z) be its Gibbs state. Stationarity in U,V gives
tr[Q =1,  ZQ=pE, W =UK,(Z)U+pU? Z=VEK,W)V +pV2

The bounded-sublevel, positive-inverse, and unique-root arguments in Section 4.13 use these iden-
tities and nonnegative coupling coefficients. They therefore apply to S and ¢ = 699/250. In
particular all the primal and dual bounds used above remain valid. The budget inequalities needed
there follow from the fixed even polynomial and its 3/4 endpoint power on the truncated interval.
No reservoir is used in these root estimates.

Transfer of the trace-corrected covariance. It is essential to distinguish the comparison
response from the derivative of the smoothed optimizer. At a smoothed root and for a direction r,
the inverse function theorem supplies a local comparison path P.(¢) satisfying

C(P.(t),y+tr)=C(P,y),  P.(0)=P.

Indeed the derivative with respect to P is —_#, which is invertible by the strict dual identities. Its
first derivative satisfies Eq. (35). The comparison value

or(t) := ptr[Pe(t)] + 75 log trlexp(C(P, y) /7s)]
majorizes Ps(y + tr) and agrees with it at zero. The second term is constant along this path.

Pairing the first and second differentiated constraint equations with Q gives

0;Ps = piw; — qizi, (189)
I 12 L 7
5" VPsr < Q(r) + EZ m;(r) — 5" Gr. (190)

Here G = diag(w;) is exactly Eq. (174), evaluated at the smoothed root; Q(r) and m;(r) use the
comparison derivatives Ue, V¢, as in Eq. (66). There is no entropy remainder in Eq. (190).

The response graph, energy dominance, and local trace identities of Lemma 3.6 require the
response equation, the strict dual identities, rank one, and lightness. They do not require C = bE.
Thus that lemma, the exact mixed correction, and its scalar certificate apply verbatim to the
comparison response, with VPs in place of VP. The covariance restriction proof also applies.
In particular the drift estimate in Eq. (180), the separated gradient test, and the multiplicity in
Eq. (183) hold for Ps. The deterministic filter consequently supplies

r' V2P < —ar' Gr, 7|2, < Pun(r'Gr), Ir|l2 = 1. (191)
The phase trace floor in Eq. (172) is unchanged.
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Local steps and optimizer correction. We now use derivatives of the actual smoothed opti-
mizer. On the trace-zero dual space define the entropy energy

E(B)? := 75(B, Dlogq|B]).

For a local line let A := P/, B:=Q/, F :== A'Q, and 6 := r' Gr. The exact envelope identity and
the coupling bound are

Pl =—0+e(A)?+2(F, A) + E(B)?,  |(F3,D)| < P,V0e(D). (192)

The Gibbs variance and relative-dual estimates in Eqgs. (125) and (126) apply here. Together with
the forced energy identity they show, on a coordinate line with 6y = w;(y),

e(A) + E(B) < Pa/b0, 1P| < Pnby, |l < Po(14 /nbo)w;

in its comparison tube. To check the forcing without a reservoir, write v; := tr[C;]. Its signed-matrix
term obeys

tr[QFY] = vi(piwi + @2 2) < Povi(w; + 2i) < Py(viw; + wiz;) < Ppoo,

using u;, v; > av; and the expanded light bounds. This is the coordinate estimate of Section 4.15
with the reservoir set to zero; its use does not require a floor of order 1/k.

Face changes for the smoothed implementation. We retain the phase cutoff and determin-
istic small-input rounding. At a regular endpoint, choose the score accuracy to satisfy

6 < min{eena/(16n%), dena /8, po3.4/(16(44* + 20))}.

For a move to 1, write d; := 1 — y; > dend, v = tr[C;] < 1, and h; := 1B;u; + d;. Test the new face
at the old U and V* := (V=1 + h;C;)~1. Its minus constraint block is unchanged; its plus block is
at most the old block plus 26C;. Order monotonicity and translation by a scalar identity give

2

— 98y > apds
I/i(l + hﬂ}i) Vi = ap

end"

Ps,old - Ps,new >p

For the second bound, the conservative trigger implies v; > denq/(2¢), while h; > denq. The fraction
is increasing in h;,v; and decreasing in v;. The move to —1 exchanges the two blocks. Thus only
5(n) regular endpoints occur. Their charged continuation is verified below using Lemma 4.15.

For a deferred or small-input removal, preserve M and attenuate its coupling slot before deleting
it. The argument in Lemma 4.13 also applies with no reservoir. Explicitly, write the slot as e *K;,
let K be its pair map, and put v(s) := (Q, KsP) > 0. The envelope and root forcing give

Pis) = —v(s), e(P)+E(Q) < Puv/o(s), [v/(s)] < Pou(s).

These estimates only use positivity and inclusion of the slot in the full coupling. In particular
they apply to small-input removals, not only coordinates close to an endpoint. A step of order
1/(Py(1+ /nv(s))) admits an anchored correction. Track to a positive slot weight below the root-
cache floor divided by a fixed polynomial in n, k, then delete its remainder and correct once. Its
negative logarithm is polylogarithmic. The root inverse has a uniform polynomial bound also at
zero slot weight, so this last jump fits the Newton ball. The arithmetic continuation in Lemma 4.13
supplies the required corrections and residual tests.

For a removal with potential drop 4;, integration and Cauchy—Schwarz bound its corrected
stages by 6(1 + v/nd;). We apply this bound to positive-slot batches below. The partial-signing
residual, small-input signs, and final deferred rounding have exactly their previous discrepancy
allowances.
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Hessian assembly. For completeness the smoothed Hessian is explicitly constructible. Let Lr :=
Cylr], let Tr := A} [r]Q, and let Qq denote the Gibbs covariance in Eq. (124). Then

Js:=E+ Q. 1, B:=T— _7QqlL,
and the ordinary Hessian of the optimized value is
V*Py=-G+L"QqL - B'J'B. (193)

This follows by differentiating the primal objective twice and taking the Schur complement in
its minimizing variables. In real Hermitian coordinates all maps have order O(n?) and k < n?.
The maps L,T have explicit rank-one columns, while )q has logarithmic-mean coefficients in a
basis diagonalizing W, Z. Forming their coordinate matrices costs O(n*). Their products, the
coupling blocks, and the inverse of J; cost O(n?%), including short-precision inversion. Indeed
& < Jy = P,& and & = an~3/?I, so all inverse norms are polynomial. Symmetrize and compute
sufficiently accurate entries to enclose the true scaled Hessian in operator norm. The deterministic
filter already proved above has the same O(n?) cost.

All root, metric, score, and filter enclosures have polynomial condition and are evaluated to
inverse-polynomial accuracy. The explicit anchored corrections and scalar logarithmic-mean eval-
uation from Section 4.17 apply unchanged; comparisons reserve fixed fractions of the certified
decreases below. Finally, smoothing adds at most 10~® to the initial potential. The conservative
endpoint comparison and numerical tolerances use less than eq,q/2 in total, and 1078 < egnq/2.
Their sum therefore fits the same eq,q = 107% allowance in the final-constant calculation above.
Its exact rational margin and input-rounding transfer still give 3.3443, and hence partition con-
stant 1.67215. All sign choices, root solves, and curvature searches in this implementation are
deterministic.

A small reservoir and two diagonal metrics. We control the matrix response of a curvature
direction as well as its coordinates. The coupling and scalar certificate remain unchanged. In a
phase starting with K coordinates, choose a positive dyadic Ag within fixed factors of a/(P,nvK)
and set

For=Ps+Ag Y Bi,  Gii=G+ g diag(—8). (194)

el

Here and below a is a sufficiently small fixed constant and P, is a sufficiently large fixed polylog-
arithm. Fix these choices once, including the finite number of inequalities below. The optimizer
does not depend on A\g. The total positive reservoir injection, including initialization and all phase
changes, is at most

Ca
> AkK < yors > VK < Ca/P,.
phases phases

Choose it below eg,q/4. Reservoir removals are nonnegative. Thus the sum of all accepted potential
decreases is still bounded by an absolute constant.
Gradient tests use G, not G. By Eq. (172) and the truncated budget bounds, we can choose

Axr so that
Ak B < aPn_lx/wi/n

with any prescribed fixed slack. A failed separated gradient test for Fy therefore implies the
hypothesis of Eq. (182) for Ps. For every restricted covariance K, adding the reservoir gives

1 3 A
3 tr[K,V2F,) < ~Dg+a- 7K tr[K, diag(—B}')].
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Here the drift is paired with VPs, whose magnitude is at most D,/4. Since D, is a fixed positive
multiple of tr[GK,], the same restriction argument proves Eq. (183) with G4 and V2F,, after
decreasing its fixed constants. Moreover, during this phase,

L= ﬁﬁf, K/2<k<K. (195)

Deterministic control of the matrix responses. Let V denote the bounded symmetric filter
constructed above, now for H := G;1/2V2.7:SG;1/2. Its guards give ||V|| < 2 and tr[V?] > m,k/2.
Its leakage outside the negative spectral subspace can be made any prescribed inverse polynomial.
For a physical direction r, let A(r), B(r) be the derivatives of the actual smoothed primal and dual
optimizers. Introduce the four real-linear Hermitian-valued maps

Tir = U_1/2AU(7")U_1/2, Tor := V_1/2Av(T)V_1/2,
Tar := W 2By (ryWw—1/2, Tar == Z 2By (r) 2712,

For r = Gll/ 2V:U, completing the square in Eq. (192), with the reservoir included, gives
e(A(r) + EB1) < Pallalle,  ITGTVllamr < Pav/n. (196)

Indeed, the direct term is —r' Gy, and the coupling term is bounded by P,vrTGre(A). On the
negative subspace the Hessian quadratic form is nonpositive; the leakage contributes at most ||z
after tightening its error. The primal relative Frobenius bound follows from

U\PWU—2 = al/n, V22V Y2 = al/n.
For the dual bound, let ¢; be the eigenvalues of Q. The entropy energy of B has coefficient

7¢iq5/ L(gi, q5) > ats/n

on the entries of Q Y/2BQ~1/2, where L is the logarithmic mean and L(qgi,q;) < max(g;,q;). This
proves Eq. (196) for complex Hermitian matrices as well.

Put Dyj :=T,G 1/2Vej. For each /,

1Y Dl < Pan. (197)

To see this, fix a unit vector v. The real-linear map D +— Dwv from Hermitian matrices with
Frobenius norm has norm at most one and rank at most 2n. Its composition with the map in
Eq. (196) therefore has squared Frobenius norm at most 2n(P,/n)2. This is precisely > y | Dejvll?;
enlarging P, proves the claim.

We now choose signs §; deterministically. The following conditional-expectation calculation uses
independent uniform signs only as a proof device. Choose s := 1/(P,n) so that s?| > Dl?jH <1

Consider ,

Ivel® - oo Zcos (V€):)

Dyl (198)
1000 = =

Use the exact conditional expectation for the first two terms. For a partlal assignment with re-
maining set J, replace a matrix penalty by

trlexp(esSy + (s2/2) ZDZJ Sp = ijng.
JjeJ Jgd
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This is a pessimistic estimator: its two children have average at most its current value. Apply the
trace-exponential concavity inequality [Tro12, Corollary 3.3] and then log cosh(sD) < s2D?/2. No
commutativity of the different Dy; is used. Initially each matrix penalty is at most ne'/2, whereas
each scalar penalty has expectation at most €2, because every row of V has squared norm at most
four. The initial lower estimator is consequently at least m,k/3. At each assignment choose the
child with the larger lower estimator. Errors below 7,/100 per comparison leave a final value at
least m,k/4.
Writing z := V¢, positivity of all penalties and ||z||? < 4k give

HZH2 > mpk/4, [2]loc < Pr, | ijijH < Pan.
J

Both signs in the exponential penalty are needed for the last operator-norm bound. Normalize
ro= G;1/2z/]|G11/2zH2 and put 6 := r'G,r. The filter leakage, chosen smaller than a fixed
inverse-polynomial multiple of m,, gives

r V2 For < —ab), R :=|r|le + max | Ter|| < Podi V0, di := min{v/n,n/Vk}.  (199)

For the matrix term, combine the last display with Eq. (196). For the coordinate term, Eq. (195)
gives ||r[|%,/0 < P,n/vk. This is at most P,d? because 1 < k < n?,

The sequential sign choices cost 6(14:2 + kn3) once the response columns are available. Scalar
conditional expectations are maintained as in the earlier flat-vector construction. For the matrix
terms maintain Sy and the sum of the remaining squares, and evaluate the eight trace exponen-
tials at each child by symmetric matrix-function evaluation. This costs O(n?) per choice. Every
retained lower estimator is positive, so its matrix penalties are bounded by O(n/m,). Their vari-
ance terms are PSD and bounded in norm. Including both signs then bounds all their exponent
matrices in norm by O(log(2n/m,)). A trial child changes this norm by a polynomially bounded
amount, in fact s||Dy;|| < P,/+/n. Thus the scalar and matrix functions, response columns, and
all conditional comparisons can be enclosed at logarithmic working precision with any prescribed
inverse-polynomial error. Choose P, in s also to bound s||Dy;|| by one. The selection has no
randomized fallback.

A finite-step estimate from linear primal and dual paths. Matrix response control at one
root does not by itself control the actual optimizer along a longer step. We instead use linear
comparison paths and bound their entropy residual. Write A := A(r), B := B(r), and, for this
paragraph only, define

Pt :P—|—tA, Qt :Q+tB, Yt :y+tT

For |t|R < a/P,, these matrices remain positive and comparable to their base values, tr[Q;] = 1,
and all coordinates remain at endpoint distance at least deng/2. Define

S(t) == ptr[P¢] + (Q¢, C(Pr, yr)) — T tr[Qelog Q¢] + A Zﬁ(yz’ + try).

Stationarity and its first derivative imply
S(0) = Fs(y),  S(0)=F[],  8"(0)=Frr]
Let ¢g, ¢1 be the scalar multipliers in the Gibbs equation and its derivative. The Hermitian residual

E(t) :== C(Py,y;) — 15log Q¢ — (co + c1t)I

85



satisfies F(0) = E'(0) = 0. We claim that, on this linear comparison interval, there is a PSD pair
J(t) with

—J(t) = E(t) = J(t), | J(t)|| < P,R*?, (Qq, J(t)) < Po6t2, 15" (t)| < P,RA. (200)

Here the bounds use e(A4)? +&(B)? < P,0, which follows from the envelope identity for the selected
negative direction, and not from the norm of its sign seed.

We give the majorants explicitly enough to verify both different bounds in Eq. (200). Along the
linear path, the second derivative of each constraint block is a sum of an inverse quadratic, a term
KCyylr,7]Pt, and 2/C) [r]A. An inverse quadratic is PSD, has operator norm at most P, max | Ter]|?,
and weighted trace at most P,e(A)2. The direct coupling term has a PSD absolute majorant with
norm at most P,||r||% and weighted trace at most P,r'Gr. Use |3"|/8 < P, and the bounded
operator norms of ICy(U), Cy(V).

For the mixed term, rank one and scalar Young’s inequality majorize each absolute coeflicient,
up to a fixed factor, by )

/
(—B)r;CiPC; + (_Biﬁ){,CiAPP_lAPCh
(2
where P is the relevant primal block. This uses |tr[C;Ap]|? < tr[C;P]tr[C;ApP~tAp]. The
operator norm of the sum is at most Py,(||r||% + |[P~Y2ApP~'/2||?). Its weighted trace is at
most P, (0 + e(A)?): pair the second sum with the dual block, use (8/)?/[(=B7)B3i] < P, and
then K, (Z) < U7'WU™! and its exchanged identity. All these bounds remain valid on the linear
paths by fixed-factor Loewner comparisons and scalar budget comparisons; no order comparison of
noncommuting products is required.
Finally, —D?logg[B, B] is PSD, has norm at most 2|Q~2BQ~1/2||?, and satisfies

— tr[QD? logy[B, B]] = tr[BD logy[B]].

For the norm assertion use the resolvent representation of log: if T := Q~Y2BQ /2 and R, :=
(Q + ul)™!, then BR,B = ||T|*Q, so 2 [;~ RyBR,BR,du = 2|T||*I. The trace identity follows
by differentiating tr[@QDlogg[B]] = tr[B] along @ + tB. Multiplication by 75 gives weighted trace
£(B)%. Entropy energies along comparable linear matrices are comparable by the same resolvent
formula. Integrate these PSD absolute majorants for E” twice. This proves the first three assertions
of Eq. (200).

For the last assertion, differentiate S three times. Inverse cubic words cost at most P, Re(A)?;
differentiating the direct coupling or its scalar budget costs at most P, Rf. The terms containing
B paired with the second constraint derivative cost at most its PSD weighted majorant times
P, maxy || Tyr||, because —RQ; <= B =< RQ; up to a fixed factor. The entropy cubic costs at most
P,RE(B)?, by the preceding positive resolvent majorant. The scalar reservoir cubic is bounded by
Po|l7llsoAx Y2;(—=BY)r?. These are all terms, since both matrix paths are linear, and prove the last
assertion.

For completeness, the entropy residual converts this comparison into an upper bound on the
optimized value. If Q = 0 has trace one and ||E|| < 7/2, Golden-Thompson and e* < 1 + z + 22
for |z| < 1/2 give

Tlog trfexp(log Q + E/7)] — tr[QF] < 7' tr[QE?]. (201)

Indeed the exponential trace is at most tr[QeE/ 7]; apply the scalar inequality spectrally and then
log(1+x) <z If —J < E < J, factor E = JY2TJ/2 with ||T|| < 1. Tt follows that E? < ||.J||.J.
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Apply this to Eq. (200) and use 7, ! < P,. Evaluating the primal objective at P;, rather than its
minimizer, yields the rigorous finite-step bound

t2
Fs(ye) < Fs(y) +tF[r] + 57:5”[7“, r] + PaROJt + P, R*0t". (202)

The smallness |E(t)|| < 75/2 is ensured by the same choice of P, and step below. This argument
uses no transport assumption about the optimizer between the two endpoints.

Orient r so that its directional gradient is nonpositive, allowing error at most a6t in this com-
parison, and take a dyadic step within fixed factors of

a

ti= ———. 203
P2dpV0 (203)

Egs. (199) and (202) give a true decrease at least a/(P,d3), after enlarging P,. The chosen branch
and the comparison value are bounded throughout the segment. We evaluate only this oriented
trial. Its new optimizer is initialized by the explicit data homotopy in Section 4.16, at cost O(y/n)
corrected stages; a single warm correction over the long step is not assumed. Inward rounding and
certified value comparison reserve a fixed fraction of the decrease. All required thresholds have
polynomial reciprocals by Eq. (195).

Gradient sweeps and batched removals for the trace budget. To avoid paying for a
root after every short coordinate move, use the deterministic frozen-root sweeps of Lemmas 4.16
and 4.17. The necessary adaptation is to keep the original, smaller weight in the gradient test. At
a light base put

Y= 1(vdw? 4 u?2)), @i(t) == (w) — 20t + (kY + Ag)B(1), do := Zwm?]yi — ).
i

The proof of Lemma 4.16 bounds both coordinate forcings by Pm/fi? even without a reservoir.

The scalar reservoir has zero derivative in root variables, so it cancels exactly from the gradient
approximation error. Consequently, for dy < a/(P2\/n), that proof gives

12() = 20llety < Pudo, — |0:Fs(y) — ¢ilwa)l < Piy/wido,  wily) = 7.

Here z = (P, Q) and Metg is the joint energy metric. These claims require only a small weighted
parameter neighborhood, not lightness at every intermediate point. Choose high and low thresholds
as in Lemma 4.17, with normalization /k;/n. Make the high threshold small enough for the failed-
gradient condition proved above. Concavity of every ; then gives a saturated sweep decrease at
least 1/(P,n), or an unsaturated exit with every remaining normalized gradient below hy,/(8y/n).
The same proof gives at most kg complete coordinate updates and one partial update per saturated
sweep. Its positive-decrease floor now uses k; > a/(P,nk) from the phase cutoff in place of the
reservoir floor; it is still inverse polynomial.

All marked coordinates are removed in one attenuation batch, preserving the modeled signed
sum. Small-input removals are likewise batched once per phase. The positive-submap calculation
for face changes applies to the sum of any such slots: positivity, rather than its rank, was the
only property used. If its matrix-potential drop is A, its joint energy arc is at most P,v/A and it
costs O(1++v/nA) corrected stages. Hold A fixed during the batch and remove its scalar reservoir
contributions at the end.
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For clarity the charging argument also transfers with these smaller weights. Along a batch,
no remaining coefficient changes. For g; := 0;Fs/\/kK;, the forcing bounds and relative scalar
comparisons give

il < Pra(s) + Pov/nfgila(s), — a(s) :==e(P') + £(Q).

Until |g;| = hn/(24/n), the right side is at most P,a(s). Thus a batch with drop below 1/(P)n), for
a sufficiently large fixed polylogarithm P/, cannot turn the low exit into a successful high test. It
also keeps the metric comparable by the same first-exit argument. The tiny-slot final correction is
chosen below this separation margin. Larger batch drops can occur only O(n) times. A subsequent
sweep must otherwise be preceded by a curvature move, a regular endpoint, or a phase change.

There are O(n) curvature moves by Eq. (203), O(n) regular endpoints by their unchanged
matrix-potential decrease, and O(logn) phases. It follows that there are O(n) sweeps and batches,
all deterministically. Summing the stage bounds by Cauchy—-Schwarz gives O(n) batch stages.
Regular endpoints and the long curvature trials use at most 6(113/ 2) initialization stages in total.
Coordinate updates cost O(n?). The trace cutoff, recorded coefficients, and final deterministic
rounding have the same discrepancy allowances as before.

Root, Hessian, filter, matrix-exponential, and sign comparisons all have polynomial condition
bounds and inverse-polynomial slack. Use the anchored enclosures of Section 4.17, with sufficiently
fine common grids for the new comparisons and finite-step decrease. The additional response
congruences have polynomial inverse norms by the primal and dual lower bounds. The extra
reservoir injection is below eqnq/4, smoothing costs at most 10, and all numerical and endpoint
errors can still be kept below eq,q/2. Their sum is below the original eq,q = 1079 allowance. The
discrepancy constant remains 3.3443, with partition constant 1.67215.

A deterministic grouped reduction with dimensional slack. The preceding construction
can be accelerated without changing its budget, discrepancy allowances, or curvature step. We first
remove the preprocessing bottleneck. The notation D in the next lemma denotes a real vector-space
dimension.

Lemma 4.19 (Deterministic reduction with a factor-two slack). Under the hypotheses of Lemma 4.2
with dyec = D, a deterministic aigorithm returns x € [—1,1]™ with at most 2D fractional coordi-
nates and || Y, xibi|l2 < n using O(mD + D*°) arithmetic operations.

Proof. Use the balanced tree and exact node sums of Lemma 4.2, maintaining at most 2D active
groups. A split gives at most 4D groups. We first give a deterministic small reduction for a matrix
C with rg < 4D columns of norm at most two and inherited dyadic coefficients y. Given 0 < € < 1,
it leaves at most 2D fractional coordinates and changes C'y by norm less than £/128. If at most
2D coordinates are fractional, return y.

Choose a dyadic o, with ¢/(2!'79) < o, < €/(2'%). Define ¢ := [logy(6470)], H = 4,
Lena = [logy(2/0v)], Ty := 128 H? Lepg + 1, and v := ¢/(24T,ry). Choose a dyadic ridge v%/2 <
§ < v2. If wyy, is the inherited coefficient mesh, let u be the largest dyadic number not exceeding
min{o,/(21H?), v, ui, }. All initial coefficients lie on this grid. At every iteration, freeze coordinates
at endpoint distance at most o, by setting them to their nearest endpoint. Stop when at most 2D
coordinates remain active.

For the active matrix A and current active coefficients z, define s; := 1 — |z;|, S := diag(s;),
B:=AS, Js :=0I+BB'", and IT; := I — BTJ(;IB. For 2D < r < rg, the singular-value formulas
give

0<Iy;<1, [} >r—D, |BI| <Vé/2.

88



Indeed the nontrivial eigenvalues are §/(5 + o;(B)?), and at least r — D eigenvalues equal one.
The residual singular values are do;/(0 + o; 2) < +/6/2. Form the ridge inverse in exact arithmetic
by positive-definite block inversion, as in Lemma 4.1. With multiplication exponent wy > 2, its
recursive cost is 6(D°J0). Round the entries of the symmetric II5 on the largest dyadic mesh not
exceeding v/(87?), using the same rounding for transposed entries. This gives V with ||V — II;|| <
v/y/T. The rounding uses O(r?log(2r/v)) arithmetic operations.

For independent uniform signs &, consider the scalar estimator

(€)= Vel = 155 Zcosh (VE)) (204)

Since v < 1/64, we have |V|| < 65/64 and tr[V'V] > r — D — r/16. Each row of V has squared
norm at most (65/64)2. The elementary inequality cosh ¢ < et’/2 therefore gives

E[¥] >r—D—r/16 — /50 > Z(r — D).

Here r < 2(r — D), and e(65/64)*/2 9 Fix the signs successively by conditional expectation. If u
is the current prefix sum, the two conditional expectations of its quadratic term are

lu £ V515 + > IVal3,
h>j

and the conditional expectation of row i’s hyperbolic cosine is

cosh(u; £ Vj;) H cosh(Vip).
h>j

Maintain the prefix, the remaining squared norm, and these row products. At any accepted prefix
the conditional quadratic term is at most 27, while the conditional estimator remains positive.
Hence each conditional hyperbolic cosine is at most 200r. A trial changes an argument by at
most 65/64, and each remaining product is at most e(65/60)°/2 < 9 The arguments are therefore
O(log(2r)) and the evaluated quantities have polynomial magnitude. Taylor series with inverse-
polynomial error, propagated through the at most r scalar factors, evaluate each candidate using
O(r) arithmetic operations. Evaluate a candidate to absolute error at most 1/(1000r) and choose
the larger approximation. The total comparison loss is at most 1/500, so the resulting signs satisfy
W(E) = (r - D)/2.

Put v := V¢, computed exactly on its dyadic grid. Then [[7]|3 > (r — D)/2 and |73 < 2r.
Positivity of ¥ implies cosh(v;) < 200r, whence

7|0 < log(4007) < log,(647r) < ¢, |o —IIs&||2 < v.

For the strict logarithmic inequality, use log400 < 6 and logr < logy r. In particular the direction
has squared norm at least (r — D)/4 and maximum entry at most /.

Set h := SU/H, so |h;| < s;/4. For analysis define ®(z) := Y, —log(l — 2?) over active
coordinates. Its directional derivative is

21,;0;

T iUq

h = E
H(+|z])

In exact arithmetic form this sum and choose 7 € {—1,1} with 7¢g > 0. The estimates also permit
a computed sign with 7g > —r/(512H?). Round z + 7h toward zero to the grid of mesh u, then
freeze all newly triggered coordinates.
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Along the unrounded segment, the distance to the endpoint nearest z; is at most 5s;/4. Since
¢"(2) = (1 — 2)72 4 (1 4+ 2)72 for ¢(2) := —log(1 — 2?), Taylor’s theorem gives

8 2 1 r—D
25H?2 % 256 H7
Here r < 2(r—D). Every endpoint distance before inward rounding is at least 30,,/4. On the inward
segment |¢'| < 4/0;, so rounding loses at most 4ru/o, < (r—D)/(8192H?). The net increase exceeds
(r— D)/(16H?) > D/(16H?). Assign a frozen coordinate the finite value Qenq := log(2/0;) in the
bookkeeping potential. A newly frozen coordinate had endpoint distance at least 30,/4, so this
assignment cannot reduce that potential. Starting after the initial freezes, it stays between zero and
70Qend < 4D Lepq. Thus fewer than T, steps are possible before at most 2D coordinates remain.

Each unrounded step has residual

(z +7h) = (x) > 79 + 19113 > (

| AR|l2 < \l{;(\/g/Q +2v) < 5rov/8.

Rounding contributes at most 2rgu per step. All endpoint freezes together contribute at most
2rgoy, since each coordinate is frozen once. Hence the total residual is at most

2 5/8 42
2rgoy + Ty (5rov/8 + 2rgu) < e(=—== + /7—’_) < e/128.

210 214
All updates preserve the cube. There are polylogarithmically many steps, each using 6(Dw0)
arithmetic operations; scalar conditional choices cost 5(D2) per step. The derivative sum uses
O(r) exact operations, and grid rounding uses binary search on bounded intervals.

For the full tree, let Riree := max{1, [logy m]} and use the power of two m < Mg, < 2m from
Lemma 4.2. Normalize each node sum by Mg, and use € := 1/ (Mgp Riree) at every level. The root
coefficient is zero, on mesh one. Each split inherits its parent’s coefficients; each small reduction
leaves at most 2D active groups. All meshes chosen from the displayed bounds have logarithms
O(log(2mD/n)): taking the largest admissible dyadic mesh refines an inherited grid only when a
parameter bound requires it. All scalar parameter and grid searches have logarithmic cost as well.
After Ry levels, all active groups are singletons. Their unnormalized residual allowances sum to
at most 7. Exact node-sum preparation costs O(mD), and the final tree traversal costs O(m). The
logarithmically many small reductions therefore give total arithmetic cost 5(mD + Do), 0

For the matrix problem apply this lemma with D = n? after the same input conversion. It leaves
at most 2n? fractional slots. Pad all retained matrices by zeros to order N := 2/log2(20)] < 4p,
and run the matrix algorithm with this working order. Then k < o2n? < N2, All variances,
operator norms, residual allowances, and returned signs are preserved. In particular use p =
1078/N, so Np = 1078 is unchanged. The initial potential bound and every discrepancy allowance
therefore remain the same. This deterministic replacement of the grouped step in Algorithm 4 costs
5(mn2 + n?0). Below we again write n for the working order; the original and working orders
differ by less than a factor four.

Solving all response columns at one root. The primal and dual responses of all coordinate
directions share their optimizer and their linear operator. We compute them together.

Lemma 4.20 (Block response construction). At a corrected root with k < n? active coordinates,
the scaled Hessian and all four response maps in Eq. (196), composed with the deterministic filter,
can be computed to any prescribed inverse-polynomial accuracy in

O(n® 4 kn®0 4 p2g=o~L 4 o) (205)
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arithmetic operations. The same bound includes the matriz conditional selection producing Eq. (199).

Proof. Write Hermitian matrices in real orthonormal coordinates and let ® have columns vec(C}).
Its row dimension is O(n?). Rank one gives C; X C; = tr[C; X|C;, so the coupling in these coordinates
is

® diag(13;)® .

An application to k right-hand sides consists of products of shapes (k, O(n?),k) and (O(n?),k, k).
Dividing the long dimension into blocks of k gives cost 6(n2k“0_1). Explicitly forming ® and all
rank-one derivative columns costs O(n?k), already covered by this bound.

Prepare approximate spectral decompositions for the two Lyapunov operators and the Gibbs
covariance. For the U block, set Ty := U~ Y2WU~1/2. Applying &' to Fyy amounts to solving

EUTU + TUﬁU = Ul/ZFUUl/2.

In an eigenbasis of Ty, divide each entry by the corresponding ¢; +t;. The V block is identical. The
primal and dual lower bounds make these denominators inverse polynomial. In an eigenbasis of the
block-diagonal Q = (W, Z), its Gibbs covariance multiplies entry (i, j) by 75 'L(gi, ¢j) and subtracts
7. tr[QF]Q on an argument F, where L is the logarithmic mean. Use the divided exponential series
for nearby eigenvalues and the quotient formula otherwise.

These decompositions cost O(n3) arithmetic operations. Indeed, a Hermitian Jacobi rotation
at a largest off-diagonal entry reduces squared off-diagonal Frobenius norm by a factor at most
1—2/(n(n—1)). There are O(n?log(2n/¢)) rotations to residual ¢, for the polynomial norm bounds
here. Maintain pivot magnitudes in a heap; updating two rows and columns and the accumulated
basis costs O(n) per rotation. Scalar square roots are approximated by bisection. Orthogonal
rotations accumulate inverse-polynomial approximation errors by a polynomial factor. Residual
and orthogonality checks therefore give the required spectral accuracy without an eigenvalue-gap
assumption. The case n = 1 uses scalar evaluation only. For each of the k right-hand sides, the
basis changes, left and right products, entrywise divisions, and trace centering cost O(n“?). Reuse
these decompositions for every column and iteration at this root.

The Gibbs covariance obeys (F,QqF) < 7, 1tr[QF?], since L(gi,q;) < (¢ + ¢;)/2 and its
centering term is nonnegative. Complete positivity of Ky, paired with the dual identities, gives
tr[Q(_#Z D)?] < C(D, &D): use Ky(Dy)? < || Ky(V)||Ky(DyvV 1Dy ) and the exchanged inequality,
together with (A — B)? < 242 4+ 2B2. Thus

EJs: =6+ FQq F = (1+C/r)é.

The &-preconditioned Chebyshev inverse consequently has polylogarithmic degree for the required
inverse-polynomial error. The polynomial bounds on & and &' control its similarity to a symmet-
ric positive operator. Second-kind Chebyshev bounds give only polynomial amplification of action
errors through this finite recurrence. Choosing smaller inverse-polynomial action tolerances there-
fore attains the target operator error in the same arithmetic cost. Apply this one fixed polynomial
simultaneously to the columns of B =T — #QqL in Eq. (193). Each iteration has the preceding
block cost. Recover the dual response columns from ()q and these primal responses. The products
LTQqL and B"J !B have the same 6(7121{:“0_1) bound. Diagonal scaling then gives the required
Hessian, including its reservoir term. The filter costs 5(1{:‘“0). Composing each response map with
this filter again costs O(n2k“0~1), and all relative congruences cost O(kn“°).

Finally form all variance matrices > _; ng in O(kn*°) work. The matrix conditional estimator
used above has order-n Hermitian arguments of norm O(logn) at every accepted prefix and either
next candidate. Indeed its positive summands bound both signed exponentials, its remaining
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variance has norm at most O(logn), and a single signed increment has bounded norm by Eq. (197).
Use the factorial Taylor evaluation in Lemma 4.3, with order-n multiplication at exponent wg, with
its error target tightened by the polynomial weights in the estimator. Each of the k sign choices
costs O( 0). Scalar conditional quadratic and hyperbolic-cosine terms take O(kz) additional work.
All comparisons retain the existing slack, proving the arithmetic bound in Eq. (205). ]

Endpoint continuations and the total cost. At a regular endpoint, use the charged continu-
ation of Lemma 4.15. We verify its applicability to the present trace budget. At a positive trigger
put d =1 —y;, 8 = Bu(y:) and use a, b, p, ¢ for the four traces in Eq. (160). Its two additions are

A= (Ki(2),K:(W)),  Ei=((Bb—d)C;, (uBa+d)Cy).

They are positive and bounded at the old root. Here IC;(X) = (C; XC; and 0 < § < 1. The
self-slot inequality ¢ > ¢4bp gives exactly

Vo = <A7 P> < (1 + L/(Send><Q7 EZ) < PnA?

where A is the true matrix-potential drop. The last inequality is Eq. (162). In particular this
charge does not use the fast budget’s scalar certificate or any random choice.

The positive auxiliary path in Eq. (164) therefore has initial value Ps1q +vo and limiting value
Psnew- Its forcing energy, root bounds, and anchored corrections use only the positive coupling
and the same lower bound pI in the primal equation. Thus Eq. (165) and its continuation proof
apply with ¢ = 699/250 and 8 = S,. For conservative triggers, clip and round the two additions as
in that lemma, tightening the score tolerance below both the regular decrease and the root radius.
This takes only logarithmic extra precision. The reservoir is independent of the optimizer and its
removal is nonnegative. Since all other moves decrease their phase potential and the total positive
phase injections are bounded, Y~ A = O(1). There are 5(71) regular endpoints. Consequently all
regular continuations cost 5(n) corrected stages. Small and deferred removals still use the charged
batches proved above. The gradient sweeps are unchanged.

For a phase with K/2 < k < K, retain the curvature count I < O(min{n,n%/K}) from
Eq. (203). Applying Lemma 4.20 gives the following bounds for its total curvature-search work:

6(714 + n2+wo)’ K <n, (206)
6(n5/K + n2+wo + n4KUJo—2 + nQKwo—l)’ n<K < n2'

Both are at most O (n?«0) for the fixed wy = 2.371177. There are only logarithmically many phases.
Curvature endpoints continue to use the explicit cold initializer; no one-correction claim for

those endpoints is needed. Each costs O(y/nF(n,k)), with F from Eq. (129). For K < n this

contributes at most O(n32n3) = O(n%2) per phase. For K > n it contributes at most

5/2
K

O( (n® + (K + n)n*o71)) < O(n%? 4 n=ot3/2),

The first initialization is smaller. Regular endpoints, charged batches, and gradient sweeps together
use O(n) corrected stages, costing O(n!*X), and all coordinate updates cost O(n*). Use Lemma 4.9
also for the small-input and final rounding; together they cost O(n?*«0).

Adding the deterministic preprocessing gives

Torith < O(mn® + 742354, (207)
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Indeed 2wy = 4.742354 exceeds 9/2, 1 + x = 4.250036, and 2 + wy = 4.371177. All replacements
are deterministic. They preserve the input residual, small-input and deferred-rounding allowances,
and the finite-step proof in Eq. (202). The more accurate comparisons fit the same numerical
allowances. Hence the discrepancy and partition constants remain 3.3443 and 1.67215, respectively.
This establishes the arithmetic cost in Theorem 3.1.

5 A fast randomized polynomial time algorithm and explicit run-
ning time

The construction uses the smoothed geometry, optimizer corrections, rounding, and endpoint and
gradient-sweep proofs established in Section 4. Section 5.1 states the randomized running-time
bound. Sections 5.2-5.5 construct and certify spread directions for curvature moves. Sections 5.6
and 5.8 give the grouped reductions, using Lemma 4.9 for final rounding. Section 5.7 counts the
shared sweeps and endpoint continuations in the small-count finishing routine. Section 5.9 sharpens
preprocessing. Sections 5.10-5.13 give masked curved moves, resident batches, and count-sensitive
inverse costs. Section 5.14 proves the total expected arithmetic cost. All operation counts in this
section are arithmetic operation counts.

5.1 Randomized running-time bound

Entropy smoothing permits each local trial to be evaluated with a constant number of Newton
corrections. A verified randomized curved move gives progress depending on the resident count.
Delayed deletion and count-sensitive matrix products give the expected bound below.

Theorem 5.1 (Formal version of Theorem 1.2, zero-error randomized polynomial time algorithm).
Given rational Hermitian matrices A1, ..., Ay € C™™ of rank at most one and total binary length
Liy, a zero-error randomized algorithm finds signs o € {£1}™ such that

1) " oiAil| < 4.8628] Y~ A7/

It terminates for every random-bit sequence. Its expected number of arithmetic operations satisfies
E[Tarith] < 5(mn2 + n3-575374)‘

For A; = a;a}, Y, Ai = I, and ||a;||* < «, the two sign classes satisfy

1Y aia; - 1/2|| <24314V0,  j=1,2.
1€l

The partition is computed within the same expected arithmetic bound. Here O suppresses logarithmic
factors in m,n, Liy.

Proof. Lemma 5.27 gives grouped preprocessing in expected 5(mn2) operations after input con-
version. It leaves at most 2n? original fractional coordinates; constant-factor padding restores
the active-count hypothesis. The single operator-norm residual uses the existing preprocessing al-
lowance. Lemmas 5.32 and 5.33 give curved moves with decrease Q(v/k/n%/2) in the large-count
regime. Lemma 5.34 bounds bulk continuation, and Lemma 5.40 gives the count-sensitive cost of
a complete trial. Section 5.7 supplies the small-count finish. Section 5.14 combines these bounds
with final rounding and proves the sharper exponent £ = 1058611/296084 < 3.575374. Finite caps
and deterministic fallbacks give correct termination on every random-bit sequence. The unchanged
discrepancy allowances and Eq. (2) give the signing and partition constants. O

93



Algorithm 5 uses the smoothed potential Fy and reservoir phases below. A corrected state
includes its primal-dual optimizer. Resident coordinates still contribute to the coupling; D records
pending near-endpoint coordinates, whereas D records coordinates removed for final rounding.

Algorithm 5 Zero-error randomized signing with discrepancy constant 4.8628

1: procedure RANDOMIZEDFASTSIGNING (A1, ..., Any) > Theorem 5.1

2 Convert and scale the input once; apply Lemma 5.27 if m > 2n?.

3 Retain assigned signs, center the single residual, and pad to N < 4n with ky < N2.

4 Initialize the corrected root and reservoir phase; clear the initial near-endpoint batch.
5: Set D := & and count all remaining coordinates as resident.
6
7
8
9

while the resident count k£ > K. do

Put newly near-endpoint coordinates in D, retaining their coefficients and coupling.
if |D| > [{yk] then

: Attenuate their combined coupling, delete them into D, and correct the root. >

Lemma 5.34

10: Update the count phase after deletion, set D := &, and continue.

11: end if

12: Mask D and the conservatively marked non-light coordinates. > Lemma 5.33

13: Run capped drift-response trials with the count-sensitive sketch schedule. >
Lemma 5.40

14: if a direction passes all true curvature, spread, and response tests then

15: Choose the downhill sign of the quadratic path, predict, and correct its optimizer.
Lemma 5.32

16: else

17: Clear D and make one certified old endpoint, gradient, or dense-curvature move.

18: Update the count phase after any deletion and resume.

19: end if

20: end while

21: Clear the remaining pending batch and keep the current reservoir allocation.

22: while active coordinates remain do

23: Process deferred attenuation and count-phase updates.

24: if no active coordinate remains then

25: Break.

26: end if

27: if a regular endpoint is certified then

28: Fix its sign and continue the optimizer by Lemma 4.15.

29: else if the high gradient test passes then

30: Perform the frozen-root sweep in Lemma 4.17 and correct once.

31: else

32: Take a checked spread-curvature move, using the finite deterministic fallback on
exhaustion. > Lemmas 5.13 and 5.14

33: end if

34: end while

35: Round D by verified sampling with deterministic fallback. > Lemma 5.25

36: Restore input eigenvalue signs and return the full signing o.

37: end procedure

The primal matrices are U,V and the dual matrices are W, Z. Define their pairs by P :=
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(U,V) and Q := (W, Z). All scalar products and traces on pairs sum over both blocks. Fix the
multiplication parameters in Eq. (80). The notation P, denotes a fixed polynomial in log(2n),
enlarged a finite number of times; constants depend only on the fixed budget and regularization
parameters. All numerical tolerances below are specified by these uniform bounds.

5.2 Gibbs-feature preconditioning of curvature search

The random component still returns only directly verified directions. The new sketch is not obtained
by applying the Hessian to random vectors. Instead it samples a positive Gram matrix which is
comparable to a positive shift of that Hessian. Its features have rank-two matrix representations
and admit batched construction and implicit application.

At a failed gradient test, work first at the exact root and put A = G~/2V2F,G~1/2. Later we
freeze a sufficiently accurate structured symmetric surrogate. With fixed slack in the tests, choose
rational bounds

Amin(A) < =25, —RI<A=<MylI, 1<R<P, 06 1'<P,, 0<6<R/4 Muyy< Pk,
(208)
where Myux > R. All bounds may be replaced by rational upper bounds obtained from the fixed
budget coefficient sums, the cutoff, and the stated spectral intervals; no norm-estimation oracle is
used to choose them. The current face dimension is denoted by k inside a filter; it never exceeds
the initial k£ used in total counts.

A comparable Gram matrix. Retain the exact symmetric Schur formula
VIF = ~G+ F{QaF1 — (f QaFy — F2)" I QaF1 — F). (209)

One action costs F(n, k) < 5(nx), including the root solves, matrix functions, and adjoints. This
identity follows by substituting the differentiated root equations into the second-order envelope, so
involves the same root and the same potential throughout.

Lemma 5.2 (Gibbs Gram comparison). Set D = G~Y2F;QqF1G~/2. There are known rational
bounds Tog < Pok, £y, by < P,, such that

D=0, tr[D]<To, adomD —(14+200)I < A=D1,  agom = (1+26)"".
In particular enlarge R so R > 1+ 2bg, and put B= A+ 2RI. Then
%dem (D 4+ 2RI) = B < D +2RI. (210)

All these bounds survive a sufficiently small inverse-polynomial root/coefficient perturbation, with
fized slack in agom, R, Tg-

Proof. The following square roots are for analysis, not computation:
A — Q(lQ/zFlel/a B — Q(lQ/2/£>71/27 T = & 1V2F,G /2,

Eq. (128) gives ||B||> < K/7s < £y. The weighted coupling estimate gives ||T]|> < by. Coordinate
forcing and the Gibbs variance bound give D;; < P, hence the trace bound, without computing
the trace. The Schur formula becomes

A=—-T+A*A— (B*A—T)*(I +B*B)"}(B*A —1T).
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For any y, its quadratic form plus ||y||? is

I;lin{”Ay - Byaux”2 + ”yaux”2 + 2<Ty, yaux>}~

Use ||[Yaux||? + 2(TY, Yaux) > %Hyaux|]2 — 2bp|y||?. The remaining minimum equals
(Ay, (I +2BB*)"'Ay) > agom || Ayll.

The upper bound follows by dropping the nonnegative Schur term. This proves all order compar-
isons. At a root all relevant smallest eigenvalues are inverse-polynomial; polynomial perturbation
bounds therefore preserve the displayed estimates with their slack. In the numerical construction
keep the exact algebraic Schur form, as specified below, rather than adding an unrelated Hessian
approximation. ]

Features whose covariance is D. For the fixed-depth precursor, first fix an integer hg. > 2
independently of the input dimension. Section 5.4 separately proves the uniform bounds needed to
use a growing depth; it does not substitute a variable depth into a fixed-depth estimate. The features
are real coordinate vectors even when the input is complex. For one sample choose ¢ uniformly
in [0, 1]. Independently for each block Q; of Q choose standard circular complex Gaussian vectors
g, hp (each real and imaginary part has variance 1/2), and put

o= Qg 0= Q) h, T, = (nof +wr)/V2 T=T-0[TQ, ==7"'"?G""FT
(211)
These definitions refer to a single fixed root; samples are independent.

Lemma 5.3 (Feature identity and a ridge covariance sample). The feature has mean zero and
E[zz"] = D. Let 1 < q < 2n%, = 2R + To/q, and let £q be an integer upper bound for

1 + 1og(Amax(Q)/Amin(Q)). Thus £q = O(log(2n)) with constants depending only on the fized
reqularization. Put

p = [128logy(2knlq(hs + 1)) ], s = [220q0qp?], V=lz - 2, W=pl+s Vv,
With probability at least 0.98 for ideal samples,
3(D+pl) 2 W = 2(D + pl). (212)

There is a bounded finite-random-bit construction for which the comparisons with factors 1/2 and
2 hold with probability at least 9/10. Its matriz V is defined by its stored rank-two factors and the
displayed centering; it is not perturbed by an arbitrary final full-rank rounding.

Proof. For Hermitian test pairs B, C, the conditional covariance of the uncentered T is the self-
adjoint operator

Ti(C) = J(Q'CQ +QCQ).

For one block this follows from tr[BT] = v/2 Re(v* Br) and independence of the two circular Gaus-
sians; cross-block covariances are zero. Integrating in ¢ gives 7 (C) = fol Q!CQ'~tdt. For every t,
Ti(F) = Q and tr[Q] = 1. Centering thus has covariance 7 — Q ® Q = 7:Qq, proving the feature
identity.

In a basis diagonalizing Q, the coefficient of 7T; is no larger than (z; + z;)/2. The logarithmic-
mean coefficient of 7 obeys

Gitz)/2 losC/m)l g s/,
2

< 1+ |log(zi/z)| < lq.

(zi — 2zj)/(log z; — log z;) 2
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Use the continuous value at equality; y cothy < 1+y follows from e? —1 > 2y. Therefore T; < QT
as quadratic forms. Apply the same centering congruence and coordinate map on both sides to
obtain

E[zz" | t] < £qD. (213)

Here is an elementary concentration proof, including the unbounded Gaussian tail. Define
w = (D + puI)~/?z only for analysis. Its mean covariance is J = (D + pI)~Y2D(D + pI)~1/2 < 1,
with tr[J] < To/p < ¢. Conditional on ¢, every real coordinate of w is a bilinear form in two
independent real Gaussian vectors (realify the circular pairs). For such a scalar form U, conditioning
and Minkowski’s inequality give

E[[U[*] < ((2p — DI (E[UZ])".

Indeed condition on the second vector, apply the scalar Gaussian moment, and diagonalize the
nonnegative covariance of its conditional variance; Minkowski bounds the p-norm of that weighted
sum of squared Gaussians. Apply Minkowski once more to the sum of coordinate squares, and use
Eq. (213). This proves

E[||w]|*?] < (4p*€qq)*- (214)

Let L, = 16p?(qq and truncate, only in the proof, U = UJ'UJT].{H,LUHQSL*}. The failure probability is
at most 477 and

|7 ~EU)| < L4, |[U-EU]| < L., E(U -E[U)? < L.L.

For clarity, the scalar-variance matrix Bernstein bound needed here has a short proof. If a centered
Hermitian B satisfies ||B|| < L. and E[B?] < L.I, its exponential series and j! > 23772 give

02L,
E[eeB] = exp(2

m)[ (0< 6L, < 3).

The Golden—Thompson inequality [Gol65, Tho65] and independence apply this scalar matrix bound
successively inside an expected trace exponential. Markov’s inequality for the largest eigenvalue
and then for its negative, with the optimizing scalar 6, yield

Pr(|s™" > (U; = E[U;])]| > 1/8] < 2k exp(—s/(256L.)).
J

This uses a scalar variance bound, not a product of matrix-valued moment bounds; it is the standard
trace-exponential argument, cf. [Tro12].

Here s/(256L,) > 256p. Moreover s4™P and L,47P are below 1/100 and 1/100, respectively,
with ample slack. Use ¢ < 2n? and the defining lower bound on p. Also p® < 2P/2 for every p > 64.
The last inequality follows at 64 and then by monotonicity of p/2 —51log, p. A union bound ensures
that no sample was truncated, except with the stated small probability. The total deviation is less
than 1/4, proving Eq. (212). No truncation test is required by the algorithm.

For the finite sampler, use midpoints of dyadic intervals for ¢ and the two Box—Muller uniforms
for each real Gaussian, and pair independent real Gaussians for a circular complex Gaussian. Couple
the finite and ideal uniforms by their common intervals. Except on an event of probability at most
1/100, all radial uniforms exceed (100ns)~* and all Gaussian magnitudes are O(y/log(2ns)). On
this event the sampling maps have polynomially bounded derivatives. The spectral bounds for
Q also give polynomial divided-difference and parameter-derivative bounds for Q¥/2, uniformly in
te[0,1].
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Choose the scalar grid and evaluation errors inverse polynomially small, and evaluate the powers
using the spectral construction above. Scalar logarithms, square roots, and trigonometric functions
in the sampler are approximated by convergent series and bisection to the same accuracy. Store
the resulting dyadic vectors and define each feature by its rank-two factors and the exact centering
formula. Since all factors have polynomial magnitude, their errors can be chosen so that the
covariance perturbation is at most p/16. This changes the ideal factors 3/4,5/4 to the stated
1/2,2 with probability at least 9/10. A fixed number O(log(2kn(hsk+1))) of uniform bits per scalar
suffices. Every radial midpoint is positive; on every sample the Gaussian output has magnitude
O(y/log(2kn(hg + 1))). All sampling and evaluation loops consequently have finite caps.

O

Entry bounds and a uniform ridge sampler. The trace bound in Lemma 5.2 may be enlarged
to Tg = kdy, where 1 < dy < P, is a known rational upper bound on every diagonal entry of D.
This choice is used below. The sample matrix is never formed in its entirety.

Lemma 5.4 (Bounded entries without materialization). For the finite features in Lemma 5.3, with
1 < q < 2n? and the enlarged p specified there, the covariance comparison with factors 1/2,2 and
the entry bound

Vij|? < _Fe :=64p*lqdy  for all i, j (215)

hold simultaneously with probability at least 4/5. This is an analytical event, not a test requiring
all entries of V.

Proof. The scalar bilinear Gaussian moment calculation in the feature lemma, now applied to
coordinate i before whitening, gives E[|z;|?’] < (4p?(qD;;)P. Thus the probability that an ideal
feature entry exceeds 16pqdy in squared magnitude is at most 47P. Union over ks entries. The
proof of the covariance lemma and its truncation bounds is unchanged for ¢ < 2n?: its polynomial
factors are dominated by 477 with the enlarged p. For example p° < 2P/2 for p > 64, and the
definition of p bounds k, n, £qQ, hex +1 by fixed small powers of 2P. The same coupling of dyadic Box—
Muller samples to ideal uniforms can make every entry error at most \/Z /4, as well as keeping
the covariance perturbation below p/16. All required errors are inverse polynomial. Unioning
these failure events leaves probability greater than 4/5, with the stated slack. Every finite sample,
including the excluded event, still has the polynomial magnitude bound in that lemma. O

Lemma 5.5 (Uniform ridge sampling). Let F' € R¥€ satisfy |F;;|> < Ze, let ¢t > 0, v > 1, and
put & = ~vI;+1FFT. Sample r column indices independently and uniformly with replacement, and
let J be their list. For

L = max{1,ed _f./v}, r > 2% L1og(200d/¢),
one has, with probability at least 1 — (,
36, = @% =ylg+ L(G/T)E,JE:I:] =28, (216)

The statement holds conditionally on any previous choices that fix F'. Sampling with replacement,
including repeated or zero columns, is allowed.

Proof. Write f; for a column and define only for analysis U = eLé"y_l/ 2 fi fiTéiy_l/ % for a uniform i.
Then 0 < U < LT and T = E[U] = & V*(& —11)& > < I. Fr B=U—T, ||B|| < £ and
E[B?] < LI. The exponential-series and Golden—Thompson argument in Lemma 5.3 gives

Pr||r~* > Bjll > 1/4] < 2dexp[—r/(256L)] < C.
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Congruence by éiyl /2 proves the result. The sampling decisions need no leverage scores, eigende-
composition, or access to all entries. ]

Fixed-depth alternating sketches. Fix h = hg, > 2 and rational exponents
2>a1>ay>-->ap>1,  ap_1 < 3an, g =[nY]. (217)

The depth and all these exponents are fixed independently of n,m. Use ¢ = ¢1 in the Gibbs feature
lemma and p = 2R + kdo/q1. Pad the coordinate rows of V' by zeros to k = lloga k1 For k=1
this means k = 1. Define the positive system in feature space

Ko=1I+ (sp) VTV (218)
This is an operator, not a materialized Gram matrix. The exact identity
Wt =p i — (sp?) VKRS (219)

will be evaluated by solving K accurately; a constant-factor inverse approximation is not substi-
tuted into this subtractive formula.

Choose each d; to be the least power of two at least 232qj€Qp3. First sample d; coordinate
indices from the padded k rows, obtaining a list I;, and set

k

(bl = ‘/11,5 € Rdlxsu €1 =5, L1 = d
15K

, Ky=1I4 +1,0,9]. (220)

Only the indices and the feature factors are stored. Lemma 5.5 applied to VT shows that
Wo = I+ 1,®] &1, 3Ko = Wy < 2Ky, Wyt =1, — u® K;'®; (221)

on its sampling event.
For j = 1,...,h — 1, suppose ®; € R%*¢ and K; =1+ Lj<I>j<I>;— have been defined. Put
Aj = qj/qj+1 > 1. Select independently a list Jj11 of dj;1 columns from the e; columns, and define

®jr1 = (Pjup) s

ej+1 = dj,

L Ljej (222)
+1 — )

! dj+17;

.
Kjr = a0 + 41 P541P544

Here ®;. ; means the indicated column submatrix of ®;. The associated preconditioner and its
exact inverse are

Wi = Aj(la; + 4119] 1 Pj),

Wit =27 Ly = 4@ K @)

(223)

Thus each inverse is reduced to the next, smaller system. At the last level form K} and compute
a residual-certified short inverse. No other feature Gram matrix is formed.

An index population of non-power-of-two size is padded by zero columns to the next power of
two before sampling, and its padded size is used in the scale e;j/dj;+1. Such padding multiplies
the coefficient invariants below by at most two per level. Alternatively use a fixed cap of dyadic
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rejection proposals for exact uniform indices from the unpadded population; reject the whole trial on
exhaustion. To avoid these factors, use the latter convention for the first feature-column population
s; every later population is a power of two. A cap of [logy(10°(h + 1) ;d;)] proposals per draw
fails with probability at most 107% by a union bound. All conditional accepted indices are exactly
uniform, and all samplers terminate after their caps.

Lemma 5.6 (Recursive comparisons and invariants). Conditionally on the entry event, with prob-
ability at least 99/100 all the uniform sampling comparisons above and below hold. For every j the
exact coefficient invariant is

/?:qj 2qj
L.d.e.:f7<7' 224
jaj€j waq = do (224)
Moreover
SK; 2 W; 23NK; (1<j<h). (225)

All finite-sample K; and W; are positive definite, even on failure of the comparisons, and have
polynomially bounded norms and inverse norms for fixed h.

Proof. The invariant follows at j = 1 from Eq. (220) and is preserved by Eq. (222). Its inequality
uses p1 > kdo/q1 and k < 2k. Every ®; is a submatrix of V' or VT, with possible repetitions. Hence
its entries still obey Lemma 5.4 and Eq. (215). The sampling lemma at level j has

L < max{1, 2qj 1 /e/do} < 129P2€Q%+1~

The initial sample has the same bound with ¢;. The chosen d; therefore makes each conditional
failure probability at most 1/(1000(h + 1)). To check the scalar constants, all dimensions are at
most 24°(n + 1)2(4q + 1)(p + 1)*(h + 1), whose logarithm is at most 4p; the exponential bound
in the preceding proof has ample margin. Union the finitely many conditional failures and the
finite-sampling cap failure. No independence between different levels is asserted or needed.

The sampling comparison is with A\;I+¢;®; <I>;r. This matrix lies between K; and \; K, proving
Eq. (225). The identity for W;l is Woodbury, with no rank or independence requirement on the
selected columns. It holds for signed feature entries and repeated columns. Every K; = I and every
W; = AjI. The finite feature bounds, prescribed sample counts, and explicit positive rational scales
bound their norms by a fixed polynomial, also off the good event. This proves the last assertion
without a random conditioning assumption. O

Applying submatrices, not materializing them. Define the piecewise affine multiplication
upper bound

wo+2(a—1)(& —wo), 1<a<3/2,

d(a) = ¢ &o+4(a—3/2)(& — &), 3/2<a=<T/4, (226)

S +4a—T/4)(x—&), T/4<a<?2,
where &y = 2.794634 and & = 3.021592. The three pieces follow by tensor interpolation and
permutation from the strict square bound, the bounds for shapes (1,3/2,1) and (1,2,1) in Table 1
of [ADWT25], and w(1,7/4,1) < 3.021591 < & in Table 3 of [LU18]. The additional shape gives a
smaller upper bound between 3/2 and 2. These are upper bounds, not assertions about the exact
multiplication exponent.

Lemma 5.7 (Implicit restricted feature actions). A submatriz of V, or its transpose, having at
most O(n®) selected coordinate rows and selected feature columns can be applied, together with its
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adjoint, in 6(7119(“)) arithmetic operations. The lists may contain repetitions. At one fized root all
initial sample vectors cost O(n® + nﬁ(‘“)) to prepare. For the final factor ®y, the factor itself, its
Gram matrix, and its inverse approximation cost

O(n8lan—1.01) 4 ooy - g(r 1) = (& — wo)r + (3wo — 260)v. (227)

Proof. For selected sample columns, a weighted feature sum is first represented as a pair of weighted
rank-two outer-product sums, with the single centering correction in Eq. (211). Compute it with
products of shapes (n,n% n), and evaluate only the selected original input quadratic forms with
shapes (n,n,n®). Response coefficients and diagonal G~1/2 are applied before or after these maps
as appropriate. For the adjoint, form the forcing pair from the selected original coordinates and
test it against only the selected samples. The same products suffice. Repeated indices are treated
as repeated factor columns, or their coefficients can be summed; neither method requires materi-
alizing the feature entries. Padded coordinate indices denote zero functionals and are skipped; no
nonexistent weight is inverted. All these maps are real coordinate maps even for complex Hermitian
data. There is no new spectral decomposition per action.

The two order-n root spectral decompositions are performed once. To form the initial s sample
vectors, apply the eigenvector matrices to the arrays of diagonally scaled Gaussians by the same
rectangular products. Scalar powers, sampling, diagonal scalings and lists cost O(n!'*91), which
is smaller. Thus the preparation cost is as asserted, rather than square blocking at exponent
wo+a; — 1. _ _

Let r = ap—; and v = ap. The final factor has dimensions O(n") x O(n'); its entries are
computed by a fixed number of products of shape (n”,n,n") and entrywise operations. Since
v > 1, these fit the cost for the terminal Gram, whose shape is (n”,n",n"). For v < r < 3v/2,
tensor interpolation of the square and 3/2 shapes gives g(r,v). The terminal system has smallest
eigenvalue at least one. The existing normwise-stable Newton—Schulz construction forms its inverse
with O(n?) work, including residual certification.

The represented factors are fixed by their dyadic rank-two data. A materialized terminal factor
and its implicit actions approximate the same matrix. Compute the products in exact arithmetic
and use Newton—Schulz iteration until its residual, together with the known inverse bound, gives
the requested error. The polynomial spectral bounds require only logarithmically many iterations.
Real and imaginary coordinate formulas preserve the adjoint identities at constant cost. O

Executable nested inverse solves. Use W) to solve K on a fixed interval [1/2,2], and W; to

solve K; on
[1/(40),4] (1< j<h). (228)

The good-event comparisons leave fixed slack in these intervals. For any of these systems Kv = b
and preconditioner W, define M := WK, 1 := (a+)/2,t :== (8 —«)/2, D := (uI — M)/t, and
0:=/t. With b’ := Wb, use

a1 :=1/p, aji1 = (20— a;)7",
v 1= 0, vy = b/,

/
Vjt1 = 2aj+1va — a;aj4+1V5-1 + 2aj+1b /t.

Its exact error identity is
v — v = T5(D)vi/Tj(0)- (229)
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All exact ratios lie in [0, 1]; clip computed ratios to this interval. No exponentially large recurrence
numerator is stored. Thus Ky needs polylogarithmically many iterations; K; needs 5(@ ) itera-
tions. Apply W{l using Eq. (223) and a recursive solve of Kjq. Use the residual corrections of
Lemma 5.8 at each level, requesting the same inverse-polynomial relative-to-right-hand-side accu-
racy from every child. At the leaf use the stored short inverse. All recursion depths and iteration
lengths are prescribed before the trial. This is an iterative inverse application, not an exact inverse
oracle.

For the outer shifted system B = A + 2RI, apply W~! by Eq. (219). The feature comparison
gives the slack interval

so one accurate B solve uses 5(\/1 + k/q1) applications. Use a bounded outer polynomial. Define
T:=RB™' s00=<T =<1, and define

t_:=R/(2R —9), ty = R/(2R — 20), to == (t— +14)/2, A= (ty —t_)/2.

Here A > §/(8R). Choose a positive dyadic €; with ey < 1/4 and €} < §/(64k(Maux +9)). Choose
an integer df > max{2/A,8A ?log(2/es)} and define j, := [dsty]. Since R/J is polylogarithmic,
so is dy. The filter is

dy
b= <C;.f>tj<1 ST, g = py(TE, (230)

where ¢ € {£1}* is independent of the sketches. The Bernoulli logarithmic moment bound, whose
second derivative is at most 1/4, gives 0 < py < 1 on [0,1], py < ey on [0,¢_], and py > 1 — €5
on [ty,1]. Evaluate the polynomial by de Casteljau’s recurrence, starting with vj(.o) = 15508

and setting UJ(-T) = (I — T)v](-r_l) + Tv](-zr_ll). The O(d%) inverse actions change only logarithmic
factors in the arithmetic cost. In an eigenbasis of T, each update is a convex combination. Jensen’s
inequality summed over the array proves contraction in its concatenated Euclidean norm. If each
vector update has error at most 7, summing the errors over dy levels gives final error at most

d¢+/ds + 1n. Thus inverse-polynomial action errors attain the prescribed filter accuracy.

5.3 Certified states and discrepancy

No hidden oracle at the Newton stages. At every face or accepted state an optimizer cache
has been certified inside its joint-energy ball and then corrected to its specified floor. Use that base
inverse for the next candidate or homotopy increment, as in Lemma 4.11. The current residual uses
logarithms of positive Q, not a Gibbs state presumed known in advance. Traceless updates keep
tr[Q] = 1 exactly; rational projection subtracts tr[B]E/(2n). Positive definiteness at intermediate
points follows from the proved ball and errors smaller than a fixed fraction of its radius. Residual
enclosures translate to root-error enclosures by the local inverse bound. No analytic-center, SDP,
or exact spectral oracle is invoked.

The preceding matrix-function constructions and residual inverse bounds maintain this invariant
with inverse-polynomial action errors. The endpoint and discrepancy allowances are as follows.

Endpoints and error allowances. The endpoint-score tolerance is still smaller than a fixed
fraction of qxéendw/ 200 Tts uniform PSD repair therefore costs less than the available reservoir
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decrease. Deferred removals preserve the modeled sum. Multiple hits are removed together and
count toward at most k& removals; zero matrices may be eliminated directly. No smoothing penalty
is paid at each face: Ps is one fixed potential for the maintained model, and Eq. (120) is used once
at initialization.

Initial-coordinate rounding and deferred rounding cost at most €,ounq; partial signing costs 7.
Restoring variance scaling and discarded inputs yields the internal coefficient

(2\/ L+ 2€scale + 10_6 + Eround + Mps + 10_8) V1 + Egcale + Ediscard < 4.86276. (231)

An exact check is obtained by putting r = 121569/25000 and b = r — €qiscard — (10_6 + €round +
Nps + 1078)(1 + €5cate). Then b > 0 and

b? — 4(1 + 2e5cate) (1 + Egeate) = 425477826609165924200044521 /1032 > 0.

The one-time input transfer gives 4.86276(1+6-107%) +2-1078 = 4.8627603117656 < 4.8628. This
proves correctness for every sequence of accepted moves, including every random-bit sequence in
the capped randomized algorithm.

5.4 An endpoint bound with dimension-dependent sketch depth

We use a dimension-dependent sketch depth O(loglog(2n)). The following uniform accuracy and
arithmetic bounds give a complete verified curvature search in O(nX) operations.

We may pad the matrices with zero rows and columns to order N = 2Mog2max{2n}] " where
N < 2max{2,n}. Run the same normalized algorithm at that order, including its regularization
P = Escale/N. Padding preserves the matrix variance, rank one and the output discrepancy. Its
input work remains O(mn?) arithmetic operations. In the remainder of this subsection, dimension-
dependent bounds refer to N. Put

T:lOg2N, f:T"_].

All logarithmic bounds are in _# because k < N? in the nonlinear phase. Original long input
coefficients are read and converted only in the unchanged preprocessing.

A uniform rectangular action bound. We will use a deliberately weaker slope than the
interpolation bound in Eq. (226). Set oy, = 5/6. For every power of two ¢ with N*/3 < ¢ < N2,
restricted feature actions, their adjoints, and the corresponding factor products have uniform cost

O(NX(q/N?)>/%). (232)

Here the constants and logarithmic degree are independent of ¢; this is important when the shapes
are chosen from the input dimension. Indeed xy — wp = 0.878859 > 5/6. Fix once and for all a
common power-of-two base large enough to implement the square and (1,2, 1) bilinear algorithms
at strict exponents below wy and y. Choose their slack small enough that the difference of those
exponents still exceeds 5/6. Tensoring t — r square levels and r rectangular levels gives shape
(b%, bt b1, with cost at most a constant times

(bt)x(bt+r/b2t)5/6.

Rounding the two dimensions up to adjacent base powers changes them by fixed factors. Tensor
permutation supplies both orientations used in Lemma 5.7. Thus one finite collection of fixed
bilinear algorithms implements all the required shapes. Their depth is logarithmic; fixed coefficients
give polynomial normwise error amplification uniformly in the mix of levels. Lists enlarged by
polynomial factors in _# can be split into that many blocks, contributing only a fixed logarithmic
factor. No new or input-dependent matrix multiplication exponent is used.
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Avoiding exponentially large recurrence numerators. Consider one of the positive systems
Kv = b with the stated preconditioner W, on a slack interval [, 8]. Retain M = WK, 1 =
(a+B)/2,t=(f—)/2, D= (eI —M)/t, and o = ¢/t > 1. Instead of storing the numerators and
Tj(o) in Eq. (229), store

a; = Tj-1(0)/Tj(0)-

Use the normalized recurrence

a1 =1/o, ajp1 = (20— az)"",
vo=0, v =0/ V=Wl (233)
Vj4+1 = 2aj+1va — ;4541051 + 2aj+1b’/t.

It has exactly the same error polynomial:
v —v; = T3(D)v./T;(0)- (234)

In exact arithmetic 0 < a; < 1. The update of a; is Lipschitz with constant at most one on [0, 1],
since 20 —a; > 1. The computed ratio can be clipped to [0, 1]; clipping cannot increase its distance
from the exact ratio. Divisions and the clipping test are short rational operations.

Lemma 5.8 (Uniform arithmetic bounds for nested normalized solves). Let 2 < h < #? and
let N4/3 < gy, <--- < q1 < N? be powers of two. Use the feature and index sample counts in
Lemmas 5.3 and 5.6, with this h. The entry/covariance and all conditional sampling events have
the same constant joint success lower bound as before. On their intersection, all completed recursive
solves attain |[v — K~1b|| < N=Bo||b|| for a fized By independent of h, N and the q;. The shifted
solves and outer curvature filter attain their prescribed inverse-polynomial errors. There is a fired
integer D > 1, independent of these parameters, such that the full capped arithmetic cost of one
trial is at most

TP (N3 + Maux(N, 1) + ¢5°) + 7*P/1+ /g1 NX

h—1
+ Z I Pk + @1) /a5 01 Maux(N, g5-1) (235)
=1
+ /D(h+4) (k+q1)/angs,

where qo = q1 and Mau (N, q) = NX(q/N?)%/S. The setup term presumes qn_1 = qn; a fized factor
in their ratio would give the same conclusion. Fach returned direction is verified against the true
model. All samples, including failed sampling events, have the displayed deterministic cost cap.

Proof. Freeze the root data, feature factors, and index lists during a trial. The exact invariant in
Eq. (224) gives 1 < A\pin(K;) and | K[| < 1+2¢; max,p |Vap|?/do. The finite sample magnitudes are
polynomial uniformly for h < _¢#?2. Hence all system, inverse, Woodbury, and similarity bounds are
NOM) with exponents independent of depth. The moment order is O( ). Assigning conditional
index failure at most 1/(1000(h+ 1)) preserves the preceding joint probability after a union bound,
including the finite sampling caps.

For a normalized Chebyshev solve on the good event, a vector update error e; contributes at step
J aterm [T;(0)/T(0)]Uj—i(Do)ei. The scalar ratio is at most one, and the second-kind polynomial
has norm at most a fixed polynomial similarity factor times J — ¢ + 1. Thus the accumulated error
is at most N (J + 1)2 max; ||e;||, for a fixed C. All prescribed iteration counts are polynomial in
N.
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Set 1 := N~Bo. At every level construct a coarse solver S; using O(y/f/alog N) normalized
Chebyshev steps and completed child solves with error at most 7 times their right-hand-side norm.
Normalize each right-hand side within its own call; a zero right-hand side returns zero. The
preceding error bound makes the effect of child errors at most N n||b||, with C’ independent of
depth. Choose By sufficiently large and local action tolerances inverse polynomially smaller. The
exact truncation error and these action errors then give

15;(b) — K70l < g1 "0]).

Compute fresh residuals and corrections vei; = vy + Sj(b — Kjve) from vy := 0. With exact
residuals the solution error contracts by 1/4. Inverse-polynomial residual-action errors add a fixed
polynomial multiple of their local tolerance. Choosing that tolerance smaller than nN~¢" and
using O(log N) corrections attains the same 1 output guarantee at every level. A direct residual
check, using K; = I, certifies it. The terminal inverse starts the induction; the shifted system is
treated in the same way.

The bounded outer array requires only inverse-polynomial action accuracy by the contraction
estimate above. Choose By also for its normalization and quotient margins. Prescribe all iteration
lengths and a polynomial magnitude cap before the trial, and reject on a failed residual, magnitude,
or final witness test. On the good event these caps and tolerances preserve the successful sign event.
They bound every other trial as well.

Choose a fixed D large enough to absorb all fixed constants, sample oversampling, matrix-
product and spectral overhead, and the accuracy factor in a Chebyshev length into _# D at a
single level. This D does not depend on the depth. One recursive level therefore has cost at
most 7 D \V/4;/qj+1 times the sum of its restricted action cost and one child solve. Ky costs only
another ¢ D factor, and the shifted solve costs 4 D\/1+ k/q such applications. Expanding this
recurrence gives Eq. (235), with conservative extra factors _# 4D At the leaf, g1 = q;, allows the
factor, its Gram, and its inverse to be formed by square products of order 5(qh), costing _# D 4"
its inverse action costs _#P¢2. Preparing all sampled vectors costs _# P (N3 + Maux (N, q1)). Index
lists and every random bit are smaller. This proves the arithmetic cost without suppressing a
depth-dependent logarithmic power. O

A sketch schedule absorbing the nesting overhead. Fix the integer D from Lemma 5.8,
then fix
Cy =1000(D + 1), bmax = |27r/3], bo = min{bmax, [Cx logy #1}.

The first ceiling is computed as the least integer b for which 2° > I C+. its exponent is a fixed
integer. If by = bpax, use the two deficits (bg, bg). Otherwise form

bi+1 = min{bmax, [ 30:/2]} (236)
until by = byax and use the list
(1, ..., 0y) = (bo, b1, b1, b2, ba, ... by, br), qj=2%"%, ly=1. (237)
This is a completely integer schedule. The sample sizes are nonincreasing, and
N3 < g = qu_y < 2N*/3, 2b0§2/C*, h =0O(log 7).

More explicitly, h < 6 + 4log, _#, apart from the two-level capped case; our large fixed C, makes
h< 7 2 in every case. Neither the matrix algorithms nor their coefficients depend on these variable
exponents; Eq. (232) was uniform in the sizes.
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Lemma 5.9 (Summing all recursive work). For the schedule in Eq. (237), the full capped cost in
Eq. (235) is O(NX), with a fized logarithmic degree independent of N. In particular the factor
I Dh s not silently treated as a polylogarithm.

Proof. The full top-level action term is bounded by

f4D /1+1€/Q1NX < 2f4D+C*/2NX.

Setup costs at most a fixed logarithmic factor times N3 + NX 4+ N40/3 and 4w /3 < x.
Suppose first by < bmax. In the jth summand in Eq. (235), k 4+ ¢ < 2N? gives, up to a fixed

factor,
Nx/D(j+4)2—515j—1/6+€j+1/2 < 2NX%D(-7+4)2_€J'—1/12‘ (238)

The schedule satisfies ¢;41 < 3¢;_1/2+ 1. Writing ¢t = |(j — 1)/2], the deficit £;_; = b; has not yet
been capped, so
li—1 > (3/2)"bg > Ci(3/2) log, £

For every integer j > 1, j +4 < 8(3/2)" and j < 4(3/2)%; induction on the pairs (j = 2t + 1,2t + 2)
proves both inequalities. Our choice of C, thus gives

D(j+4) — C.(3/2)'/12 < —25.

Summing Eq. (238) costs at most 2NX 3., ¥ = O(N¥X).

The remaining leaf inverse-action term is at most a fixed factor times
D(h+4 3
7 (h+4) N3

since g, < 2N*/3. This term requires its own bound. Before the final truncation, each increase in
b; is at least by/2. It follows that h 4+ 4 < 12byax/bg. Therefore

D(h+4)logy # < (12D/Cy)bmax < (8D/C.)r < 7/100.

The term is at most a constant times N30, smaller than NX. This establishes the bound without
invoking an unquantified subpolynomial-overhead argument.

If by = buax, the depth is exactly two. The logarithmic factors are already fixed powers. The
single restricted-action exponent has factor 27%/3 < 1, and the leaf action is O(N?3) up to its
fixed logarithmic factor. The top term obeys the same bound because 2% < 2 I C«. All cases are
covered. O

5.5 A negative spectral subspace and larger curvature moves

Lemmas 5.8 and 5.9 make a complete verified curvature search cost O (nX). We retain the dimension
of the negative spectral subspace to bound the number of moves. A bounded spectral filter, rather
than a filter concentrating only on the most negative eigenvector, produces a direction with a useful
coordinate spread. A logarithmic number of reservoir reallocations and simultaneous attenuation
of deferred coordinates complete the implementation.

We retain the input conversion, variance scaling, batched grouped partial signing, smoothed
potential, root equations, and numerical root machinery of the preceding subsections. In particular
S, V2 = I, 0 = 14779/2500 > 5, p = 1078/n, 7, = 107%/[logy(4n)], and the cutoff Senq is
unchanged. The initial retained count is kg < n?; below k means the current count. As in the
endpoint implementation, zero padding to a power-of-two matrix order costs only constant factors.
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All bounds may be read at that padded order. This does not pad the active coordinate space in
the spectral arguments below.

The symbol P, continues to denote a fixed positive polynomial in log(2n), enlarged finitely
many times. All additional constants below can be replaced by rational upper or lower bounds
obtained from the fixed budget, its derivatives on the truncated interval, and the root bounds
already proved. None requires estimating an unknown spectrum. The reservoir coefficient will
vary between phases; it always satisfies v > 107/(Loko), where Lo = 1 + [logs max{2, kg}]. Root
geometry is independent of . All weight and numerical bounds used previously remain valid after
this logarithmic change of the lower bound.

A rank-defect version of the covariance construction. We first record the linear algebra
that supplies multiplicity, not merely one negative eigenvalue. The normalized response matrices in
Lemma 3.4 act on a real coefficient space of dimension 2k. In this paragraph call them T, My, ',
to avoid confusion with the current scaled Hessian. In the paired orthonormal basis e;, f; they
satisfy

Maux = T*PT, Maux = 07 <61‘, Mauxei> == <f7,7 Mauxfi> = 17 Fei = Fieia Ffz - szz;

with I'; > ¢ > 5, and
(ei, Te;) + (fi, T fi) =0, (e, Te;) < 0.

Let Il project onto the span of the e;.
Lemma 5.10 (Projection with a rank defect). Let IT have rank k—r and satisfy (I —1o)(I —T)II =

0. With
B 2 1406

0= —v =
T Tar, — 1 A

there is a PSD matriz A, supported on 11, such that

tr[MawcA] <Y rifes, (I = T)A(L = T)*e;) + 1. (239)

If 0 < r < k/4, the same matrixz satisfies
tr[(I — T)A(I —T)*] > k/175. (240)
These estimates do not depend on the smallest covariance weight.

Proof. Write u; = 1 + 6? 4 63 and put

1 0; 2 2
S — ’Zﬂzf: - hizia ]Z:

w , , .
! (1 —1—01)u2 (1 —|—9¢)(2+9¢) Uj 2+ 06,
Define D, =), (wfesef + wlf fif?). For an orthonormal basis matrix F, of rangeIl, set
C.=E'D;'E,, A=E,C;'E, B=D,—A.

Both A, B are PSD and AD;'A = A, AD;'B =0, and tr[D;'A] =k —r.
For completeness, the row completions in Lemma 3.3 apply to this rank without alteration. For
rows t; = e; 1" and s; = f;T, they give
ei, Ae; h?
FitiBt;‘ + /@i(ef — ti)A(ei — t:) + hit;e; > ( Z> — L

Y
we AWt
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(fuAfiy G}
w! 4I‘iwlf

7

LisiBs; + jisifi >

The first is completion with I';B + k;A, whose inverse is
L7'D7 + (7t =T YD PAD
The second uses s;A = f*A and a PSD square with B; its invertibility is not needed. The scalar
identity
f

%

0, i
4szf 4szlf

and h; > j; show, on summing, that

=1l-w; —w

tr[CTBT™] + Z ki{ei, (I —T)A(I —T)"e;) > tr[MauxDs] — 1.
(]
Here the sum of the added diagonal terms is nonpositive. Since Myux = T*T'T, tr[MuuxA] <
tr[Maux D] — tr[[TBT™*]; this proves Eq. (239). The loss is exactly the rank defect r, not an
unquantified dimension factor.

For movement, 0 < 6#; < 101/200 implies (w¢)~! < 3 and (wlf)*l < 2I;. Thus D;' <
3lly + 2I'II;, where II; = I — IIy. The response identity gives I} E, = II;TE,. Since I' commutes
with TT,

tr[C,] < 3(k — 7) + 2||DYV2ILTE, |2 < 3k 4 2 tr[Maw] < k.

Also ||T'||% < 2k/i. Write £ = k —r > 3k/4. Then
tr[( — TV > £ — \/2k€]0 > k/5.

The last inequality follows from ¢ > 5: the expression increases on ¢ > 3k/4, and (3/4 — 1/5)% =
121/400 > 3/10. Weighted Frobenius Cauchy—Schwarz now gives

(tr[(1 = TYT))? < ||(I — T)E.Cy 2|3 E.CLP % = te[(I — T)AU — T)*] tr[C).
This proves Eq. (240). O

We spell out how the rank defect transfers to physical directions. Retain wu;, v;, w;, 2, ti, pi, ¢
from the smoothed section and define

1

ov 2 2
2%V = piujw; + g vz > 0, Mouxi = pitti — qiv;.

In the response construction put ¢; = (,Bipi/qi)l/Q, d; = (ﬂiqi/pi)l/Q, and 7; = (piqi/ﬂi)l/Q. The two
response-coordinate energy diagonals are Fy; = L?uiwi and Fz,; = d%vizi; thus 7‘1-2 (EBw;+Ez;) =
2"V, The response graph in Eq. (44) maps bijectively to physical h € R*. Indeed the two equations
p— Bg=J and Ap — ¢ = J have a unique solution for every J, since I — BA is invertible by the
strict dual inequalities; h; = J;/7;. Consequently imposing any r independent linear conditions on
h reduces its normalized response subspace dimension from k& to & — r. All other hypotheses of
Lemma 5.10 are unchanged.

Corollary 5.11 (Covariance on a prescribed subspace). For every subspace & C R of codimension
r < k/4 at a light state, there is a finitely supported centered h € &, with covariance 3, such that

E(Z(h)] <Y mizSu+r, Y a8y > k/175. (241)

Here Z(h) is the fized-constraint inversion energy used in the source covariance proof, not the
entropy covariance operator Qq.
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Proof. Use the restricted response projection in Lemma 5.10. The normalized energy matrix has
trace 2k and the same unit diagonal. The physical covariance is obtained by applying the fixed
response map to A/ 2¢, where ¢ consists of independent signs. The movement matrix is supported
on the e; coordinates and its ¢th diagonal is 2;"°V};. The two conclusions therefore follow directly.
This distribution is only an existence certificate in the proof; the algorithm never forms the response
projection, its covariance, or its square root. ]

Many negative eigenvalues after a failed gradient test. For any covariance in Corol-
lary 5.11, use the preceding drift p; = —C%; Mayx;Xii, with Co; = (1 + 7/2)k;. The same exact
cancellation and scalar certificate as in Eq. (54) now yield

DFs < —vy, Z wiXy + Crr, Cr=1+71/2, (242)
i

where v, < P, is a known rational bound. For example, if b, > max(—3") on the truncated
interval, take
Un, = min{1/40, keast /(4065,) }.

In fact the matrix term is at most —kiast y ; C2,ipiqiti>i; + Crr, and the reservoir term is at most
—y >, (=B)%4i/20. Here Co; > 1 and piq; > 1/2. This verifies Eq. (242) with the stated choice.
The fixed-constraint majorization for Ps is exactly the one already proved in Section 4.13; it does
not assume hard tight equations for the smoothed root.

Choose a known m,, < P,, enlarged so that

|CZ,iMauxi| < My /N5, ‘Mauxi|> |sz’7 Dig; < My,

Use separated gradient tests so that failure implies

|(Fs)il < 81:: Vwi/n for all i. (243)

A successful test certifies a lower bound half this size, which changes only the logarithmic factors
of the retained coordinate-step analysis. At such a failed state there is a known 3, < P, with

2% < 3w (244)

)

Indeed the exact identity is
zimov = piqit; + Mauxi((-FS)i - 'Yﬁ;)

Since w; > (it; +)/2, the right side is bounded by (2m,,/t + 1 + 2m2)w; using Eq. (243). This
value may be used for 3,.

Lemma 5.12 (Negative spectral multiplicity). Put
dn = vy /16, 7, = min{1/8, v, /(1024C>3,)}.

At a light state satisfying Eq. (243), the matrizx A = G 12V2F,G71/2 has at least myk eigenval-

ues smaller than —45,. In particular m,; %, 6,1 < P,. No covariance computation is part of the

algorithmic assertion.
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Proof. Let r count eigenvalues below —46,,. If r > k/4 the result is immediate. Otherwise take &
to be the preimage, under G1/2, of their orthogonal complement, and apply Corollary 5.11. Write
PZ = Zz wZEM Then PE > k/(1755n) and

T [VEERE] > —26,Py = —v,Px /8.
On the other hand |V.F; - p| < v,Pyx/8, so Eq. (242) implies
S tr[V2EY] < —Tv,Ps/8 + Crr.

It follows that r > 3v,k/(700C:3,) > mpk. The argument also covers small k: the positive lower
bound and integrality force at least one such eigenvalue. O

A bounded spectral filter with a spread guarantee. At a failed gradient test, freeze the
numerical root and the exact symmetric Schur surrogate as before. Choose its accuracy so the
scaled surrogate is within d,,/100 of the true scaled Hessian. Denote this surrogate by A and write
6 = 6, m = m,. By Lemma 5.12 and Weyl’s inequality it has at least wk eigenvalues at most —34.
Enlarge the known rational spectral bounds to

_RIﬁAjMauxly Mauxgpnka 1§R§Pn, O<5§R/8

The PSD shift is B = A+ 2RI > RI. The endpoint construction of Section 5.4 supplies accurate
applications of B~! with complete cost 5(nx ) per invocation, including sketch preparation, provided
the number of outer applications and their accuracy and magnitude lengths are O(log(2kn)). We
change only its outer polynomial.

Lemma 5.13 (A checked flat-filter direction). Given the preceding spectral bounds, a finite random-
sign filter, using polylogarithmically many applications of B~', has constant probability of producing
a true generalized-curvature witness v with ||r||2 =1 and

rIVPFr < —36rTGr,  |Irll% <sarTGr, sy < P (245)

Both inequalities are verified with enclosures. Combined with the finite recursive feature and in-
dex sampler, a capped trial succeeds with conditional probability at least 1/64 and costs O(nX) in
arithmetic operations, including unsuccessful trials.

Proof. Set T = RB™!, 500 =<T =< I, and define

R R

=55 W73 _35

to=(t_+1t4)/2,  A=(t, —t_)/2.

Here A > 6/(8R). Choose a positive dyadic ¢ with

o

<1/16 27
TEVIO S R 1 6

and an integer df > max{2/A,8A %log(2/cs)}. All these quantities have polynomial or polyloga-
rithmic magnitude; dy is polylogarithmic. For j, = [dsto]| use the Bernstein polynomial

dy
de\ .
pr) =3 (") -nb. (246)
= <J >
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It lies in [0, 1] on [0, 1]. For completeness, the logarithmic moment function of a centered Bernoulli
variable has value and derivative zero at zero and second derivative at most 1/4. Twice integrating
gives E[exp(t(U — E[U]))] < exp(t?/8). Independence and optimization of the exponential Markov
bound therefore give Pr[| Bin(dy,t)/ds —t| > a] < 2¢7219; cach one-sided tail has the same bound
without the factor two. It follows that

pr(t) <ep (t<to),  pp(t) 21—ep (t=14).

For the latter bound, rounding dsty costs at most 1/dy < A/2; the two binomial tail bounds are
at most exp(—dfA?/2). Thus F = ps(T) obeys 0 < F < I, is at least 1 — e on eigenvalues of A
at most —30, and is at most €, on eigenvalues of A at least —4.

Draw independent real signs ¢ € {£1}* and let yaux = FE. Writing My = tr[F?], we have

My > Tk /2, E[Hyaux‘|2] = My, E[||yaux||4] < 3MJ%'

The fourth-moment inequality follows by expanding the quadratic form ¢ T F2¢; its second moment
is at most (tr[F?])* + 2tr[F*] < 3M7. Consequently Pr{||yaux||* > My/2] > 1/12. Each coordinate

of F¢ has the sign moment-generating-function bound E[et¥auxi] < et”/ 2 since its coefficient row
has Euclidean norm at most one. A union bound yields

Pr{||yaux % > 21og(384k)] < 1/192.
With probability greater than 1/16 both estimates hold, so
[yauxl|* = 7h/4,  [[Yaux|l3e < 2log(384k). (247)

The squared mass on eigenvalues at least —¢ is at most Efck. On this event

T 4(Maux + 0)e2
M<_5+MS—75/8~

HyauxH2 @

Unscale by the diagonal budget and normalize: r = G~V 2y,ux / HG_I/ 2Yaux|l. In exact arith-
metic,
”THgo _ maxy yaux?/wi
rTGr [ yaux|?

The weight lower bound, Eq. (131), and k& > K /2 show that Eq. (247) makes this at most a fixed
multiple of Lglog(384(ko + 1))/(Am). For example one may take the known rational upper bound

S 21970 1og(384(ko + 1))
- Am '

Sn

The slack also covers numerical weights within a fixed small relative factor of the true weights.
This proves the ideal spread and negative quotient with more margin than Eq. (245) requires.

Here is an explicit evaluation and precision argument. Set vj(o) = 155§ for 0 < j < dy and
e o) (r=1) o (7=1)
-1 -1 .
v = (I =T 7 +Tvj\ ", 1<r<ds, 0<j<ds—r. (248)

Its final vector is F'¢. This requires O(dfc) inverse actions, which is still a fixed polylogarithm. In
an eigenbasis of T, each update is a convex combination. Jensen’s inequality, summed over the
shortened array, shows contraction in its concatenated Euclidean norm. If each vector update has
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error at most 7, the final error is at most dyy/dy + 1n. Choose inverse-polynomial action errors
smaller than the normalization and quotient margins divided by this factor, using the completed
solves of Lemma 5.8.

Require a lower norm enclosure at least /mk/8 and verify both true inequalities in Eq. (245)
before acceptance. The estimates in Eq. (247) and the quotient bound have slack for these errors,
including the root and weight errors. The feature and conditional-index events have probability
at least (4/5)(99/100), and the independent sign event has probability greater than 1/16. Their
product, with the reserved numerical slack, is greater than 1/64. Prescribed residual, iteration,
and magnitude caps bound every unsuccessful trial. Lemmas 5.8 and 5.9 give the stated arithmetic
cost.

O

A curvature tube retaining the maximum coordinate. The previous proof bounded every
|r;| by one. Keeping its actual maximum makes the spread certificate useful.

Lemma 5.14 (Spread-sensitive curvature tube). Let r be a certified Euclidean unit curvature
direction at a failed gradient state, put 8y = ' Gr and b = ||r||eo. A sufficiently small fized inverse-
polylogarithmic a, > 0 makes

|s| < ap min{dena/b, (nfo) 12} (249)

a valid two-sided trial tube. Both candidates can be evaluated from the base optimizer with a constant
number of corrected stages. The better sign decreases the true current phase potential by at least

Pt min{6enq260/b%, n Y. (250)

If Eq. (245) holds, this is at least 1/(P,n). The conclusion is valid across every coordinate-zero
CToSsing.

Proof. Keep the directional maximum in the weighted coupling estimates. For 1 < j < 3 and j > 2,
respectively, they become

¢(AYD) < Pt Are(D), q(Cy) < Pabl A,

Indeed |r;|% < b%~2r2 in weighted Cauchy—Schwarz, and |r;| < »~2r? in the direct term. The
bound for F, = A’'Q is unchanged. In the temporary small-energy region of the curvature proof,
completing the square in the second-order identity still gives e(P")+E(Q’) < P,v/0y. The third-order
saddle identity now yields

[P, 1F), 16 < Pa(blo + /), (251)

In detail the direct cubic and differentiated-coupling terms acquire bfy; the inverse words, transfer
of the dual derivative, and entropy cubic have the unchanged \/ﬁﬁg’/ % hound. The reservoir cubic
is at most P,bfy. Thus no term without its required directional factor has been suppressed.

Use a simultaneous first-exit argument for weight comparability, P! < Mauxofo, expanded
light bounds, and a bounded potential sublevel. The coordinate displacement in Eq. (249) is at
most dend/4, after fixing a,, so endpoint distance remains at least denq/2. Relative variations of
u;, v, w;i, z; have rate at most P,v/nfy; scalar budget relative variations have rate at most P,b.
The same estimates used in Section 4.15, now integrated over Eq. (249), therefore close these
comparisons and Eq. (251).
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One additional point is needed because the Euclidean step can exceed one: boundedness of the
modeled matrix must not be inferred merely from its Lipschitz bound times s. At the base the

failed gradient test gives
[ FL(0)] < Py ty/kbo/n.
While the temporary estimates hold, |F/| < P,60y. For |s| < a,/v/nfy this implies

|\ Fs(y + sr) — Fo(y)| < Py langVk/n+ Poal/n < 1/2,

using k < n? and a small enough prefactor. Hence the potential cannot exit a fixed larger bounded
sublevel; || M || < Ps < Fg then supplies the bounded-model root estimates. This closes the otherwise
missing part of the first-exit argument.

In the symmetric average the linear terms cancel. The cubic remainder from Eq. (251) is at
most a fixed small fraction of the negative quadratic term, because P,|s|(b+ v/nfp) is small relative
to the certified curvature threshold. This proves Eq. (250). If b? < s,fy, its first entry is at least
Sond> /sn, an inverse-polylogarithm, so the minimum is at least 1/(P,n).

The joint root energy arc is at most P,v/fg|s| and its explicit-data transport integral at most
P,\/nfy|s|. Shrinking the same prefactor makes both meet Lemmas 4.10 and 4.11 over each whole
candidate. These are the existing executable anchored corrections, not exact optimizer calls. P
and 6 are continuous at zeros; one-sided bounds in Eq. (251) integrate across any number of them.
No third derivative at a zero or higher Taylor jet is used. Final common-grid rounding is taken
below fixed fractions of the true decrease, energy radius, and curvature and spread margins. The
longest possible step is polynomial since 6y > A/(4Loko), so this remains a polylogarithmic precision
requirement. O

Batched deferred attenuation. At a corrected state, collect all coordinates satisfying the near-
endpoint test into one set J. Absorb their unchanged fractional signed contribution into F', pre-
serving M, and attenuate their entire positive coupling

Ks=Krest +€°Ky,  Kj(D) =1 BiViDV;.
e

Use one path to the required tiny residual coefficient, then delete all its remaining slots exactly and
correct once. Hold their reservoir contribution fixed until that deletion. The proof of Lemma 4.13
applies to this positive submap verbatim: with K the corresponding pair map and v = (Q, KP),

Pi=—v, e(P)+&(Q) < PV, [V[<Pw, (D)< CVoe(D).

The last inequality is the weighted Cauchy—Schwarz proof summed over J, whose second factor is
bounded by the full coupling dual energy; no factor |J| is lost. Likewise K P is a PSD subpair of
the full coupling, so tr[Q(KsP)?] < Cw.

If there are bger nonempty batches and their total matrix potential drop is Agef, their complete
correction cost in stages is

O(baet + V/1baes Ader) = O(baes + v/nbacf)- (252)

The last equality uses the initial bound and the total phase injections in Eq. (132). All final
tiny-slot deletions, grid and scalar-exponential evaluations, positivity and residual enclosures are
included, as in the parent attenuation proof. Computing or applying X uses the same rank-one
action bound as a full coupling, so a batch stage still costs 6(nx)
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Attenuation changes no remaining coefficient, so it cannot create a new near-endpoint coordi-
nate. A regular endpoint changes only the removed coefficient, and phase changes alter no coor-
dinate. No charge proportional to ko separate optimizer corrections is inserted for simultaneous
removals. Recording their coefficients and updating active index lists costs O(kg) over the whole
run.

Finite fallback and curvature counts. Lemma 5.14 gives I, < 5(71) for all accepted spread
directions, regardless of intervening fallback moves. Regular endpoints still have I < 5(71) their
rank-one feasibility adjustment and net decrease €2(1/n) are unchanged.

At each failed gradient test, try at most

Tiryawe = [04{108(2]max) + 20log(2n)}]

independent finite feature/index/sign trials. A successful trial must pass both the true quotient
and spread tests. If all fail, form the full symmetric Hessian and use the existing deterministic
witness routine. This fallback need not provide a spread direction: use the old length in Eq. (149)
and its certified decrease. A fallback costs 5(n2w0), including assembly and precision. It always
succeeds and terminates.

Since v > A/(Loko), every curvature move, including a fallback, has decrease at least 1/( P, (ko+
n)). Together with the bounded initial potential and phase injections this gives the determinis-
tic invocation cap Imax = Pn(ko + n), after rounding up its known bounds. At any invocation
conditional on its entire previous history, the fallback probability is at most

(63/64) vaus < [21ax(20)20] L.

Thus
B[] < 3(2n) 2, (253)

This analysis does not assume independence between different invocations. There are no unbounded
sampling or precision loops on an adverse random-bit sequence.

The number of successful flat-filter invocations is 5(71), each complete capped invocation, in-
cluding rejected trials and all implicit inverse setup, costs 5(nx) The fallback contribution is
charged in Lemma 5.18.

Phase changes and discrepancy accounting. The root equations and their numerical residual
do not contain . Thus phase changes require no optimizer solve; only scalar weights, gradient reser-
voir terms and the scaled Hessian definition change. Known lower bounds use A/(Lokg) uniformly.
Phase coefficients are exact short rationals, and positive phase jumps are charged analytically by
Eq. (132), not hidden in value-comparison error.

Choose the root and comparison accuracies below fixed fractions of the uniform weight lower
bound and the margins in Eq. (245). The accepted directions then satisfy the true tests through
every phase change, with the same fallback and input-conversion allowances.

Finally, Eq. (132) accounts for the initial reservoir and every later reallocation within the same
10~ allowance. The smoothing penalty is paid only once, and all other allowances are unchanged.
Consequently the internal coefficient and transfer are still

(2 Vi + 2550&1e + 1076 + €round + nps + 1078) V 1 + Escale + Ediscard < 4862767
4.86276(1 + 6 - 1078) + 2 - 1078 = 4.8627603117656 < 4.8628.

Thus spread moves and batched attenuation preserve the discrepancy allowance.
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5.6 Slack-scaled grouped reduction and fast final rounding

We use the spread construction of Section 5.5 and replace the small reduction inside the prepro-
cessing group tree. It now leaves at most twice the vector-space dimension fractional coordinates.
Constant-factor zero padding restores the active-count hypothesis of the subsequent matrix algo-
rithm. We also accelerate the last deferred-rounding step; otherwise its n® term would remain in
the total.

A small reduction with dimensional slack. In the next lemmas D is the real vector-space
dimension, not a matrix order. The columns need not be rank one or positive; the application to
matrix inputs is given afterward. Fix the same admissible square multiplication exponent wy =
2.371177 as in Eq. (80). A fixed bilinear recursion at a strict exponent below wy gives polynomial
normwise rounding amplification. No new multiplication bound is used.

Lemma 5.15 (Slack-scaled approximate null directions). Let A € RP*" have column norms at
most two, 2D < r <ry < 4D, and let x € (—1,1)". Put

si=1— |z, S = diag(s;), B = AS,
and, for § > 0, define
Js=06Ip+BB",  Is=1I—B"J;'B. (254)

Then 0 < Tls < I, tr[T13] > r — D, and ||BI;s|| < V/3/2. Let £ = [log,(64r0)], and let & have
independent uniform real signs. If a dyadic vector v satisfies

5 - Tsélls < v < 1/64,
then, with probability at least 1/16, it passes both exact tests
[Olle <€ (03 > (r — D)/4. (255)
For any vector passing the tests, h; = s;v;/H with H = 40 satisfies |h;| < s;/4.

Proof. The singular-value formula for II5 gives eigenvalues §/(5 +0;(B)?) and at least 7 — D eigen-

values equal to one. Its corresponding residual singular values are do;/(6 + ajz) < V/6/2. This

calculation is only a proof; the implementation uses a ridge inverse, not a singular-value oracle.
Write V = II5¢ and a = tr[I1%]. Independent signs give

E[lVIY]=a,  E[IV]"] < 3a”.

For the latter, expand the square of §TH§§ ; its variance is at most 2 tr[Hgl] < 2a?%. Cauchy-Schwarz
on the event ||V|? > a/2 gives its probability at least 1/12. Each row of Ils has Euclidean norm
at most one. The elementary estimate cosht < et’/2 and exponential Markov inequality therefore
imply
Pr[||V|oo > £/2] < 2rge /8 < 2-5e7/8 < 1/192.
Here rg > 3 and £ > 8; the last expression decreases for £ > 8, and its value at eight is 8e =8 < 1/192.
On the intersection of these two events, the perturbation by at most v preserves the infinity test.
Also ||V|| < /r, so
[5l1* = IVII*| < 2v/rv +v° < (r — D) /4

for r > 2D > 2. This gives the second test. The intersection has probability at least 1/12—1/192 >
1/16. The last assertion follows from H = 4/. O
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Lemma 5.16 (A capped small cube reduction). Let C € QP*" have rq < 4D columns of norm
at most two, and let y € [—1,1]" be a dyadic vector. Given 0 < e <1 and 0 < (s < 1/2, a finite
randomized procedure returns x € [—1, 1] with at most 2D fractional coordinates and

[C(z —y)ll2 <e. (256)

Every random-bit sequence terminates with this guarantee. Its fast attempt costs 6(D”0) operations,
and it calls a 6(D3) deterministic fallback with probability at most (¢. Thus its expected cost is
O(D*0 + (¢D3) arithmetic operations. The suppressed factors include logarithms of the inverse
error and failure budgets.

Proof. If there are already at most 2D fractional coordinates, return y. Otherwise rg > 3. Choose
a dyadic o, satisfying

—_— <o < —.
2117'0 = 2107"0

Set the following parameters once for the entire small call:

¢ = [logy(64rg)], H =4, Ls, , = [logy(2/0v)],

2 ___ ¢t 2 2 (257)
T_128HL6end V—m7 V/2<(5§V
The ridge 9§ is dyadic. Use a dyadic coefficient grid of mesh u no larger than
€
mln{ 216H2 ’ 214T ro }’ (258)

within a factor two of this minimum. Keep the inherited coefficients exact until the first move.
Each inward rounding changes a coordinate by at most u, whether or not its preceding value lies
on the grid.

Keep the original y for a possible fallback. Freeze every current coordinate at distance at
most o, from an endpoint by setting it to that nearest endpoint. This includes the initial scan.
Each coordinate is frozen at most once. If at most 2D remain, stop. Otherwise form Eq. (254)
for the current active columns and current slacks. Draw signs and compute v to the accuracy in
Lemma 5.15. Reject a direction failing Eq. (255). For a passing vector put h = Sv/H. Both z + h
and x — h are strictly inside the active cube. For the barrier

O(z) = Y dlzi),  6(t) = ~log(l 1), (259)

1 active
use the directional derivative
2x;h 2x,;v;
T U A%
h = . 260
Z 1—a? Z H(1+ |z4)) (260)
Compute g with |[g — g| < 7/(512H?) and choose 7 := 1 if § > 0, and 7 := —1 otherwise. In

the arithmetic model take g = ¢g by evaluating the displayed rational sum exactly. Round = + 7h
inward, toward zero, to the coefficient grid, freeze all newly triggered coordinates, and repeat.

Progress with finite endpoints. Put s; := 1 — |2;]. Since r > 2D, we have r < 2(r — D). The
derivative sign rule gives

-D

N T
Tg > —|g—g’ > —ma
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even when the two signs cannot be distinguished at the prescribed accuracy. For 0 <t < 1, the
distance from x; +t7h; to the endpoint nearest x; is at most s; + |h;| < 5s;/4. One of the two terms

in
1 1

V=T T T

(261)

is therefore at least 16/(25s7) throughout this segment. Taylor’s theorem and Eq. (255) imply

8 —h?_,2 1. r-D
_ > 2 L e B S
e+ rh) ®(x)_Tg+252522 = (55 " 256) 12

i
Before inward rounding, every active endpoint distance is at least 30,/4. On the inward segment
|¢'| < 4/0:, so Eq. (258) bounds its loss by
dru r—2D
< — .
or — 8192H?

Since 2/25 — 1/256 — 1/8192 = 15559/204800 > 1/16, the net increase is at least

r—D D

—_— > . 262
16 H? ~ 16 H? (262)

For analysis, assign every frozen coordinate the finite value Qs , = log(2/0;) and leave active
values equal to ¢(z;). This defines a capped bookkeeping potential V. After a move, a newly frozen
coordinate was still at distance at least 30, /4; replacing its barrier value by Qs , cannot decrease
V. Initial freezes cause no problem: start the bookkeeping after that scan. Always

0<V <rQs,,, <4DLs, .

Consequently fewer than 64H ngen 4 T 1 < T successful steps are possible while » > 2D. This is a
deterministic bound for every sequence of accepted directions, not a drift-only stopping argument.
The active scalar barrier is never evaluated at an exact endpoint.

The residual is a separate budget. Lemma 5.15 gives at a successful step

NGRYZ Srov
< —(— <
I4nlly < (L o) < T

where H > 4 and /r < ry. Coefficient rounding adds at most 2rgu. All initial and subsequent
endpoint freezes together add at most 2rgo,. Thus any fast output obeys

|IC(z —y)l|l2 < 2rooy + Tu(5rov /8 + 2rou)

2 5/8+2 (263)

S&‘(ﬁ"‘ 214 )<€/128

No error term is charged per original leaf at every group update. All columns in this small call
have norm at most two, so this bound also covers repeated, zero, or linearly dependent columns.
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A finite rational direction oracle. At a current state, 61 < Js < (d + 4r9)I. Form B and Js
exactly. Starting from Ry = J5/U?, with a rational U > ||Js||, apply Rj+1 = 2R; — RjJsR;. Its
residual squares at each iteration, and its initial spectral gap is at least 62/U?. Thus logarithmically
many exact arithmetic products give an inverse approximation R to the required accuracy. Require,
for example, a true residual enclosure

J
I = JsRlle < —7.
64r,

The known inverse bound ||.J5 Y| < 671 converts this to an inverse-error bound. Applying é—BT RB¢
and rounding to a common dyadic vector grid, with sufficiently smaller fixed error allocations,
gives |[v — 5]l < v. A square-root factor in an error bound may be replaced by 7o to use
rational thresholds. The product residual includes construction error in Jg; it is not a residual for
a succession of different matrices.

The polynomial bounds on U, 6!, and the inverse residual target prove that the inverse costs
5(D“’0) arithmetic operations, and each subsequent direction trial costs 6(D2).

Arithmetic cost of the sign rule. Eq. (260) cancels the endpoint slack before evaluation. Each
denominator 1+4|z;| lies in [1, 2), so evaluating and summing its rational terms costs O(r) arithmetic
operations. The formula is valid also at x; = 0. The progress proof above allows the displayed
additive error in this sign test.

Caps, verification, and fallback. At any unsuccessful search for a direction, permit at most

R, = 64[log, (2T, /()]

independent sign trials. If they all fail, or if any required accuracy or consistency check fails,
abandon the fast attempt and return the deterministic fallback from the original inherited y. Also
cap the number of successful steps at T,. Upon a prospective fast return, check the cube, the
fractional count, and |C(z — y)||3 < €% by exact rational arithmetic. The matrix-vector product
and squared Euclidean norm make this last check O(Drg) arithmetic operations. Eq. (263) leaves
ample slack.

For fallback split the at most 4D columns into two sets of at most 2D. Apply the deterministic
small reducer in the proof of Lemma 4.2 to each set, with its inherited coefficients and residual & /2.
It leaves at most D fractional coordinates per set. Its combined cost is O(D?3) and its residual is
at most €. The arithmetic construction in that lemma applies to the inherited dyadic coefficients
and preserves its residual estimate.

All matrix and scalar tolerances above guarantee their tests in the stated caps; only the random-
direction event may fail to occur. Conditionally on every previous history, a sign trial succeeds
with probability at least 1/16. Thus the probability of a fallback is at most

T.(15/16)% < ¢.

Every other fast-attempt cost is bounded deterministically by Ty R, times the displayed polynomial
work, and T, R, are polylogarithmic in the parameters. The resulting expected bound is as stated.
Every random-bit sequence terminates, and every returned vector has the required verified or
deterministic guarantee. O
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Lemma 5.17 (Grouped reduction with a factor-two slack). Under the hypotheses of Lemma 4.2
with dyee = D, a zero-error randomized algorithm finds x € [—1,1]"™ with at most 2D fractional
coordinates and || Y, x;b;|l2 < n in expected cost

O(mD + D*°) (264)
arithmetic operations. Every random-bit sequence terminates with the same residual guarantee.

Proof. Retain the balanced tree, the precomputed sums W, and the power of two Mg, € [m, 2m)
from the source. Maintain at most 2D active groups, not D. Splitting their nonsingleton groups
gives at most 4D groups. At each of at most Ryee = max{l, [logy,m]} levels, apply Lemma 5.16
to their normalized sums W /M, and inherited coefficients, with

£ = n/(MgrpRtree)y Cf = (2mD)720/Rtree-

All normalized columns have norm at most two. Coefficients are copied to children before rounding;
this changes no signed sum. Each level’s returned residual is at most 7/ Ripee in the unnormalized
sum, on every random-bit sequence. Summing gives the same single allowance 7. After the last
level the remaining groups are singletons, so at most 2D original coordinates are fractional.
Precomputing all group sums and writing final leaf coefficients cost 5(mD) No accepted small-
reduction step scans a group’s leaves. There are logarithmically many fast calls of cost 5(D“’0).
The total expected fallback contribution is at most (2mD)~2°0(D?), hence is smaller. This remains
valid conditionally on inherited coefficients and previous random choices. Each small call uses the
mesh prescribed by Eq. (258); all grid searches have a uniform logarithmic arithmetic bound across
the tree. The exact matrix residual checks are included in the small-call cost. This proves the
expected arithmetic bound. ]

Restoring the matrix active-count hypothesis. Let n be the input matrix order. Put D = n?
and
N =201 9p < N < 4n.

Use the one-time conversion and variance scaling with the conservative order N, and represent the
nonzero n-by-n block in D real Hermitian coordinates. The other entries are zero. The isometric
coordinate approximation and residual transfer following Lemma 4.2 cost 5(mn2 + N3) arithmetic
operations. Apply Lemma 5.17 with its part of the same 7,5 = 1077 allowance. Its output has

ko < 2D = 2n% < N2,

Pad each true retained matrix by zeros to order N, and run exactly the spread-direction implemen-
tation at that order, including p = egcale/N, its cutoff, reservoir phases, and all numerical margins.
Padding preserves positivity, rank one, the variance bound, and the norm of every signed sum. It
is not an additional discrepancy approximation. The operator inequalities with I remain valid.

The centered initial modeled sum is still zero. Every returned group coeflicient has absolute
value at most one, so the approximation error in all vectorized inputs is charged once, as in the
source. The fractional coefficients are on a short dyadic grid; they may subsequently be rounded
more finely as in the inherited initialization, within its unchanged e;oung/2 allowance. The initial
residual eg is subtracted from the fixed contribution and restored once at the end. No retained
matrix is replaced by a group sum in the nonlinear phase.
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Nonlinear algorithm, face events, and precision. The grouped reduction preserves the cen-
tered model and the active-count hypothesis. It does not change the joint-energy Newton ball or its
anchored inverse. Regular endpoints use Lemma 4.15. All deferred coordinates at a state are still
attenuated as one positive coupling submap, with every final tiny-slot deletion corrected. Reservoir
reallocation is charged by the same total 107¢ allowance. Spread and fallback directions retain
their distinct step rules; only successful verified spread moves use the longer tube. Coordinate-zero
crossings use the same continuous second derivatives and one-sided bounds. The exact ridge bar-
rier used only in preprocessing is not a replacement for this matrix potential and imposes no new
differentiability requirement on it.

Random signs for the new reduction are independent of future curvature trials. The latter’s
conditional success statements remain true for arbitrary adaptive earlier data. Every small reducer
has a finite cap and a deterministic fallback; so does every curvature invocation. Their composition
therefore terminates correctly on every random-bit sequence, not merely almost surely. All outputs
of preprocessing, including fallback outputs, meet the same single residual bound.

The nonlinear model continues to use the true retained matrices with a symbolic fixed contribu-
tion whose coeflicients are bounded by two. Caches approximate these objects once at the requested
inverse-polynomial accuracy; no original long rational is reread in a Newton stage, sketch, or final
trace evaluation. Short-grid rounding, positivity, residual, spread, and Rayleigh enclosures remain
those of the spread implementation. Lemma 4.9 only changes how its final estimator is evaluated.

5.7 Amortized gradient sweeps and regular endpoint continuation

We apply the shared endpoint continuation and gradient sweeps from Section 4.19 to the randomized
construction. After the slack-scaled grouped reduction of Section 5.6, pad to N = 2[leg22n)]
4n, so the initial retained count satisfies kg < 2n? < NZ2. Use the same p, cutoff, smoothing
temperature, and reservoir phases as in the shared proofs. For the high test in Eq. (168), take
hy = vn/[64(my + 1)] in the notation of Lemma 5.12. This choice implies its failed-gradient
hypothesis; set [y = hy /64 as in Lemma 4.17. The count below gives expected cost 5(N X+ for
all corrected local and face stages.

Why unsaturated sweeps cannot occur too often. A short unsaturated sweep need not
itself pay 1/(PyN). It is important not to charge every such sweep to the larger saturated progress
bound.

Lemma 5.18 (Sweep and deferred-batch counts). With the high/low tests above, the total number
of gradient sweeps is 6(]\7 + Ifat + Ireg + In). All deferred attenuation batches use expected 6(]\7)
corrected stages. Together with reqular endpoint continuation and spread-curvature candidates, all
corrected local and face stages number 6(N) in expectation.

Proof. Saturated sweeps number O(N) by Eq. (171) and the bounded total phase potential decrease.
After an unsaturated sweep, collect all marked coordinates in one nonempty deferred set and use
the retained positive-submap attenuation path. No remaining coefficient changes during this path.
Write Ay for its matrix-potential decrease before the final tiny-slot correction and let L, < Py
be a uniform upper bound on its logarithmic horizon. The preceding forcing estimate gives total
energy arc at most

L
PN/O Vu(s)ds < Pyy/L.Aj. (265)
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If Ay <1/(PyN) for a sufficiently large known fixed polylogarithm Py, this arc and its normalized
transport are small relative to hy/v/N. The final tiny-slot deletion is below the same margin by
tightening its prescribed cache floor.

Here is the needed gradient comparison along that small path. For a remaining coordinate put
gi(s) = gi(s)/+/tti(s) + . In a fixed-factor neighborhood of its starting root, the forcing proof in
Lemma 4.16 and the relative scalar bounds give

19/ < Pya(s) + PxVN|gila(s),  a(s) = e(P') + E(Q).

Until [g;] reaches hy/(2V/N) the right side is at most Pya(s). Starting from Eq. (169), Eq. (265)
prevents that exit and keeps the metric comparable, by the same first-exit transport argument. Thus
after small attenuation no high gradient test can pass. This comparison uses the fixed remaining
coordinates; it does not assume that a normalized weight has zero derivative.

If a new reservoir phase is opened, charge this event separately; there are at most Ly phases.
Otherwise a new sweep following an unsaturated one must be preceded either by attenuation drop
at least 1/(PyN), or by a regular endpoint or curvature event. The large attenuation drops sum
to at most the bounded total potential decrease, so there are only 5(N ) of them. This proves the
stated sweep count, with no independence assumption between adaptive states.

There is at most one deferred batch per corrected accepted state; attenuation changes no re-
maining coefficient. Therefore the batch count is bounded by the number of sweeps, curvature
events and regular endpoints, plus one. Eq. (252) gives total batch stages O(b + \/ﬂ), because
their nonnegative drops sum to a constant. Successful spread moves and regular endpoints number
O(N). For the retained capped curvature fallback, E[Ip,] < (2N)72°/2. The excess stage count
is bounded by Py (1 + VN) I, using 1/ < j for nonnegative integers. Taking expectations gives
O(N) batch and sweep stages. Lemma 4.15 gives O(N) regular stages, and the initial explicit
homotopy uses only 6(\/N ) stages. Both signs of each spread-curvature candidate retain their
constant number of corrections. This proves the total claim. O

Algorithmic order and arithmetic cost. After the unchanged preprocessing and initial cen-
tered homotopy, process the deferred batch at a corrected state, then update the reservoir phase if
needed. Recompute conservative regular-endpoint tests; execute a triggered regular endpoint with
Lemma 4.15. Otherwise the state is light. The high gradient test either starts a sweep or satis-
fies the retained negative spectral multiplicity hypothesis. In the latter case use the same verified
spread filter and finite fallback. All marked sweep coordinates are deferred together before another
high test. Phases remain fixed inside a sweep and its deferred attenuation path.

At most a polynomial number of coordinate updates, phases, and slow fallback moves occur
even for an adverse random-bit sequence. Every sweep has a certified positive decrease, and the
classification in Lemma 5.18 also gives a deterministic polynomial cap. The curvature invocation
cap Imax = Pn(ko + N) can be enlarged by fixed factors: every fallback still has its old inverse-
polynomial true decrease. The same logarithmic trial cap bounds the conditional fallback proba-
bility independently of the preceding sweeps. No randomness is used in either new continuation or
gradient batching.

The frozen sweep data and coordinate comparisons use errors below fixed fractions of the proved
gradient thresholds and root radii. The positive continuation ends with a residual-certified correc-
tion at the actual new face.

All paths and products are valid for Hermitian matrices. Real scalar coefficient directions and
trace-zero projection use the existing rational real/imaginary coordinates. The budget is C?; its
scalar concavity and continuous first derivative hold across zero, and the chord argument does
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not require third derivatives there. Neither a sweep nor the positive regular homotopy changes
the recorded input matrices or the single centered residual. The fixed signed contribution has the
same bounded symbolic coefficients. The true model, short cache and their error enclosures remain
separate. Original Li,-bit data are not reread during any new step.

The entire new local work, including scans and both curvature candidates, is 6(]\7 X+ in
expectation. The at most ko + O(N) microsteps may be charged O((ko + N)N?2) separately. No
regular or deferred face work is omitted. The complete total is therefore

E[Taritn] < O(mn? + 0> + N® + kgN“0 + (ko + N)N? 4+ NXt1), (266)

Both rare preprocessing and curvature fallbacks keep their existing expected-cost charges.

Finally, the auxiliary positive penalties are used only while evaluating an endpoint’s optimizer.
Their total path decreases are charged to actual endpoint drops; they are not additions to the
signing potential or to its final allowance. Sweeps decrease the same current phase potential, and
reservoir phases still inject at most 1076 in all. Thus the unchanged transfer is

4.86276(1 +6-107°) +2- 1078 = 4.8627603117656 < 4.8628.

The isotropic partition coeflicient remains 2.4314.

5.8 Emnergy-controlled groups and a sketched preprocessing solve

The preceding implementation is limited by an order-n? inverse in preprocessing. We change the
preprocessing, not the smoothed potential. An initial random orientation makes the sum of the
squared norms of all group columns small. A regularized low-rank approximation then accelerates
the ridge solves. Crucially, the repeated actions are applied through the original rank-one inputs,

rather than through their dense group vectors. This last distinction preserves the input term mn?.

Rational coordinates and the input energy. Perform the existing one-time input conversion,
discarding and variance scaling, so the true retained PSD rank-one matrices C; satisfy >, C? < I.
They have compact rational factors and a common rational scaling, as in Sections 4.2 and 5.6. For
preprocessing only, use the rational linear map V that lists the diagonal entries and the real and
imaginary parts above the diagonal. Its dimension is D = n?, and

IV(H) |2 < | Hlle < V2I[V(H)]2- (267)

For a vector u, its adjoint test matrix has diagonal entries u;; and off-diagonal real and imaginary
parts equal to one half of the corresponding entries of u. Thus (V(H),u) = tr[HV*(u)] exactly.
No irrational orthonormal basis or entrywise approximation that destroys rank one is needed. Put
bi = V(Cz) Then

Dolbil3 <Y (G <n, billz < 1. (268)

These vectors are represented exactly by the converted short inputs and their common rational
scale. The original long input is not read again. We target operator-norm residual 1 = s/2. This
is a weaker intermediate guarantee than the preceding Frobenius residual, and is used explicitly
below. It suffices: the centered model starts exactly at zero, and only the operator norm of its
fixed residual is charged at the final discrepancy transfer. The retained matrices, coefficient-grid
rounding, and variance bound do not change. No argument below asserts that the new small
reducer preserves the old Frobenius guarantee.
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Lemma 5.19 (A certified orientation of the whole group tree). Let a fized balanced binary tree have
leaves 1,...,m, height at most R = max{1, [log, m|}, and columns satisfying Eq. (268). There is
a capped random-bit procedure costing 5(mD) per attempt that either fails or returns signs e; and
all sums wy =) .. ;e;b; such that

> w3 < T = 128(R + L)n. (269)

J a node

One attempt succeeds with probability at least 127/128. For every accepted orientation, every sub-
sequently chosen collection of distinct tree nodes has total squared norm at most T, independently
of all later adaptive choices.

Proof. Draw independent uniform signs. For each node, E[||w,||?] = Y, [|6i[|*>. Each leaf occurs
in at most R + 1 ancestors, including itself. Therefore the expectation of the left side of Eq. (269)
is at most (R + 1)n. Markov’s inequality gives the stated probability. Compute every group sum
by additions and test Eq. (269) exactly using their common denominator. There are fewer than
2m nodes, so forming the sums and their squared norms takes O(mD) arithmetic operations. The
final assertion is deterministic because all summands in the verified total are nonnegative. To
make failure probability at most (/4, use [logy(4/()] independent attempts. On exhaustion use
the existing deterministic grouped reducer on the un-oriented b;. Run that fallback with Euclidean
target /2. Its cost is O(mD + D3), and Eq. (267) gives the required operator residual. This rule
terminates on an all-equal or otherwise adverse bit sequence. ]

The group coefficient is now y 7, while an original leaf carries x; = e;y ;. Splitting still preserves
the signed sum, and freezing a group gives valid leaf signs e;37. The true matrix C; is never negated
in the nonlinear instance. Only its initial coefficient changes. The group columns themselves may
be indefinite matrices; the cube reducer below is a real-vector procedure and does not require their
positivity.

Matrix variance instead of a Frobenius residual. The following elementary comparison is
the additional gain in the ridge. The sign guarantee requires a matrix operator norm, not the sum
of the squares of all matrix entries.

Lemma 5.20 (Variance of a matrix-valued contraction). Let £ : R" — H,, be real linear, with
IL||o=F < a, and put R; = L(e;). Then

> R <nd’l. (270)
i
For independent uniform signs & and t > 0,
2
Pr[| Zi:giRin > 1] < 2nexp(—5 —)- (271)
The zero-operator case is interpreted directly.
Proof. Choose a real Frobenius-orthonormal Hermitian basis Hy,..., H,2 only for analysis. The

standard diagonal, symmetric and imaginary pairs give ) j HJ2 = nl. Write the columns R; in this
basis as a coefficient matrix 7. Then TT " < a?I. The real linear map

QY QuH;H,

gl
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is positive on real symmetric PSD matrices: for Q = vo! its value is (3 ;v ;)2 = 0, and decompose
a general @) into such terms. Applying this map proves Eq. (270). No products are commuted.

For completeness, functional calculus gives E[e®iFi] = cosh(0R;) < e Fi/2 so log E[e%ifi] <
HQR? /2. The same Lieb trace inequality used in Lemma 4.3, iterated over independent increments,
yields

Eltr[e? 2 &))< tr[exp(Zlog E[e%iR])] < nel ne* /2,
(2

Here the iterative step is conditional expectation with all other terms held fixed; independence per-
mits their deterministic logarithmic moments. Exponential Markov bounds the largest eigenvalue,
optimization uses § = t/(na?), and the same calculation for the negative matrix proves Eq. (271).
This is the standard matrix Rademacher bound with its full matrix variance, cf. [Trol2]; replacing
it by the sum of the individual operator-norm bounds would lose the gain. O

Lemma 5.20 gives the following projection tail bound. In the slack-scaled cube walk let B = AS
and IIs = I — B"(0I + BB")"'B. The map £ = V~!'BIl; has ||£|s—r < /3/2 by Eq. (267) and
the singular-value bound for Bll;. Consequently

Pr(|[V!(BIIs¢)|| > ] < 2nexp[—t*/(nd)]. (272)

This removes a factor n from the necessary inverse ridge compared with the worst-case Euclidean
estimate || BIIs¢|| < Vrd/2.

Lemma 5.21 (A matrix-norm certificate). For rational Hermitian E and positive rational a, a test
using O(n“°) arithmetic operations accepts only if |E|| < a and certainly accepts if | E| < a/2. Its
work bound holds for every input.

Proof. Define Z := (E/a)? and Q := I — Z. The certificate is a rational matrix X satisfying
IX°QX — Il|lp < 1/2. (273)

Then X*QX > 0, so X is nonsingular and @ > 0 by congruence. This implies ||E|| < a.
Set
e =
cj =4 ]( , ), Xs = chZ], s:= [10logy(2n)].
j =

Compute X and X QX — I in exact arithmetic. Accept if its squared Frobenius norm is at most
1/4, and reject otherwise. There are O(log(2n)) order-n products and O(n?) scalar operations for
the final comparison, giving the stated cost.

It |E|| < a/2, then 0 X Z < I/4 and QY% = .. ¢; 27, with 0 < ¢; < 1. The tail has
norm at most 4'7%/3. Since || X,|| < 4/3 and [|Q~Y/?|| < 4/3, this gives || X.QXs — I||r < 1/8 for
the prescribed s. Thus the test accepts in this case. The number of products is fixed for all other
inputs as well. ]

A trace-controlled regularized approximation. We state the numerical linear-algebra ingre-
dient with its own proof. Nystrém preconditioning is a general method, cf. [FTU23]; the precise
trace, finite-sampling and precision bounds needed here are provided below.

Lemma 5.22 (Ridge sketch from a trace bound). Let C' = 0 have order D, let T > max{1, tr[C]},
and 1 < q < D. Set s =256q, draw a D-by-s standard real Gaussian matriz €2, and define

Y=00, K=Q'CQ+TI, Z=YK'v' (274)
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Always 0 X Z < C. With probability greater than 0.98,
0=<C—Z=512T¢'I. (275)

For a specified positive rational 0, a bounded finite-random-bit sampler and arithmetic matriz com-
putations give fived factors Y, K = KT = (T/2)I defining P =61 +YK~'YT. With probability at
least 9/10, the spectrum of P=(61 + C) lies in

[ov, B], a=1/4, B=16(1+22T/(¢9)). (276)

For every finite sample the factors and inverse bounds are polynomial in D, T,5~" and the input
magnitudes. The construction attains any prescribed inverse-polynomial factor accuracy.

Proof. Completing a positive quadratic gives the identity
2T (C = Z)x = min{||C" %2z — CV2Qz |2 + T||2|?}. (277)
z

This proves both order bounds. For analysis only, diagonalize C' and split its first ¢ eigenvalues
from the tail Ao. The Gaussian blocks in this basis are denoted €21, 22. We verify the two events

omin() > V5/2,  ||AY 2|2 < 8T + 32s||As |- (278)

For a fixed unit vector in RY, its squared image norm is a chi-square variable with s degrees of free-
dom. Tts moment-generating function gives probability at most 2e~%/32 of leaving [9s/16,255/16].
For example use parameters 4-1/8, and the elementary bounds —log(1 — u) < u + u?/(2(1 — u))
and log(1 +u) > u — u?/2. A 1/8-net of at most 177 points then gives operator norm at most
104/s/7 and minimum singular value at least 4/s/7 > /s/2. Its failure probability is at most
2exp(qlog17 —s/32) < 1/64.

For the tail put L = ||Az||. If L = 0, nothing is needed. Otherwise for a fixed unit vector in R®,
the tail image norm squared is X =, )\jg]z and E[eX/(40)] < T/CL) | Thus Pr[X > 4T + 16sL] <
e~45. A 1/4-net of at most 9° points and the norm extension factor 4/3 prove the second event, with
failure at most e™® < 1/256. The total failure is less than 0.02. The elementary net bound follows
by comparing volumes of disjoint balls of radius half the net separation in a maximal separated set.

On these events insert z = Qixl into Eq. (277). The top residual is zero. The tail residual

operator is the concatenation [—A;/ 2QQQI,A;/ 2], so its squared norm is at most the sum of the
squared norms of these blocks. The ridge term is at most 47||z1||%/s. Therefore

|C — Z|| < 129L + 36T /s < 130T /q < 512T/q,

using L < T/(q + 1); for ¢ = D the tail is zero. No eigendecomposition or pseudoinverse in this
argument is used by the algorithm.

Use midpoint dyadic uniforms and certified Box—Muller evaluation for the actual sampler. Cou-
ple to ideal uniforms. Except on an event of probability less than 1/100, all radial uniforms exceed
(100Ds)~* and all normals have a fixed polynomial magnitude bound. On that event the deriva-
tives of the scalar sampling maps are polynomial, so a sufficiently fine grid makes ||AQ| as small
as any prescribed inverse polynomial. Every finite output is bounded by Cv/b when b uniform bits
are used, even outside that event. There is no rejection sampler with an unbounded loop.

For ||[AQ| < 1, expanding Eq. (274), using K > T1 for both samples, bounds its perturbation
by 16T(1 + ||)*||AQ|. Make this less than §/64. Compute the factors and their Gram to still
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finer normwise accuracy, symmetrizing the small Gram. Their polynomial bounds and K = T'1
give K > (T'/2)I and permit R
|P— (6 + Z)|| < §/16.

The same accuracy and positivity guarantees apply to every finite sample. On the ideal good event,
0+ 7Z =6+ C = (1+512T/(q0))(6I + Z). The perturbation leaves ample slack in Eq. (276).
Unioning the preceding events gives probability at least 9/10. All norm and inverse bounds are
polynomial. Scalar series and residual-certified inversion therefore attain the required accuracy
with logarithmic arithmetic overhead. O

Using the original rank-one factors for group actions. At a fixed small-reduction state, let
A contain the active group vectors, = their coefficients, S = diag(1l — |z;|) and B = AS. A dense
copy of B is used for the batched sketch setup only. Repeated vector actions can be faster.

Lemma 5.23 (Structured group actions). For any fized active antichain of groups and its short
slacks, B and B, and therefore 61 + BB, admit numerical actions at cost

O((m + n?)nX~2) (279)

arithmetic operations. FEach action approrimates the same exact rational operator. Constructing
an explicit active group matriz costs O(n4) after the one-time group sums. For ¢ =n = /D, all
sketch and preconditioner setup costs are

O(D + ¢*°), g = 2.042777. (280)
A subsequent preconditioner application costs 5(Dq +q?).

Proof. Precompute a membership map from each leaf to its current active group, or to a zero
marker, in O(m) work at each successful state. A group coefficient vector is expanded to leaf
coefficients e;(1— |z y(;)|)v(;). Form the weighted sum of the original rank-one matrices, then apply
V. For the adjoint, apply V* to the test vector, evaluate its quadratic form on every original rank-
one input, sum over groups with the orientation signs, and multiply by the slacks. This proves
the exact adjoint identity, including the factor 1/2 for complex off-diagonal test entries. No group
matrix is treated as rank one.

Store each converted input as C; = a;w;w;; put the short scalar a; in the coefficient, so a rational
square root is unnecessary. Block the m factor columns into blocks of at most n?. The products
have shapes (n,n2,n) and their tensor permutations. The retained exponent x gives (m/n?+1)nX,
including both adjoints. Expansion, aggregation, conversion and all scalar work are smaller. Exact
arithmetic products apply the represented group operator. This proves Eq. (279), even though the
materialized group columns themselves are dense and generally not rank one.

For setup put U = B'Q, Y = BU, and K = U'U + T1I; then form the small matrix K +
57'YTY. These products, for at most 4D active columns and s = 256¢, fit a constant number
of products of shape (D,D,D1/2) or its permutations. The bound w(1,1/2,1) < 2.042776 < «
in Table 1 of [ADW™25] gives the stated strict exponent. One fixed recursion and its tensor
permutations suffice. The small inverse costs O(¢*°) using the residual-certified Newton—Schulz
construction. Its minimum eigenvalue is at least 7'/2 for the represented factors. The exact identity

Pl=6—62Y(K+6 YY) YT (281)
gives the application cost. All additive construction errors are made small enough for the positivity
and comparison margins in the preceding lemma. The subtractive formula is evaluated to absolute

accuracy; no constant-factor inverse is inserted in it. Neither BB nor an order-D inverse is formed
in the fast branch. O
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A larger admissible ridge in the cube walk. We retain the slack-scaled barrier walk. Its
direction accuracy is still Euclidean, while its signed-sum residual is now certified in matrix operator
norm. These are separate quantities; the latter permits a larger ridge through Eq. (272).

Lemma 5.24 (Energy-controlled cube reduction). Suppose Ag € RP*™ D = n?, contains the
rational coordinate vectors of 1o < 4D Hermitian group matrices, with ||Ao||% < T and inherited
dyadic coefficients y € [—1,1]70. Put M to be a power of two with 2v/T < M < 4\/T. This bounds
both vector-operator and individual matriz norms. Given 0 < & < 1, a finite randomized procedure
returns at most 2D fractional coefficients and ||V~ (Ao(z—1v))|| < e for every random-bit sequence.
Its fast branch has a polylogarithmic number of accepted steps and capped trials. At each trial its
arithmetic work, up to logarithms, is

D 4 ¢° + D? + (14 /T/(¢9))((m + n*)nX"2 + Dq + ¢°), (282)
where D =n?, g =n, and B
61 =0(n/e?). (283)

The work statement uses the structured group actions; for arbitrary Hermitian columns replace their
action cost by O(Drg). The dependence on a variable =1 in Eq. (282) is not claimed to be only
logarithmic. In the application € = n/R with fized absolute n, so all its factors are polylogarithmic
in the input parameters.

Proof. 1f at most 2D coefficients are fractional, return immediately. Otherwise use the same ¢ =
[logy(64r0)], H = 4¢ and choose

€
— < L —
9200 "= oMo
dyadically. Define

L(Send = ’710g2(2/0r)—|’ T* = ]‘28H2L5end + ]"

9 82

= — 00 = ——— 0o/2 < 6 <4 284
v 216T*M7 0 2247’LT*2L7L’ 0/ < 0 < 0p, ( )

L,, = [logy(128n)].

Choose the common dyadic coordinate mesh within a factor two of

or €

216 2 216, 1o M

min{ . (285)
Keep inherited coefficients exact until the first move. Inward rounding changes each coordinate by
at most the prescribed mesh, including at that first move. The mesh exponent is O(log(2DT/¢)).
At a current state form B = AS and set C = BB only as an operator. Its trace is at most 7.
At each independent trial construct a fresh sketch of Lemma 5.22, then draw independent signs €.
Solve
(6] + BB")z = B¢

using Eq. (276) and Eq. (281). Require a certified true residual at most dv/(8M). Formv = (£~ B 2
on a fine dyadic grid, including smaller right-hand-side and multiplication errors so

|0 —s¢|| <v, Is=I-B'(6I+BB")'B.

The final residual can be evaluated exactly from the explicit short B and the dyadic solution in

O(Drg) work, so there is no unverified norm or inverse oracle in this certificate.
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The projection is a contraction, has r — D eigenvalues equal to one, and satisfies || BII;|| < v/§/2.
The sign second- and fourth-moment argument, and the coordinate sign tail bound, prove the same
acceptance probability 1/16 as Lemma 5.15 for

Pl < ¢ JI3l1* > (r — D)/4.

These tests are exact on the computed dyadics. Form h = Sv/H and the exact Hermitian matrix
Ej, = V71(Ah). In addition require the norm certificate Eq. (273) with target

tstep = £/(28T%). (286)

This exact check costs 5(Dr0 + n“0) and is charged once per trial, not at each inverse iteration.
The extra test does not remove most of the successful directions. By Eq. (272), the ideal residual
has norm at most Zsep except with probability

2nexp[—2°L,] < 1/1024.

On that event ||Ep|| < (tstep + Mv)/H < tgep/2, since H > 4. Lemma 5.21 therefore passes. The
sketch is chosen before the independent sign vector, so conditional on a good sketch the ideal sign
estimates apply unchanged. The full success probability is at least (9/10)(1/16 —1/1024) > 1/32.
All inverse and action errors are already included in v. Numerical caps below preserve this lower
bound.

For a passing direction use this h. The two candidates remain within one quarter of every active
slack. Choose 7 by Eq. (260), with the same error bound |§ — g| < r/(512H?), and round z + 7h
inward on Eq. (285). The curvature and rounding proof of Eq. (262) applies verbatim: it uses only
the slack and norm tests on ¥. Thus the net gain remains (r — D)/(16H?) > D/(16H?). Freeze all
coordinates at endpoint distance at most o,. Assign each frozen coordinate the finite bookkeeping
value log(2/0y). The total bookkeeping value never exceeds 4DLs, ., and freezing after a step
cannot lower it. The initial near-endpoint scan is handled before starting this accounting. Thus
fewer than T, successful steps are possible while » > 2D. This argument is independent of the signs
of the group vectors and of the initial inherited coefficients.

For the residual, every accepted direction has [|[V~1(Ah)|| < tstep Dy its exact certificate, regard-
less of any random event. Its sign choice cannot change this norm. Grid rounding costs at most
roMu per step, and all freezes together cost at most rgMo,. Hence every fast output obeys

IV HAo(z — )| <e(@ M +278 +2716) < £/128. (287)

This is an operator-norm statement. It does not assert a Frobenius bound. Our choice is

62

nT2L,’

which proves Eq. (283). The smaller oracle accuracy v preserves progress and the residual test’s
success probability. It does not determine the ridge.

For completeness use the normalized Chebyshev recurrence Eq. (233) for the positive system
and preconditioner, on Eq. (276). Its exact error is Eq. (234); the similarity matrix has polynomial
condition. Its degree is O(y/B/alog Q.), where Q. is a specified polynomial in D, T,e~! and the
inverse residual target. This is the factor in Eq. (282). The g-order Woodbury inverse is formed
once per trial, with its residual including its materialization error. Each solve iteration applies
BB through original rank-one factors and applies the stored low-rank preconditioner. No inverse
of order D is formed in this fast branch.
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The normalized recurrence error estimate in Lemma 5.8 bounds accumulated action errors by
a polynomial in the displayed iteration count and the similarity bound. Choose local errors below
the residual target divided by this polynomial. Exact products and scalar series attain these errors
with logarithmic arithmetic overhead. Evaluate the final residual against the same fixed group
matrix.

Set all loop lengths and a polynomial magnitude cap in advance. Reject on violation of a cap,
the final residual, positivity enclosure, or a direction test. A bad sketch therefore has bounded cost
even when the claimed spectral interval is false. On the good sketch event the stated precision and
iteration bounds guarantee the residual and magnitude tests. This establishes the 1/32 success
lower bound. Permit at most 64[log,(27% /()] independent trials per state, and cap successful steps
at Tx. On exhaustion, restart from the original inherited y using the deterministic small reducer:
split into two blocks of at most 2D, scale the columns by M, and use Euclidean target ¢/(4M) in
each block. Its combined Euclidean error in the unscaled vectors is at most ¢/2; Eq. (267) gives
matrix operator error below . Its fractional count is at most 2D and its cost is O(D?) arithmetic
operations. The probability of fallback is at most {, by conditioning at every state and unioning
the caps. Check a prospective fast output’s cube and count, and apply the exact norm certificate
to its matrix residual with target e. The work is O(Drg 4+ n“0). The residual slack in Eq. (287)
guarantees this check. Every random-bit sequence consequently returns a correct output in finite
time.

Evaluate the rational derivative sum in Eq. (260) exactly in O(r) arithmetic operations and
choose its sign. The preceding progress estimate also allows the stated additive error. All successful
steps, sign tests, sketch trials, and comparisons have the announced polylogarithmic multiplicities.

O

The group tree and the exact exponents. Apply Lemma 5.19 once to the entire input tree,
with an orientation cap giving failure at most (2mn)=3". For an accepted tree maintain at most 2D
active groups. At a level, split active nonsingletons and copy their coefficients, giving at most 4D
active groups. Their total energy is bounded by the same verified T from Eq. (269), even though the
active groups depend on all past randomness. Use Lemma 5.24 directly on these unscaled columns
with € = n/R and failure budget (2mn)~3°/R. There is no factor Mg, < m in this error target.
All group norms are controlled by the certified energy instead. Each level adds at most n/R to the
matrix operator residual. The triangle inequality sums these deterministic residual certificates. In
a leaf return x; = e;y;; hence the final true matrix residual has operator norm at most n < n,s. We
do not infer a Frobenius residual from these certificates.

The fallback within each small call is restarted only for that call, from its saved inherited
coefficients. The top-level orientation fallback uses the original columns from zero. Each has
the required residual on every outcome. Their total expected additional work is bounded by
(Zmn)_goé(an +n%) and is negligible. All preprocessing randomness precedes and is independent
of the future curvature trials; their conditional guarantees apply to every resulting initial signing.

Choose the sketch size ¢ = n = v/D. The small-call parameters give

T=0(n), 6'=0(n), 1+/T/(qg5)=0(/n).
Here n = nps/2 is fixed absolutely and ¢ = n/R. Thus the explicit polynomial dependence on e~
in the cube lemma becomes only polylogarithmic in m. The repeated structured-action work is

O((m +n*)nX=3/%) = O(mn? + n*),
since x — 3/2 = 1.750036 < 2. Preconditioner applications cost 5(717/ 2). Setup costs

1

wo

D — 200 — 4085554 —n

q
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Materializing active groups, exact residual actions, and all norm certificates cost 5(714 + n*0) per
capped trial. Consequently the complete expected preprocessing cost is

O(mn? + n1-083554) (288)

arithmetic operations. This includes orientation, group sums, every successful step, all failed capped
trials, fixed-size sketches and small inverses, all original-factor actions, random bits, exact residuals
and comparison integers. The complete fallback contribution is negligible as specified above. The
original input is processed once when constructing the normalized matrices.

A verified randomized final rounding. The old deterministic final rounding costs 5(k0N wo),
which would dominate the improved preprocessing and local stages. We replace its choice of signs,
not its cutoff or reserved error allowance.

Lemma 5.25 (Capped final rounding by a norm certificate). For the recorded coefficients on a
dyadic mesh of inverse-polynomial size and the PSD cache in Lemma 4.3, a zero-error randomized
procedure has error strictly less than exound/2 and expected arithmetic cost

O(kN? 4 N“0).

Every random-bit sequence terminates correctly; the exceptional branch uses the existing fast deter-
ministic deferred-rounding routine.

Proof. Retain exactly the heavy/small split, £ = [logy(4N)], 0 = 8¢/eround, and threshold 7 =
1/(40) in Lemma 4.3. Heavy matrices use their nearest signs and have error at most €,ouynq/64. For
the small ones independently draw ¢; € {—1,1} with mean equal to the recorded dyadic ¢;, and
form exactly

E=Y (e—t:)C:.

The probabilities (1 + ¢;)/2 are dyadic, so a fixed finite number of uniform bits implements them
exactly. These draws are fresh, conditional on all previous preprocessing and signing choices.
The existing scalar exponential estimate proves, for either sign,

3 log E[e*# )0 < (¢/16)1.

Applying the same Lieb trace inequality as above and Markov gives
Pr[||E|| > €round/6] < 2N exp(—61¢/48) < 1/2.

For the last bound use 2N < 2¢-1 and e @ < 27%: the result is at most 9—1-13¢/48 1/2. Accept
only when the verified norm certificate Eq. (273), at order N, passes with threshold e,ounq/3. It
always accepts when ||E|| < €,0und/6, and every accepted output has true cached norm at most
Eround/3. Including the heavy error and the original true-versus-cache error,

|| Z(fz - tl)ClH < 5round/64 + 5round/3 + eround/64 = 35Eround/96 < eround/2~
)

This bound is deterministic on acceptance; no random event is assumed for an accepted signing.
Use at most [30logy(2N)] independent attempts. On their exhaustion, invoke Lemma 4.9 on
the original recorded coefficients. Its cost is 6(k‘N @) but the conditional failure probability is at
most (2N)~3Y and k < N2. Every attempt forms E in O(kN?) arithmetic operations. The norm
test costs 5(]\7 @) by Lemma 5.21, including on failed samples. The coefficient mesh makes the
number of random bits per draw logarithmic. Thus the expected fallback work is smaller than the
displayed costs, all loops are finite, and the arithmetic bound follows. O
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5.9 A smaller sketch for grouped preprocessing

We refine the implementation in Section 5.8. The group tree, its orientation, the scalar barrier,
and the residual allowance are unchanged. Here n is the original matrix order and D := n?. If
m < 2D, the all-zero fractional vector already has the required active count and zero residual, so
no grouped reduction is needed.

Otherwise retain the certified orientation of Lemma 5.19. Every active antichain has total
squared column norm at most 7' := 128(R + 1)n, where R := max{l, [logym]}. At a small-
reduction state let A € RP*" contain its » < 4D group columns, and put S := diag(1 — |y),
B := AS, and C := BB'. Thus ||B||% < T. By Lemma 5.23, an action of B or B' through the
original rank-one inputs costs

A(m,n) := O((m + n?®)nX~2). (289)
The group columns themselves need not have rank one.

Lemma 5.26 (Streamed sketch construction). For any 1 < ¢ < D, let s := 256q and use the finite
Gaussian sample Q € RP** of Lemma 5.22. Define

U:=B'Q, Y:=BU, K:=U'U+TI,, P:=06l+YK YT,
Its factors and small Woodbury inverse can be constructed to the prescribed accuracies in
O(gA(m,n) + D¢ + ¢* + Dq) (290)
arithmetic operations. An application of the represented P~' costs 5(Dq +¢2).

Proof. Compute each column u; = Bij and then y; = Bu; by Eq. (289). There are 512¢
such actions. Ordinary dot products form UTU and Y'Y in O(Dg?) operations. The matrix
K+6~-'Y TY has order s and smallest eigenvalue at least T" before numerical perturbation. Residual-
certified inversion with ordinary products costs O(q¢®). Sampling and writing the factors costs
O(Dq). Finally

Pl=61-62Y(K+5 YY)y’ (291)

gives the application cost. No order-D inverse is formed. The construction and solve use one
fixed group matrix and one sample. Let La.x > 2 bound their dimensions, norms, T, and 6!
polynomially. If each action error is at most e, the product formulas give H)A/ =Y < 2L,ue and
|IK — K|| < 4L2%e. Since K = TI = I, the inverse perturbation identity bounds the error in

aux

YK'YT by 32L8 e for sufficiently small e. Taking this below §/64 preserves the ridge-sketch

aux
interval and the required action accuracies. ]

Choose the least power of two ¢ with ¢3 > n2. Then n?/3 < ¢ < 2n?/3, with equality allowed
when n = 1. All other parameters of Lemma 5.24 are retained. In particular, at a tree level its
allowance is € = n/R, and

T=0(n), 6'=0(m), J=001++/T/(g))=O0n*?3).

Here J is the normalized Chebyshev iteration count. The ridge-sketch lemma holds for every ¢ in
this range and gives the slack interval [1/4,16(1 4 2127/ (¢d))] with probability at least 9/10.

Lemma 5.27 (Grouped preprocessing within the input term). After one-time conversion and
scaling, the grouped reduction has expected arithmetic cost 6(mn2) It leaves at most 2n? fractional
original coefficients and the same single operator-norm residual. Every random-bit sequence returns
a correct result in finite time.
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Proof. One capped trial, including its final residual and norm certificates, costs at most
O(D? + n** + qA(m,n) + Dg* + ¢* + Dg + J(A(m,n) + Dq + ¢*)).

The D? term materializes the short group matrix for final tests only; it is not incurred at each
inverse iteration. Lemma 5.21 supplies the matrix norm certificate. The terms using original
inputs are

(q+ J)A(m,n) = O((m + n?)n*=/3) < O(mn? + '),

because y —4/3 = 1.916702. .. < 2. Also Dg%+ JDgq = O(n'%/3) and ¢ + J¢% = O(n?). The same
projection norm and spread event has probability at least 1/16; its matrix-residual tail removes at
most 1/1024. Hence a trial succeeds with conditional probability at least (9/10)(1/16 —1/1024) >
1/32.

The derivative sign rule, inward grid, and endpoint freezing in Lemma 5.24 are unchanged.
There are polylogarithmically many successful steps and capped trials per tree level. Keep their
failure budgets and deterministic fallback, restarting a failed small call from its original coefficients.
Its cost is O(D?3) and its conditional probability is at most (2mn)~3°/R. The orientation fallback
has its original charge. When m > 2D, the separate n* term is absorbed by mn?; when m < 2D,
skip the reduction. Orientation and group sums also cost 6(mn2) The sum of certified tree-level
residuals is the same single allowance. Thus the claimed expected cost and outcome guarantees
follow. O

5.10 Masked drift and curved moves

All dimensions in this subsection refer to the padded matrix order. We keep the potential, reservoir
phases, and notation of Section 4.13. A fixed background of coordinates will be held at its current
coefficients while the other coordinates move. At a corrected state let

M=F+) uVi, KD)=:) Bt[ViDIVi, Vi=awa; =0, > V7=

Zero inputs can be omitted. The true matrices define the mathematical model, as in Section 4.13.
Let P = (U,V) and Q = (W, Z) be the unique smoothed optimizer and its positive Gibbs state,
with tr[Q] = 1. On bounded-model sublevels,

W =UK(Z)U + pU?, Z=VEKW)V + pV? (292)
UV =al, UL IIVHLIE@)L KW <C, pte[U? + V] < 1. (293)

For coordinate 7 put

u; = tr[UV;], v =te[VVi], w; =te[WVi], 2z =te[ZVi], t; = viw; + uiz;,
pi =1+ B, q=1—1fu;, M;=pu; — qu;,

mo

2z = p?UiZUz' + q?viZi, wi = (_ﬁz/‘,)(bti +7)-

mov
i
satisfies

Here z is a scalar movement weight, not an optimizer coordinate. The scalar gradient g; = 0;F;

Mg = 2" — piqiti + v M ;. (294)
On light coordinates, and on their fixed-factor expanded neighborhood,

Piy @i >0, pigi >1/2, M|, |Bil,piyai < Pny  |Mi] < Po(u; +vi), @5 > (it +7)/2.
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All phases use the existing reservoir allocation v = A/(LoK), where A = 1075, K is the count at
phase start and Ly = 1+ [logy max(2, kg)]. The initial reservoir plus all positive phase jumps is at
most A. No new allocation is made at the switch to the finishing algorithm.

Let & be the primal Lagrangian Hessian from Eq. (123). Write

e(D)?=(D,&D),  E(B)? =74(B,Dlogg[B]), tr[B]=0, D =diag(&,Bg).

The joint Jacobian A has symmetric part D and |DY/2A~'DY?|| < 1.

Masking non-light coordinates costs only a rank defect.

Lemma 5.28 (A small mask). After removing near-endpoint coordinates, a conservative classifi-
cation can mark a set B of at most

H, = [16L2n/(5sca1652 )—|

end

coordinates such that every unmarked coordinate is light. The classification costs one full score
scan and its true-data enclosures. Marked coordinates are not changed, and their coupling is not
removed.

Proof. At this point 1 — |y;| > deng. Mark an index if a certified upper enclosure of either endpoint
score is at least —denq/8, using width at most denq/16. An unmarked score is strictly negative. A
marked index has either tB;u; > dena/2 or t5;v; > dena/2. Since B; < 1, it has u; > dena/(2t) or
V; > Oend/(2¢). The rank-one variance bound gives Y, tr[MV;]> < || M || for Hermitian M. To see
this, the nonnegative Gram matrix J;; = tr[V;V}] obeys Jv < v, v; = tr[Vi] > 0, so its spectral
norm is at most one. Its Gram factor and adjoint are contractions. Therefore the number marked

is at most 425 4 (|U[12 + |V ]2) < 420/ (escated2,q), leaving the stated slack for enclosures. O

Write J for the unmarked set, p = |J|, ¢ = |B|, and K = K; + Kp. Write A;(Dy,Dy) =
(Ks(Dv),Kj(Dy)), and define Ap similarly. All subspaces in the next lemma concern the p
unmarked physical coordinates.

Lemma 5.29 (Covariance with a fixed background). Let H C R” have codimension r. If r +2q <
p/4, there is a finitely supported centered direction in H, extended by zero on B, whose covariance
satisfies
E[QR)] <> rizl™ Sy +r+2q, Y 2"Ey > p/175. (295)
ieJ iceJ
Here Q is the original full-coupling fixed-constraint inversion energy. This covariance is only used
in the proof, not computed by the algorithm.

Proof. We verify why a background coupling is not being silently discarded. The operator #Z; =
diag(U=1(-) U™, V=1(-)V~1)— A  has a positive inverse: its dual inequalities are strict by Eq. (292)
and K; < K as positive maps. Let D;(h) = /J_lFlh be its fixed-constraint response. Impose the
additional real linear equations

tr[Vy(Dy(h)u] = tx[Vo(Dy(h))v] =0 (b€ B).

They add at most 2¢ to the codimension. On this subspace AgD ;(h) = 0, whence # D;(h) = Fih.
The response is thus the response for the full problem.

133



For clarity the normalized covariance construction remains valid with strict dual inequalities,
rather than equality for K. Set s; = (8;pi/q;)"/? and tf = (Bigi/ p;i)'/2, and define response matrices

Aij = LSiSj‘anajF, Bij = Ltftﬂa;‘Vaj\z.

The normalized response vectors u, v obey u— Bv = 7h and Au—v = 7h, where 7; = (piqi/ﬁi)l/Q.
The energy matrices have entries s;s; Re tr[WV;UVj] and t/t] Retr[ZV;V'V;]. Normalize their pos-
itive diagonals Ey; = sfuiwi and Ey; = (t;‘)Qvizi. The resulting block energy matrix M has trace
2p and unit diagonals. For the normalized off-diagonal response map 7', the dual inequalities imply

M = T*I'T, L = (WBuwy) L >0 > 5.

For example, writing D =), s;u;V;, Cauchy-Schwarz gives

Z @(G;UDU(L]')Q < tr[K;(Z)UDUDU] < tr[WDU D].

jeJ U
This is the required block inequality; the other block is identical. The light inequalities and §; >
1-— yZ-Q give I'; > +. In each pair use the unit vector proportional to (\/Ey;, —/Fy;) and its
orthogonal complement. Their energy diagonals remain one, the two response diagonals sum to
zero, and the first is nonpositive. The response graph is mapped by I — T onto the span of the
first paired vectors. Its dimension is p, since the strict dual inequalities make the response system
invertible.

Lemma 5.10 therefore applies to its subspace of dimension at least p — r — 2¢. Its loss is its
codimension, at most r + 2¢, and its movement is at least p/175 when this codimension is at most
p/4. The physical movement identity is 71-2 (Eui+ Ev,;) = 2. On the constrained response space
the energy is the full problem’s energy, as proved above. This gives Eq. (295). The second fixed-
constraint derivative gives the same energy expression even though the background can affect the
second response: pairing its defining equation with the full Q uses #Q = pE and leaves exactly
the original energy and mixed terms. No second-response vanishing is assumed. O

A drift-adjusted Hessian at every masked light state. Let Cy; := (1 + 7/2)k; and C; :=
1+ 7/2, as in Eq. (242). Its exact scalar certificate and Eq. (295) give

%tr[VQJ:SZ] - Z C2,iMigiZii S —Un Z wiEii + CT(T‘ + 2(]), (296)
ieJ ieJ
where v, ! < P,. This is the retained generator calculation; there is no failed-gradient hypothesis
in Eq. (296).
Choose known C, < P, so that on light coordinates
pigiti +v|Mifi| < Cywi.

For example the displayed light bounds and w; > (¢¢; +y)/2 give such a coefficient by sums of fixed
budget bounds. Set

v
Ay 1 — 7717 d’b = (02,i + a*)M'“ wf =W + Z;:nov7
4(1+ Cy) (297)

Gy = diag; (@),  Hy:=(V>F), — 2diag,(dig:).
Using Eq. (294) in Eq. (296) proves
$tr[Hy Y] < —a. tr[G4X] + Cr (r + 29). (298)

All coefficients in Eq. (297) are evaluated at the base root and frozen during the following path.
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Lemma 5.30 (Negative multiplicity without a gradient test). Put
K.(n) = [max{16H,,4000C; H, /a.}], On = ax/4, T = ax/(700C;).

For k > K.(n) the matriz Ay = Gﬁ_l/Q”HﬂGﬁ_UQ has at least w,p eigenvalues below —46,. Its
spectrum is contained in [— Py, P,p|, and its diagonal is bounded in absolute value by P,. Moreover
K.(n) =nP,.

Proof. We have ¢ < H,, p > k/2, and 2q < a.p/(700C;). Let r count eigenvalues below —as.
If » > p/8 the conclusion follows. Otherwise r + 2¢ < p/4, so use Eq. (295) on the preimage of
the complementary spectral space. Write Dy = tr[Gy3] > p/175. On that space the left side of
Eq. (298) is at least —a, Dy /2. Thus

> WP
— 350C-

—2q > mpp.

This also deals with nonintegral thresholds by the integer eigenvalue count.

Eq. (143) gives V2F, = —P,G and |8i2]:s| < P,w; on the light subset. Eq. (294) gives |M;g;| <
2"V 4+ Cyw;. The added diagonal in Eq. (297) is therefore bounded by P,Gj. The lower bound
and diagonal bound follow, and the trace of Ay + P,I gives the upper norm bound. Finally all
quantities in K, except its explicit n factor are fixed polylogarithms. ]

Computing a direction and its true relative response. The Schur formula in Eq. (209) is
restricted to J. Under the Gy normalization its diagonal term changes, by Eq. (297), to a diagonal

of norm at most F,,. Set

D; = G, P Fr QR Gy 2.

The same completing-square argument as Lemma 5.2 gives

agomDy — PuI < Ay < Dy + P,I, tr[Dy] < Pup, ayl < P,.
Indeed the F5 bound uses w; < wf, and tr[QFﬁ ;| < Pz since u;, v; > ag tr[V;]. The fixed-root
Schur preconditioner for ¢ is unchanged; it includes Kp. A sufficiently large known positive shift is
therefore comparable to Dy + RI. The preceding Gibbs feature identity, finite sampler, alternating
row/column sketches, and inverse recurrences apply with Gy and this diagonal shift. They require
no zero-gradient condition, only these order bounds. The weights have lower bound A/(2LyK),
and all surrogate perturbations have the same polynomial conditioning margins.
We record the additional response test and its proof to identify the curved-path gain. For
D = (Dy,Dy) put Dy = A"Y2D4 A2 and Ty = U™V2WU Y2, Ty = V=122V ~1/2 Define

A 1/2 —1/2 —-1/2 —-1/2
o(D.B) = maxx {|Dall. |74 *Daty . 1Q5"* BaS |} (299)

The middle norm is a singular-value norm of a generally non-Hermitian matrix; it must not be
replaced by its spectral radius or omitted. Each of the six maps in Eq. (299) has norm at most
P,\/n from joint energy to Frobenius norm, by Eq. (123).

Lemma 5.31 (A verified drift-response direction). At k > K.(n) a finite randomized trial, with

an absolute conditional success probability, finds a real unit direction r supported on J satisfying,
for 0 =r"Gyr and 2. = (D, B),

rTHr < =6,0/2,  |rlleo < PV, (300)
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t(2) < P, min{v/n,n/\/p}Ve. (301)

All inequalities and the derivative solve are checked against the true model. The trial uses matriz
actions and residual tests; it constructs neither a covariance nor a negative-eigenspace basis.

Proof. Use Lemma 5.30 and the bounded flat polynomial of the shifted inverse, equal to within
a small leakage of one on eigenvalues below —36,, and of zero on those above —§,. Call it F}
0 2 F <X I. Choose leakage at most 1/(P,,/p) as well as the quotient error requirement in
Lemma 5.13. The Bernstein-polynomial construction and finite inverse evaluation are unchanged.

The response map R from Gﬁ*lﬂy to z,. obeys |RF||2—p < P,. To verify this point, negative
curvature of Ay bounds the true Hessian above by P,||y||> on that band, because the removed drift

diagonal has norm at most P,. In
r V2 Fr = —r Gr+e(D)? + £(B)? + 2(Fyr, D)

complete the square, using ' Gr < 6 and the retained F» bound. This bounds the response energy
on the band. The whole-space response norm is at most P,,/p; the chosen leakage handles its
complement.

For a real-linear map M : RP — C™*" with |[M|2sr < a, its coefficient matrices obey
S MMF ST MM, < 2na?I. This follows by applying the positive coefficient-covariance map
to @I in the real matrix-unit and imaginary-unit basis. The Hermitian case has n instead of 2n.
The matrix Rademacher bound hence controls all six relative maps composed with RE by P,n,
with a fixed small failure probability. Meanwhile the flat-filter sign moments give ||F¢||? > m,p/4
and ||F¢|%, < 21og(384p) on an event of fixed probability. A union bound, not an independence

assumption between these tests, gives their simultaneous event. Divide by ||F¢|| and then normalize
G;l/QFf physically. Since p > k/2 > K /4 in its reservoir phase and wf > A/(2LoK), this proves
the spread bound. The relative response bound is P,n/,/p times V/0; the deterministic energy-to-
relative comparison also gives its /n alternative. The modified Rayleigh inequality follows from
the same bounded filter.

Compute z,. through the actual differentiated joint equations and a true residual enclosure.
Order-n matrix-function and singular-norm enclosures check Eq. (301); no individual eigenvector
gap is required. These costs are included in the invocation below. A fixed smaller choice of all
thresholds leaves numerical slack. On any trial, only a direction passing the true enclosures is
accepted. ]

The curved trial and its predictor. Freeze d; from Eq. (297) and set it to zero on B. For
either sign of s use the quadratic coordinate path
yi(s) = yi+sri—s°dir} (i€ J),  wi(s)=y; (i€ B). (302)
Its second potential derivative at zero is exactly T‘THW“. In particular the drift is retained rather
than estimated as a small gradient error.
Lemma 5.32 (Curved prediction and progress). A direction passing Eq. (300)—(301) permits
5. — anF(nap)
’ Vvnf

where an, > 0 is a fized sufficiently small inverse-polylogarithm. Choose a sign with certified nearly
nonpositive initial linear derivative. A first-order optimizer predictor followed by a true root cor-
rection then gives a decrease at least

[(n,p) = max{1, (p/n)"/*}, (303)

P max{1, /p/n}. (304)
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The complete chosen candidate costs a constant number of root solves and true value/derivative
evaluations, up to logarithms. Coordinates in the mask stay fixed. All coordinate-zero crossings are
allowed.

Proof. Write b = ||7||s0, 2{, = 2., and £ = t(z{)) + b. The proof’s reference norms are at the base.
For the straight predictor z,(s) = zp + sz, we establish

€k () (Zp (N lip1 < Pus®eV, (305)
2(5) = 2p()lIpy < Pas®ev0, (306)
(Foy)"(s) = (Fs09)"(0)] < Pab(|slt + v/ns*eV0), (307)

provided P,(|s|¢ + /ns*(+/6) is a sufficiently small fraction of 8, and |s|b is a sufficiently small
fraction of deng. We give the extra estimates for the curved path explicitly.

First |d;| < Pp(u; +v;) and |d;| < P,. A positive majorant for =2 dir?V; = M" has norm at
most P,b%: use 3,1 < P, and K(U) + K(V) < CI. Tts weighted trace is at most P,0, since

\di| (wi + 2i) < Poui +vi) (w; + 2;) < Palti + 2°) < Py,

The middle inequality uses the positive lower bounds for p; and ¢; on the expanded light set. The
remaining terms of Css are weighted by 872 + 8/(—2d;r?) and have the same operator-majorant and
trace bounds. If —By = B =< By, then B? < ||By||Bo, by writing B = BY/*CBY/? with ||C|| < 1.
The entropy variance inequality therefore bounds their dual energy norm by P,bv/#. The primal
component A”Q has the same bound by weighted Cauchy—Schwarz with |r;|* < b*r2. Along a
short segment y.(s) = r;(1 — 2sd;r;) remains within a fixed relative factor, and the same assertions
hold with base norms and weights. There is no cubic signed-sum term, since M = 0. The direct
budget/coupling cubic terms are bounded by P,,b0; terms containing 3y!y! obey this same bound.

For optimizer variation, let R be a normalized Hermitian test matrix. The inverse-Hessian words
are tr[T(DR? + RDR + R2D)]. The middle word is bounded by ||D|| tr[T'R?]; the exterior words
are bounded by ||TY/2DT~/2| tr[TR?]. Dual variation uses |Q /2AQQ /2. For the logarithm

block, the resolvent formula gives the relative bound
|D(B, Dlogq[B])[AQ]| < 2|Q/2AQQ™"/?||(B, Dlogq|B)).

Signed coeflicient variations bounded by ¢ times the original positive coupling have weighted output
norm at most Cte(D), by splitting the two sign sets and applying complete-positive Schwarz. The
explicit coefficient changes here have relative size P, |s|b. These identities prove normalized Jacobian
variation at the predictor at most P,|s|¢; they retain matrix order and apply to Hermitian data.
The first residual derivative at zero vanishes. The pure second parameter forcing just bounded and
the mixed and optimizer-only terms are at most P,¢v/#. Integration proves Eq. (305).

Set E to twice its right side. On the energy ball of radius E; around the predictor, additional
relative variation is at most P,v/nEs. The chord map using the exact base joint inverse is contractive
and maps this ball to itself when the stated bound is small. All four matrix blocks remain positive,
with tr[Q] = 1. This proves Eq. (306); primal convexity identifies the root with the original
optimizer. The auxiliary normalized square roots are not computed by the algorithm.

For Eq. (307), write the parameter forcing in the joint residual as fs = 9s€kkr y(s)- The root
response is £(s) = —A; ! f,. The force variation is bounded by P,|s|bv/# plus P,b||z(s) — zo|/p,; the
acceleration terms satisfy the same bound by the displayed M” majorant. Thus

12(5) = 2 |lpy < Pu(|s€ + vVRES)VE.
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The direct second-parameter term includes the reservoir acceleration. Its change is bounded by
P,0(|s|¢ + v/nEs).

Indeed its root differential is paired with the positive majorants above, while its explicit differential
has the stated b6 bound. The energy, metric, and mixed forcing terms obey the same estimate
by Cauchy—Schwarz. Substituting in the second-order envelope identity proves Eq. (307). This
argument includes the gradient times coordinate-acceleration term; it has not been discarded.

By Eq. (301), ¢ < P,vOmin{y/n,n/,/p}. Substitution of Eq. (303) shows |s.|¢ < P,a, and
\/ﬁs?j\/é < Pna% in both ranges of p. Also s.b < Pnann_l/4 since p < n?. The quadratic
displacement in Eq. (302) is at most P,(s.b)?. Choosing a,, smaller guarantees endpoint distance
at least denq/2 and all required expanded light bounds. These are comparisons for the originally
unmasked set, not a claim that the whole state becomes light.

Compute dy = ), g;r; with an enclosure of width at most 6,5,6/100. Choose the sign so its
initial derivative is at most that width. On the chosen side, Eq. (307) keeps the second derivative
at most —&,0/4. Integration yields decrease 8,520/16, after reserving fixed fractions for all errors.
This proves Eq. (304). Only the chosen side is needed. Its potential is bounded by the old value plus
the reserved arbitrarily small initial slack; boundedness is not inferred from its Euclidean length.

The base inverse is applied using the true Schur solve and fixed-anchor refinement. Predic-
tor, derivative, matrix-function, coordinate-grid, and value errors are below fixed fractions of the
preceding radii and gains. All reciprocal margins and step lengths are polynomial, so inverse-
polynomial evaluation errors preserve the stated gains. At zeros the budget is C? and its one-sided
third derivatives are bounded. The force estimates integrate through those points; no third-order
jet crosses a discontinuity. O

5.11 Resident coordinates and delayed deletion

A resident coordinate still contributes its signed coefficient, coupling slot, and scalar reservoir to
the potential. Let k£ count these coordinates, and let D be the pending subset whose coefficients
have reached the near-endpoint region. Keep each pending coefficient fixed at its recorded value.
Entering D changes neither the potential nor its optimizer. The set D of coordinates already
removed for final rounding is separate from D.

With the constants of Section 5.10, define

(n = min{1/100, a./(10000C)}, K. := [max{32,n/Cy, Hp /(). (308)

Thus ¢, ! < P, and K. = nP,, with a known fixed polylogarithmic factor. Reservoir phases count
all resident coordinates.

Lemma 5.33 (A resident mask). Suppose k > K. and |D| < [(,k]. Place every newly near-
endpoint coordinate into D. If this trigger is still false, let B contain D and the non-light coordinates
marked by Lemma 5.28, and let J be its complement. Write ¢ := |B| and p := |J|. Then

q < 2Guk, p > (1—2G)k, 2q < a.p/(700C;). (309)

The masked direction and curved-move lemmas apply with this background, giving decrease at least
Pl P /n3/2.

Proof. Integrality gives |D| < (,k when the trigger fails. Every movable coordinate has endpoint
distance greater than denq, so Lemma 5.28 marks at most H,, < (,k others. This proves the first
two bounds. The third follows from 4(,k < a.k/(2500C;) and p > 0.98k.
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Lemma 5.29 permits any fixed background with rank loss 2¢. If the negative eigenvalue count
is at least p/8, the required multiplicity already holds. Otherwise its proof and Eq. (298) give

r > asp/(350C:) — 2q > a.p/(700C;).

The movement weight is at least p/175 and r + 2¢ < p/4. Thus Lemmas 5.31 and 5.32 apply, with
smaller fixed numerical margins if necessary. Their derivative bounds are used only on J. Pending
coordinates have zero parameter derivatives, even if their endpoint distance is smaller than the
cutoff. The full background coupling remains in every root and response solve. O

After the initial corrected root, process its near-endpoint coordinates once by positive-submap
attenuation. Subsequently, collect pending coordinates until |D| > [(,k]|, then attenuate their
combined coupling and delete them. Keep the old reservoir phase fixed through final deletion and
root correction. Update the count phase only afterward. When k < K., clear the pending set
once and switch permanently to the finishing algorithm of Section 5.7, without allocating a new
reservoir. Every newly pending coordinate after a curved trial has endpoint distance at least deng/2;
the initial scan separately handles exact endpoints.

Lemma 5.34 (Bulk continuation and move counts). Apart from failure-induced work, the large-
count regime has at most
b<3+ C;l log max{2, ko }

attenuation calls, including initial and final cleanup. All these calls and the initial data homo-
topy use O(\/n) corrected stages. In a phase K/2 < k < K, successful curved moves number

032 /VK).

Proof. Each triggered deletion removes at least a (, fraction of the resident count. Count these
multiplicative drops and add the two untriggered cleanups. For a pending batch use s = Krest +
e °Kp. The proof of Lemma 4.13 and the batched argument in Section 5.5 use positivity of this
submap and complete-positive Schwarz. They incur no factor |D|. A batch with matrix-potential
decrease Aj uses O(1 + /nA;) stages, including its final tiny coefficient, exact deletion, and root
correction. All decreases sum to a constant by Eq. (132). Therefore

Z(l +4/nAj) < b+ /anAj = O(v/n).

The initial homotopy has the same stage bound. In a count phase p > 0.98%k > K/3; summing
the decrease from Lemma 5.33 proves the move count. Pending status itself adds no potential
increase. O

5.12 Matrix functions without diagonalization

We replace the cubic spectral evaluations in the preceding implementation. All matrices in this
subsection have known polynomial norm and inverse norm bounds, and the requested absolute
Frobenius error is inverse polynomial. The number of products below is polylogarithmic.

Lemma 5.35 (Logarithm and derivative actions). For {1 < A= A* K UI, with £ > 0, both log A
and Dlog 4[E] can be approximated to the prescribed error in O(n“%) arithmetic operations.
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Proof. Use the ordered resolvent identities

log A — /OO<(1 ) T — (A tD) Y,
0
Dlog,[E] = /OO(A +tI) ' E(A 4 tI)"tdt.
0

The first follows from scalar functional calculus; differentiation under the integral gives the second.
For M > max{l, ||E||r}, the omitted tails outside [ag, by] are bounded respectively by

Vnlag(L+ 7Y+ (U +1)/by),  agM/? + M/by.

Choose positive dyadic endpoints to make these smaller than one eighth of the target. Split the
interval into dyadic bands [a,b], b < 2a. Put ¢ := (a +b)/2, h:= (b—a)/2, R:= (A+cl)~}, and
W := hR. Then ||W| <1/3, and for t = ¢+ hv, |[v| <1,

d
(A+tD)' =) (=)W R+ Ry(v),  [[Ra(v)| < 3|RIZ~*.
7=0

Integrate monomials using p; := f_ll v/dv, equal to zero for odd j and 2/(j + 1) for even j. The
logarithm uses h j(—l)j i WIR and the analogous scalar series at 1 + c. The derivative uses

d
h> (=1 iy ;W RERWY.
i,j=0

No factor crosses E. The band errors are bounded by a constant times h(||R|| + (1 4+ ¢)~1)37¢
and hM|| R||?379, respectively, with the Frobenius conversion for the first. The known bounds
determine a logarithmic d and a logarithmic number of bands. Compute each shifted inverse by
residual-certified Newton—Schulz iteration, and symmetrize the outputs. All operations are order-n
products or inverses. O

Lemma 5.36 (Exponentials, powers, and Gibbs actions). For Hermitian L with |L|| = O(logn),

L has an 5(n“’0) arithmetic implementation. This also implements A, |t| < 1, and the operators
Qq and Bq at a root with polynomial spectral bounds. For s vectors and possibly different t; € [0, 1],
all A'ig; can be computed by polylogarithmically many products of shape (n,n,s) after one matriz
logarithm.

Proof. The exponential series truncated at degree d has norm error at most eM M1 /(d 4 1)! for
M > ||L||. A sufficiently large constant times M + log(n/e) + 1 suffices for Frobenius error e.
Evaluate the normalized terms L7 /j!. For powers use A! = exp(tlog A) and Lemma 5.35. For the
Gibbs covariance put L := log Q on the two blocks. The ordered expansion is

[ iy 3 LED
0 S i+ 1)

)=

Indeed the beta integral cancels the two factorials. Evaluate with normalized powers and bounded
beta-integral coefficients. The two exponential tails control the error. Subtract tr[QE]Q and divide
by 75 for Qq; use 7sIl7Dlogq for Bq.
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For the batched assertion set G :=[¢g1 --- ¢s] and use
YO = Ga Yj = LYy—ldlag(tl/jvyts/j)

The sum of these arrays gives the different exponential actions. The columnwise tail bound, summed
in Frobenius norm, fixes their common accuracy. For Gibbs features this prepares Qi/2 g; and
QU—t)/ 2h; without an eigenvector matrix. Scalar work and writing vectors cost O(ns) per term. [

Lemma 5.37 (Dyadic-shift Lyapunov solves). If /I X T =X UI, the equation TX + XT = B
can be solved to the prescribed Frobenius accuracy in O(n“°) arithmetic operations, without an
etgenvalue-separation assumption.

Proof. For a positive dyadic shift p, put R, := (T + pI)~! and A4, := (T — pI)R,. Starting from
zero, update
Xt = A, XA, + 2pR,BR,. (310)

The exact solution X, satisfies
(T +pI) X, (T + pI) — (T — pI) X,(T — pI) = 2pB,

so Xt — X, = A,(X — X,)A,. Cycle through shifts from ollogz2 €]t 2Mog2 Ul Every eigenvalue ¢
has one shift p < ¢t < 2p, giving |(t — p)/(t + p)| < 1/3; all other factors are at most one. The
A, commute because they are functions of 7. Thus one cycle contracts error by at most 1/9, and
| XxlF < ||Bl|#/(2¢) supplies the initial error bound. A logarithmic number of cycles suffices. A
final residual evaluation, together with the operator lower bound 2/, certifies the solution. O

Lemma 5.38 (Count-sensitive root and feature actions). For n <k < n?, put u := log, k and use
¥ from Eq. (226). Every true residual, corrected root stage, response solve, full resident score scan,
and relative-response norm certificate costs

O(n’™), (311)

For k <n, useu:= 1. Implicit feature actions with at most 6(n”) selected coordinates and features
have the same bound, including initial sample preparation.

Proof. The coupling and its adjoint, signed sums, and score scans use products of shapes (n,n, k)
and (n, k,n) and O(nk) scalar work. Fix a common power-of-two block base, with exponent divisible
by four, for the strict square, (1,3/2,1), (1,7/4,1) and (1,2,1) bounds. At O(logn) recursive
levels, mix the two relevant endpoint algorithms; choose the least number of wider levels covering
k. Padding costs a constant factor. The product costs interpolate to ¥(u), uniformly in the integer
sizes. Tensor permutations give the adjoints.

The root Schur system in Eq. (128) is polylogarithmically conditioned relative to &. Its inverse
blocks reduce to

BUTU‘i‘TUﬁU = Ul/QFUU1/2, Ty = U_l/QWU_1/2,

and the analogous V equation. Lemmas 5.35-5.37 implement these and the Gibbs actions in
5(71“’0). The root bounds in Eq. (122) give all spectral floors and ceilings. Anchored correction in
Lemma 4.11 uses the actual residual and the actual D logq block off the root. It does not presume
a current Gibbs identity at an approximate iterate. The same correction count therefore has the
cost in Eq. (311).
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Lemma 5.36 prepares the sampled power vectors. The product shapes are those of Lemma 5.7.
Its rank-two feature and quadratic-form formulas then give restricted actions and adjoints, including
repeated indices. A terminal factor of order 5(q) and its Gram use square products when the
last two sketch sizes equal ¢ > n. The explicit ridge supplies its inverse floor. Every action
refers to one frozen covariance, Hessian surrogate, and set of feature factors. Relative-response
certificates, including the non-Hermitian similarities in Eq. (299), use the certificate of Lemma 5.21
with Z := M*M/a? for a response matrix M. The proof applies because Z = 0; when |M|| < a/2,
the same series certifies I — Z > 0. Reserve the factor-two gap in the response tests. The cost is
O(n*0), within the displayed bound. O

5.13 Count-sensitive recursive inverse costs

We use the alternating ridge systems in Eqs. (218)—-(223), restricted to the movable coordinates
and normalized by Gy. All coupling actions still include the full resident background. Write the
padded order as n = 2", put L := 2+ r, and set

) o= 2llogz k] — ot u:=t/r, r<t<2r
The case n = 1 is handled directly. The large-count regime has k > n. For n < ¢ < k define
M(n, q; &) == ") (q/r)*°. (312)

All three slopes of ¥ exceed 5/6, so Lemma 5.38 bounds a restricted action by this quantity, up to
a fixed logarithmic factor. Enlarged lists can be split into polylogarithmically many blocks.

Lemma 5.39 (Expanded recursive cost). Let 2 < h < L? and let n < qn < - < q1 < K be powers
of two with qn_1 = qn. There is a fixed integer D > 1 such that a complete capped drift-response
trial uses at most the following number of arithmetic operations:

LAP (00 4 M(n, qi; &) + ¢ + /14 k/qn® @)

h—1

+ ) LPU (5 + 1) /g5 M(n, g1 k) (313)
j=1

+ LPWY (5 + @) fanad, a0 = a1

The constant D is independent of all sizes and depth. The trial retains an absolute conditional
success probability and verifies the true direction and response inequalities on every accepted sample.

Proof. The invariant in Eq. (224), now with the padded movable count in place of k, remains
at most 2¢;/dp. All ridges, factors, and inverse bounds are polynomial uniformly in depth. The
sampling proofs in Lemmas 5.4 and 5.6 require polynomial sizes and positive ridges; they do not
require the earlier terminal floor n*/3. Take moment order [128log,(2knlq(h +1))] = O(L) and
allocate each conditional index failure at most 1/(1000(h + 1)). The same union bound gives
constant joint success probability. Lemma 5.31 adds its six norm tests with their reserved slack.
Finite caps bound work on all other samples.

Use the normalized recurrence in Eq. (233), with the residual corrections in Lemma 5.8. That
proof uses the telescoping coefficient invariant, positive ridges, and polynomial sizes. It therefore
applies also to terminal size ¢, > n: its norm, similarity, and error exponents remain independent
of depth. Completed child solves use the same 1 = n~50 accuracy relative to their own right-hand
sides, and fresh residual corrections attain that accuracy at every parent. Choose D large enough
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to include the fixed per-level logarithmic overhead, including residual correction. One internal level
costs at most LP \/j/4q;+1 times its restricted action plus one child solve. The initial K solve has
constant condition number; the shifted physical solve contributes L /1 + k/q1. Expanding gives
the sum and terminal inverse-action term in Eq. (313). The last two equal sizes make terminal
construction, Gram formation, and inversion cost L” q;,°; the inverse application costs P q,%.
Initial sample preparation costs L”(n“° 4+ M(n,qi; %)) by Lemma 5.36. Full resident actions
cost 6(7119(“)). Index lists, random bits, all response and quotient checks, and the chosen curved
candidate and correction fit the displayed terms. No child inverse or terminal setup is omitted. [J

Fix this D, set C, := 2000(D + 1), and define
bmax (=t — T, b := min{bmax, Cx[logs L]}.

If by = bmax, use the two deficits (by, by). Otherwise set b1 := min{bmax, [3b;/2]} until by = byax,
and use
(1. ly) == (bo, b1, by, ..., by by), g =20 4y := 1. (314)

This integer schedule has h = O(log L), h < L?, q4_1 = q, = n, and 2% < L2C

Lemma 5.40 (Uniform count-sensitive trial bound). The schedule in Eq. (314) makes the complete
cost in Eq. (313) equal to O(n®™), with a fized logarithmic degree.

LAD+Cw O (u).

Proof. The top term is at most 2 ; setup obeys the same bound because g, = n. An

internal summand is at most

Qnﬁ(u)LD(j+4)2—5€j_1/6+Z]‘+1/2 < 4n19(u)LD(‘j+4)2_Zj_1/12,

using £j41 < 30;_1/2+ 1. When by < bmax, put v := [(j —1)/2]. Then ¢;_1 > C.(3/2)"log, L
before the terminal truncation, while j + 4 < 8(3/2)" and j < 4(3/2)". Consequently

L[PG+ 9—ti-1/12 < [~2]

All internal terms sum to O(n?().
The leaf overhead needs a separate estimate. Each preterminal increase is at least by/2, so
h 4+ 4 < 12byax/bo and
D(h+4)logy, L < (12D /Cy)bmax < r/100.

The leaf inverse applications cost at most 2y/kn3/2+1/100 They fit because 9(u) —u/2 > wy—1/2 =
1.871177 > 1.51. If by = bmax, the depth is two, all logarithmic powers are fixed, and the sole
internal term has the additional factor 27%/3. The same comparison handles the leaf. Thus no
depth-dependent logarithmic power is treated as a fixed polylogarithm without a bound. O

5.14 Operation totals

Lemma 5.27 leaves ko < min{m, 2n?} original fractional coordinates. Pad to N = 2/°&2m)1 < 4p,
The nonlinear instance contains the original retained PSD rank-one matrices, not the generally
indefinite group sums. Center its single residual and use the original coordinate-rounding allowance.
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Curvature phases. Temporarily write n for the padded order. In a phase K/2 < k < K,
Lemma 5.34 bounds the number of successful moves by O(n®?/v/K). Lemma 5.40 bounds each
trial cost by O(n?(1°8: %)) Constant-factor padding of K is harmless. Put

o(u) :==3/2 —u/2+ I(u), s9 = 4(& — &) = 0.907832,

with &g, &1 as in Eq. (226). The three slopes of ¢ are 0.846914, 0.907832, and 0.913776. Hence every
piece of ¢ increases, and every piece of ¢(u) — (u + 2) decreases. Their crossing lies in (3/2,7/4):

u o f0—3s2/2-1/2 466443 g, _ 1058611
T 3/2 — sy 296084 o T 296084

< 3.575374. (315)

Thus

E
nqs(u)S ne, I <u < uy,
KnQ, uy <u <2, K=n"

Every dyadically padded phase ceiling satisfies K < 2m. Summing the logarithmically many phases
therefore costs O(mn?+n%), including sketch construction, response certificates, curved predictors,
and true root corrections.

Continuation and finishing. Lemma 5.34 bounds initial and bulk continuation by O(y/n)
stages. If kg > n, put ug := log,, k. The slopes of ¥ are less than one, so

19(UO) —uy <wy—1< 3/2, \/ﬁnﬁ(uo) < k0n2 < mnZ2.

For ky < n, their cost is 5(71”0“/2), smaller than n3. At the permanent switch k < K. = nP,,
use the finishing algorithm of Section 5.7. Its O(n) expected corrected and search stages now cost
O(n*?) each. In this range a full sampled feature Gram has order O(n), and its construction and
inverse fit the same bound. Thus finishing costs O(n!*?). Its coordinate updates cost O(n?).

Failure branches. Every trial has fixed sample, iteration, precision, and magnitude caps. Every
accepted curved move has an inverse-polynomial true decrease. On cap exhaustion, clear the
pending set with the certified attenuation routine and perform one old guaranteed move: a regular
endpoint if available, otherwise a coordinate-gradient step or the deterministic dense curvature
witness with its original step length. Then resume. These moves retain their decrease or removal
guarantees. Bounded potential injections and at most kg removals give a deterministic polynomial
invocation bound Inayx. If n€ bounds the polynomial emergency work, choose the logarithmic trial
cap to make its conditional exhaustion probability at most (2Iaxn?¢+1%°)~1. The expected total
emergency work, including extra batches, is then negligible. Preprocessing, finishing, and final
rounding retain their own capped verified fallbacks. Correctness and finite termination hold for
every random-bit sequence; the faster bound is in expectation.

The complete arithmetic bound. Return to original dimension n and padded order N < 4n.
One-time conversion and scaling cost 5(mn2 +n3); Lemma 5.27 adds 5(mn2) Each removed coef-
ficient updates the fixed symbolic sum once. Lemma 5.25 costs 6(k0N 2 N«o) for final rounding.
Since kg < m, these are input costs, even when the weaker estimate ky < N? would give a separate
quartic term. Combining the bounds gives

E[Tuwitn] < O(mn? +n? +n' 0 £ nP) = O(mn? + n®). (316)

144



Here 1 + wg = 3.371177 < E.

All mathematical paths use the full true coupling. Pending coefficients are fixed, then attenuated
as a positive submap before exact deletion. Reservoir phases stay fixed on each path and their total
injection is unchanged. Coordinate-zero crossings use the same continuous second derivatives and
one-sided bounds. Consequently Eq. (231) and the one-time input transfer still give

4.86276(1 +6-107%) +2- 1078 = 4.8627603117656 < 4.8628.

Padding preserves the signed norm, and the partition error is half the signed bound. This proves
Theorem 5.1.

6 Finite-precision implementation and bit complexity

Sections 4 and 5 describe the algorithms, prove their progress, and count arithmetic operations to
prescribed accuracies. Theorem 6.21 gives bit-complexity versions of Theorems 3.1 and 5.1 with
the same discrepancy and partition guarantees. This section proves that finite precision attains the
prescribed accuracies and establishes those bit bounds. We retain the notation of each algorithm
and refer to its conditioning and discrepancy estimates.

6.1 Computational model and accuracy requirements

Let L, be the total binary input length. We charge bit operations for reading the original rational
inputs and for all subsequent integer arithmetic. After the one-time input conversion, the prepro-
cessing grids use O(log(2mn)) bits per numerical entry, with fixed multipliers. The nonlinear phase
has k = O(n?) active coordinates and uses O(log(2kn)) = O(log(2n)) accuracy and magnitude bits
per numerical entry. The constants in these bounds also cover the fixed discrepancy and residual
allowances.

These bounds also cover temporary scalar operands after input conversion. Section 6.12 chooses
the cube-barrier sign by a short approximation to its directional derivative; it does not form a
product of all coordinate denominators. A common dyadic accumulator for polynomially many
short summands needs only an additional logarithmic number of bits. Storage for an array of
O(n?) entries is separate from the precision of one entry. For unrestricted m, the preprocessing
bound remains O(log(2mn)); it is O(log(2n)) when m is polynomial in n. Original rational inputs
may be longer and are charged separately in L.

The arithmetic analyses specify residual, quotient, endpoint, and value tolerances before an
operation is accepted. We implement those same tests using enclosures smaller than their reserved
margins. The potential, covariance inequalities, step sizes, and progress counts are unchanged.
Conditioning bounds used in those analyses remain there; the arguments below convert them to
working precision.

6.2 One-time input conversion

We first implement the input approximation used in Section 4.2. Preserving positive semidefinite-
ness and rank one allows the subsequent algorithms to use the rounded matrices directly.

Lemma 6.1 (Rank-preserving input rounding). Let Ai,...,A,, be the normalized rational PSD

rank-one inputs of Section 4.2, and put § := 1078 /(mn). There are dyadic matrices ;L of rank at
most one such that

A; = 0, 14 — Ail|r < 6.
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Each matriz has a factorization a;w;w; on a common mesh of exponent p = O(log(2mn)), and the
ezpanded matrices have common denominator 23P. The factors can be constructed in O(Li, +mn)
bit operations. Constructing all expanded matrices costs O(Li, +mn?) bit operations.

Proof. Implement the construction in Section 4.2. Choose the normalization factor D,,.x to be a
power of two satisfying a. < Daux < 2a4, within the allowed range there. Its exponent is obtained
from binary lengths and one rational comparison and is stored separately. Balanced comparison
tournaments select the largest diagonal entries in O(Li,) bit operations: at each level the total
length of the rational numbers compared is O(Lip).

Use the common mesh h,.x = 27P from that construction. To approximate a bounded rational
number after multiplication by a power of two, retain the leading p+O(1) bits needed for a certified
quotient interval. Numbers below the absolute error threshold are replaced by zero. Reading the
original numerators and denominators and performing these truncated divisions costs their total
input length plus a polynomial in p per selected entry. Large shifts are handled by exponent
arithmetic. The original inputs are charged once.

After this scan, each division and rounding in the factor construction has O(log(2mn))-bit
operands. In particular, the branch that forms @ has @ > §/(4n), so its division is polynomially
conditioned. The error bound, positive semidefiniteness, and rank bound follow from the construc-
tion already proved in Section 4.2. The three dyadic factors give common denominator 237 for the
expanded matrices. Constructing and storing all compact factors costs 6(Lin +mn) bit operations.
Their outer products have logarithmic-length operands and require O(mn?) scalar products, giving
total bit cost O(Liy + mn?). O

6.3 Stable partial signing and grouped reduction

The following lemmas implement the corresponding arithmetic reductions. Each uses the local
notation of the reduction it implements.

The ridge reduction makes many updates between recomputations. The required stability
estimate controls an entire consecutive sequence of updates.

Lemma 6.2 (Stability of a ridge-update epoch). Under the hypotheses of Lemma 4.1, assume
additionally that each rational input entry has O(log(2mdyec/n)) bits. Consider an epoch of its
algorithm, with its fired column matriz C, ridge §, dimension dye., and entry tolerance T. Put
b:=1+|C|?/5. Suppose the initial matriz error is at most €y, and each update or product that
writes pending updates introduces matriz error at most p. For a sufficiently small absolute constant
c> 0, if €9+ dyecp < cb™3, the error at every epoch prefiz is

0(52(60 + dvecp))'

The prescribed entry tolerance and residual allowance are attained with O(log(2mdyec/n)) working
bits, with a fixed multiplier. The resulting bit cost is the arithmetic bound in Lemma 4.1, up to
logarithmic factors.

Proof. Throughout an epoch, 61 < G = (§ 4+ 4(dyec + 1))I and ||G|| < ||C||?/5 = O(dyec/d). The
insertion denominator in Eq. (81) is at least one. For deletion, write G = G_+C;C,", with G_ = 41.

Then
0

§+4

All exact quantities and all divisions therefore have polynomial magnitude bounds in m, dyec, 1/7.

1-Gy=(1+C/Gle)™! >
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For a consecutive sequence of updates let D be the diagonal matrix of its net column changes.
Every input is inserted and removed at most once, so | D|| < 1. The exact composition is

Fp(G) := (I + GD)™'G.
If G’ is the Gram matrix at the end of this sequence, the identity
(I+GD)'=1-Cc™(G")*CD

shows that the inverse on the left has norm at most b := 1+ ||C]|?/3. This bound holds for every
consecutive subsequence, including one containing both insertions and deletions. For a symmetric
perturbation E with || E| < 1/(2b),

Fp(G+E)— Fp(G) = (I +GD) 'E(I+ D(G+ E))™,

) (317)
1ED(G + E) — Fp(G)|| < 2b7[| E.

The second inverse is bounded by 2b by the Neumann series.

Here is the resulting error accounting over a whole epoch. Suppose each update, evaluated at
the currently represented matrix, introduces an additive matrix error of norm at most p, and each
product that writes the pending updates explicitly has the same error bound. Such a product leaves
the represented matrix unchanged in exact arithmetic, so it is an identity map with an additive
error. Compare a computed prefix with the exact prefix by inserting one error at a time and
composing all remaining exact updates. Eq. (317), applied to every such suffix, bounds the prefix
error by O(b2<60 + dyecp)), where € is the initial error. A bootstrap with this bound smaller than
1/(4b) justifies the same bound for the perturbed suffixes. In particular no factor is raised to the
epoch length.

The lazy representation satisfies this additive-error model. Summing at most bpaten stored outer
products recovers a column with error at most a fixed polynomial in dyec, bpatch, 0 ' times its scalar
rounding unit. The lower bounds on the denominators then give the same type of bound for the error
of an update. The separately stored diagonal has at most bpaten, such rounding errors. Coefficient
updates also use only polynomially bounded quantities. Direction entries and retained coefficients
lie on a common dyadic grid. The boundary ratios are formed and compared exactly using a
constant multiple of their word length. Setting the hitting coefficients exactly to their boundary
values and rounding the others toward zero restores the grid and preserves the cube. Taking
O(log(2mdyec/n)) bits, with a sufficiently large absolute multiplier, makes all matrix evaluation
errors smaller than 7/4 entrywise. Since u < 7/4, the subsequent grid rounding keeps the total
entry errors below 7. The explicit matrix is symmetrized after each product, and its diagonal
replaces the separately stored diagonal. The factors in each rectangular product have polynomially
bounded entries. A fixed bilinear recursive algorithm implements the strict rectangular exponent
bound; its depth is O(logdyec) and all coefficients at a level are fixed. Hence its intermediate
magnitudes and normwise error amplification are polynomial, and only a constant multiple of the
same logarithmic precision is needed. The strict slack 2.054999 < 2.055 permits this fixed algorithm.
Each new epoch is recomputed from its retained input columns; errors are not passed through an
unbounded sequence of epochs.

The epoch inverses are well conditioned up to a fixed polynomial, so the short-precision Newton—
Schulz construction and stable fast products of Section 6.5 apply, with logarithmic factors in
mdyec/n. They give the stated bit cost as well as the arithmetic cost. O

We next apply the epoch stability bound to the small reduction used at each level of the group
tree.
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Lemma 6.3 (Finite-precision grouped reduction). Under the hypotheses of Lemma 4.2, put D :=
dvyec and assume that the input entries have a common rational denominator, with numerators
and denominator of O(log(2mD/n)) bits. At a level of its group tree, set € := n/(MgrpLirce) and
consider the small procedure on at most 2D columns, with inherited coefficient word length p,. The
procedure preserves the cube, leaves at most D fractional coordinates, and changes the represented
sum by norm at most €, using O(py +10g(2D /<)) working bits, including temporary operands, with
a fized multiplier. Its bit cost is O(D25275), with the input word length and log(1/¢) included in
the suppressed factors. The full grouped algorithm returns y € [—1,1]™ with at most D fractional
coordinates and || >, yibill2 < n, using O(log(2mD/n)) working bits and O(mD + D25275) pit
operations.

Proof. Throughout this procedure, I < G <X (§+8D)I, and every deletion denominator is at least
5/(6 + 4). For any consecutive sequence of deletions, Lemma 6.2 applies with b < 14 8D/§. It
bounds the amplification of an additive matrix error through the entire sequence by O(b?). Writing
a pending sum to the base is an identity map with an additive product error. Recovering a column
from at most byatecn terms and then computing its deletion update introduce errors bounded by
a fixed polynomial in D,d~! times the scalar rounding unit. The separately stored diagonal has
the same bound; refresh it from the base whenever a pending sum is written out. The suffix-
error accounting in Lemma 6.2 therefore applies to all O(D) deletions and products, including
simultaneous hits.

Each rectangular product uses fixed bilinear recursion. Its factors have polynomially bounded
entries, and its logarithmic recursion depth gives polynomial error amplification. The strict expo-
nent slack permits a fixed algorithm at exponent 1 4 2a. Together with the initial inverse, these
bounds make the matrix evaluation errors smaller than 7/4 entrywise, using a sufficiently large con-
stant times log(2D/e) guard bits. Since u < 7/4, rounding each queried entry to the direction grid
keeps its total error below 7. Boundary ratios are formed and compared exactly from the dyadic
coefficients and directions, using a constant multiple of their word length. The hitting coefficients
are set exactly to their endpoints, and rounding the others toward zero restores the common grid.
The initial word length p, is included in the working precision and bit cost. Thus batching changes
neither the residual allowance nor the cube and stopping guarantees of Lemma 4.2.

For the full group tree, write the input entries over their common denominator. Each node
sum contains at most m inputs, so its numerator length increases by at most O(log(2m)). All
node sums are therefore computed exactly in O(mD) bit operations with O(log(2mD/n)) bits
per entry. Dividing by the power of two Mgy, adds only O(log(2m)) denominator bits. With
e = 1/(MgrpLtree), one has

log(2D/e) = O(log(2mD/n)).

Choose the same coeflicient grid at every level. The root coefficient is zero, and each child inherits
its parent’s coefficient. Every small reduction restores this grid, so all inherited coefficients have
O(log(2mD/n)) bits. The preceding bounds therefore apply uniformly to all Liye small reductions,
including their temporary operands. Their total bit cost is O(Lree D%5275) = O(D%5275), The final
tree traversal copies the coefficients to the leaves in 6(m) bit operations. Adding the group-sum cost
proves the claimed total. The residual accounting and fractional-coordinate bound in Lemma 4.2

apply at every level, since each finite reduction satisfies its prescribed error allowance. ]

The randomized small reducer also needs certified directions from a fixed ridge inverse. Its
numerical evaluations and derivative sign rule are both implemented on short data.

Lemma 6.4 (Finite ridge-direction evaluations). Use the parameters of Lemma 5.16. Assume
the rational columns share a common denominator and have word length pc, and the inherited
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dyadic coefficients have word length p,. Its ridge inverse and direction trials attain their prescribed
residual, norm, and mazrimum-entry tolerances using

O(pc + py +10g(2D/¢e) + log(21%))

working bits, with a fized multiplier. Forming the inverse costs 5(D“’0) bit operations, and each
direction, trial after fizing the inverse costs O(D?) bit operations. If pc +py = O(log(2D/(e¢t))),
its full small-reduction algorithm has expected bit cost 5(D"J0 +¢D3), including the 5(D3) fallback,
whose probability is at most (. Every random-bit sequence returns at most 2D fractional coordinates
and residual at most €.

For Lemma 5.17, assume a common rational input denominator and numerator and denomi-
nator lengths O(log(2mD /n)). Its full grouped algorithm has expected bit cost O(mD + D*), with
at most 2D fractional coordinates and residual at most n on every outcome. Its working precision,
including temporary operands, is O(log(2mD/n)).

Proof. All magnitudes and inverse bounds here are polynomial in D,e~! and the displayed log-
arithmic factors. Newton—Schulz reaches the stated accuracy in logarithmically many products:
from Ry = Js5/U? with U > ||Js|, its exact residual squares at each iteration, and its initial spec-
tral gap is at least 52 / U?. Rounded residuals satisfy e;p1 < e% ~+ €unit- Taking the product-error
floor below a fixed fraction of the squared initial gap and final target proves the same count,
with polynomial iterate norms. The fixed stable square recursion gives the required accuracy with
O(pc + py + log(2D/e) + log(27%)) bits, up to a fixed constant multiplier. Forming or invert-
ing an order-D matrix costs O(D“0) in both models. A direction trial after this inverse is fixed
costs O(D?), including its exact short-dyadic norm and maximum-entry tests. No singular values,
nullspace basis, or exact rational inverse is computed.

For each derivative sign, evaluate the summands 2z;0;/[H (1 + |z;])] to error 1/(512H?) on a
common dyadic grid and add them exactly. Their denominators lie in [1,2) and their magnitudes
are polynomial. The sum has error at most 7/(512H?) and uses only an additional O(log(2r))
accumulator bits. This is the permitted sign error in Lemma 5.16. Compute each rational step
from the short data, round inward to its prescribed grid, and freeze endpoints by exact comparisons.
The common column denominator and dyadic coefficient grid make the final matrix residual and
squared-norm comparison exact with the same logarithmic working bound.

Lemma 6.3 implements the two deterministic fallback blocks with the required inherited coeffi-
cients and residuals. The deterministic progress, residual, trial-cap, and conditional failure proofs
of Lemma 5.16 therefore apply unchanged. Its polylogarithmic number of inverse constructions and
sign trials gives the stated expected bit bound.

For the group tree, exact node sums add only O(log(2m)) bits to the common input denominator
and numerators. Division by the power of two Mg, has the same overhead. Each small call uses
e = 1/(MgpRiree) and (¢ = (2mD) ™2/ Ryee. After its first inward update its coefficients lie on the
grid in Eq. (258); inherited coefficients are retained exactly until then. The grid exponents have a
uniform O(log(2mD /7)) bound, so coefficient lengths do not multiply through the tree. Node sums
and the leaf traversal cost O(mD) bit operations. Summing the logarithmically many small calls
and their fallback probabilities gives the expected grouped bound. Lemma 6.1 charges the original
binary input length once when these routines follow the matrix input conversion. O

For energy-controlled groups, the sampled preconditioner is held fixed throughout a solve. This
permits one error estimate for the normalized recurrence.

Lemma 6.5 (Structured reductions and norm certificates). Consider a solve in Lemma 5.2/, with
failure parameter 0 < ¢ < 1 and with the group map, dyadic sample, and represented factors
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fized. On the sampling event giving its stated preconditioned spectral interval, the true residual and
direction tolerances are attained with O(log(2mDT/(e€))) working bits, including the input word
length and a fized multiplier. The structured actions and the solve have bit cost equal to their
arithmetic bound up to logarithmic factors. This includes the finite ridge sketch of Lemma 5.22,
the setup and actions of Lemma 5.23, and the full capped reduction of Lemma 5.24, with the
same residual, fractional-count, and fallback-probability guarantees, provided the input entries and
inherited coefficients have logarithmic word length in these parameters and a common rational
input demominator. The orientation of Lemma 5.19 costs 6(mD) bit operations per attempt on
such input.

For the norm certificate of Lemma 5.21, if the input entries and threshold have b bits and
the entries share a common rational denominator, the working precision is O(b + log(2n)). For
logarithmic input length the bit cost is 6(nw0), on both accepted and rejected inputs. The test
accepts only if ||E|| < a and always accepts if |E|| < a/2.

Proof. Freeze B, the dyadic sample, and the represented factors throughout the solve. They define
one positive system and one positive preconditioner. The small Woodbury matrix has smallest
eigenvalue at least 7'/2 and polynomial norm, so Newton—Schulz and fixed recursive products
attain any required inverse-polynomial absolute accuracy in logarithmic working precision. The
factors and 62 in Lemma 5.23 and Eq. (281) have polynomial magnitude. Cancellation is covered
by a finer absolute error, not by assuming a relative inverse approximation suffices.

In the normalized Chebyshev recurrence, the scalar ratios lie in [0, 1] and their update is Lips-
chitz with constant at most one. An error inserted at step i propagates through

[Ti(0)/Ts(0)]Uj-i(Do),

where Dy is the scaled preconditioned operator. On the good interval its norm is at most a
polynomial similarity factor times J — ¢ 4+ 1. Vector and scalar errors therefore accumulate with
a polynomial bound in the prescribed iteration count, not an exponential product of condition
factors. All iterates and intermediate right-hand sides have polynomial magnitudes on that event. A
sufficiently large constant times log(2mDT'/(e()) precision, including the input word length, meets
the true residual and direction targets. The structured matrix actions and the explicit residual use
the same rational vectorization and exact group sums, so no cache mismatch is omitted.
Sampling, products, and exact comparisons. The dyadic Box—Muller construction in
Lemma 5.22 has polynomial scalar derivative bounds on its coupling event and polynomial output
magnitudes for every finite sample. A fixed logarithmic precision therefore preserves its covariance
interval and its success probability. Form and symmetrize the small Gram matrix below the stated
d/64 error allocation. The inverse perturbation identity preserves its positive lower bound and
the represented preconditioner. Fixed recursive matrix products have logarithmic depth and fixed
coefficients, hence polynomial error amplification and intermediate magnitudes. A larger fixed
guard precision gives the setup and structured-action bit bounds at their arithmetic exponents.
All orientation sums and squared norms are exact sums of at most polynomially many common-
denominator products. Their word lengths remain logarithmic, giving O(mD) bit operations for
Lemma 5.19. The same argument covers explicit group residuals and direction norm tests. For the
barrier sign, approximate each bounded rational summand to error 1/(512H?) on one dyadic grid,
then add exactly, as in Lemma 6.4. The accumulated sign error is the one allowed in Lemma 5.24.
It retains inherited coefficients exactly until the first inward update; the grid in Eq. (285) then has
a uniform logarithmic mesh exponent. Thus every accepted step preserves the arithmetic progress
and residual estimates. Prescribed iteration and magnitude caps bound failed sketches; on the
good sketch event the preceding error bounds preserve all tests. The fallback is implemented by
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Lemma 6.3, after the stated scaling and splitting. This proves the full capped reduction and its
fallback probability.

Matrix-norm certificates. Use Z = (E/a)?, Q = I — Z, and the degree s = [101og,(2n)]
binomial sum from Lemma 5.21. Compute on a common dyadic grid and reject if a fixed poly-
nomial magnitude cap is exceeded. In the good case 0 < Z < I/4, the powers are contractive,
the coefficients have O(s) bits, and the exact congruence residual is below 1/8. Stable products
approximate the sum and the final congruence with Frobenius error below 1/16 in each required
enclosure. Scaling and input errors are included against the true rational E, a. Using O(b+log(2n))
working bits provides these enclosures. The good case reaches no magnitude cap and is accepted.
Every accepted case has a certified upper bound at most 1/2 for || X*QX — I||r, which proves
Q@ = 0. There are O(log(2n)) matrix products on every outcome. The same argument applies to a
non-Hermitian matrix by taking Z = M*M/a?.

Summing the verified orientation, sketch, solve, residual, and fallback costs over the group tree
gives the bit bound in Eq. (288). Original input length is charged once by Lemma 6.1. O

6.4 Numerical caches and acceptance margins

The exact retained instance and its numerical cache have different roles. The next lemma controls
cache error against the true model at each accepted state.

Lemma 6.6 (Short caches and certified acceptance). Consider a retained instance with k < n? ac-
tive matrices, the symbolic fixed contribution, and the conditioning and acceptance margins specified
in Section 4. A one-time PSD rank-one cache with entry accuracy u = a(kn)~°, for a sufficiently
large fized Cy, permits the KKT residuals, predictors, gradient and curvature tests, endpoint scores,
and value comparisons to be evaluated within their reserved errors using O(log(2kn)) accuracy and
magnitude bits. Fach accepted correction restores the prescribed root-error floor. The initial co-
ordinate rounding uses only the reserved eyound/2 allowance, and subsequent solves use the short
cache. For the recorded coefficients in Lemma 4.3, given on a dyadic grid with O(log(2kn)) bits and
with the corresponding short PSD rank-one cache already available, deterministic deferred rounding
uses O(kn3) bit operations and O(log(2kn)) working bits per entry, including temporary operands.
Its discrepancy is less than €wound/2, including cache and comparison errors. For the small-trace
rounding of Lemma 4.18, cached entries and initial coefficients of O(log(2kn)) bits give O(kn?) bit
cost, including exact comparisons. The discrepancy and surviving-trace guarantees in that lemma
are preserved.

Proof. One-time data approximation.

After partial signing, the algorithm needs only its k active matrices. Store a short rational PSD
rank-one approximation to each C;, with Frobenius error at most u, where u := a(kn)~° and Cy
is a sufficiently large fixed constant.

Such approximations can be obtained without assuming a lower bound on a nonzero eigenvalue.
Discard a matrix whose largest diagonal entry is below u/(Cn); its Frobenius norm equals its
trace and is O(u). Otherwise choose a largest diagonal entry a := (C;);; > u/(Cn) and write
C; = acc*, where c := Cjej/a. Here every |¢;| <1 by the PSD minor inequality and maximality of
a. Approximate a by a positive rational and ¢ by dyadics to enough additional O(log(2kn)) bits.
The product remains PSD and rank at most one and has the required error. This is a numerical
cache; the mathematical model continues to use the true C;.

Maintain F' symbolically as a combination of the initial £ columns. Each coefficient has absolute
value at most two: it is —37? plus the cached removal coefficient, if any. All coefficients use the same
fine dyadic grid. Errors in F', Dyow, the coupling, and its first two derivatives can consequently
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be bounded afresh by a fixed polynomial in k,n, 5;5 times u. They do not accumulate with the
number of local steps. No long original rational coefficient is used in subsequent solves.

For initialization, the cap and feasibility-repair argument in Section 4.8 controls coefficient
errors before recovering the true optimizer. For local tracking, short-cache evaluations are inexact
Newton steps for the true KKT system. The forcing for a predictor is evaluated and solved to
a sufficiently small inverse-polynomial error, so its product with the mesh length is below a fixed
fraction of the Newton margin. The finitely many derivative formulas involved have polynomial
perturbation bounds.

The initial coordinate rounding costs only the e.ouna/2 allowance already reserved in the ini-
tialization argument. It is what permits the nonlinear phase to forget the original partial-signing
denominators.

Accuracy margins and tracking error. The weights satisfy w; > «/4, and all derivative
bounds and matrix condition numbers are polynomial in k, n for the fixed cubic predictor. The gra-
dient and curvature tests in Lemma 4.4 and the Newton radius therefore have inverse-polynomial
margins. The accepted decreases are bounded separately in each application. Choose the cache,
derivative, jet, and coordinate-grid accuracies below a fixed fraction of these margins. The po-
tential and KKT perturbation bounds validate comparisons for the exact model. Inexact Newton
corrections contract errors to their specified floor at every stage, including initialization.

For endpoint scores use error at most d, and trigger if an approximation to ¢G;v; — (1 — y;) or
tBiu; — (1 +y;) is at least —J. If neither triggers, the exact state is light. A triggered move needs
a feasibility repair at most 20|/C;||; choose ¢ smaller than a fixed fraction of min{végz(/imo, pd3 4}
The reservoir pays for the repair, and the regular endpoint decrease in Lemma 4.8 retains a fixed
fraction of its margin. Local trial coordinates are evaluated as y + ¢r from the original dyadic base,
without accumulating intermediate coordinate errors. At acceptance, round once and correct the
optimizer again. Fixed-order powers and budget derivatives have polylogarithmic evaluation cost:
the fixed algebraic power (1 — y2)97/ 200 i3 computed by rational bisection.

Deferred rounding. For the recorded matrices, choose the fixed cache exponent large enough
that 2ku < €.unq/64 and 2ku-+ku? < 1. The cache then satisfies all approximation hypotheses used
in the proof of Lemma 4.3. Its heavy/small split and nearest-sign decisions are exact comparisons
of short rational numbers. The recorded dyadic coefficients remain exact throughout this final
rounding.

For the small matrices, the exact signed prefix and the two remaining logarithmic moment
sums give Hermitian exponential arguments of norm at most M := 4L, + 4 in every candidate.
Nonzero cache traces are bounded below by 2-©(08(2kn)) - The scalar exponentials and logarithms in
Lemma 4.3 therefore need only O(log(2kn)) accuracy bits, including the division by a nonzero trace.
Their convergent series provide certified truncation tails. For a matrix argument H, evaluate its
exponential by the factorial recurrence Ty := I, Tj := Tj_1 H/j, summing through J = O(log(2kn)).
The exact term and partial-sum norms are at most e, which is polynomial in n. An additive
recurrence error at order i is propagated by factors of norm at most M7=%!/j! < eM. Thus
ordinary rounded multiplication at inverse-polynomial entry accuracy, together with the Taylor
tail, certifies the trace to additive error 1/(64 max{1,k}).

Maintain the prefix and remaining sums on a common dyadic grid. There are at most k
additions or subtractions to each sum, so their errors are at most k£ times the local entry error,
with the matrix dimension factor included. The trace-exponential Lipschitz bound ne™*! converts
these argument errors into a polynomially bounded evaluation error. Taking a sufficiently large fixed
multiple of log(2kn) working bits keeps the full two-trace estimator error below 1/(8 max{1,k}) at
every decision. Choose the smaller computed estimator. Lemma 4.3 then bounds the accumulated
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comparison increase by 1/4 and the discrepancy, including cache error, by 21€,ound/128 < €round/2-
Each of the at most k decisions uses a logarithmic number of order-n ordinary matrix products.
Short scalar work and the O(kn?) matrix-sum updates are smaller, proving the O(kn?) bit bound.

Small-trace rounding. Use the dyadic PSD cache with the accuracy required in Lemma 4.18.
Its conditional choice compares tr[EC;] — y; tr[Ci]? with zero. The coefficients and cache entries
share dyadic denominators of O(log(2kn)) bits. Each prefix entry is a sum of at most k& products of
such numbers, and each comparison is a sum of at most n? further products. Their exact numerators
and denominators therefore have O(log(2kn)) bits, with a fixed multiplier. Each comparison and
prefix update uses O(n?) short arithmetic operations, and there are at most k of them. This
proves the O(kn?) bit bound. Since every comparison is exact, the conditional-expectation proof
and the cache-error transfer of Lemma 4.18 apply without an additional loss. Summing over the
geometrically decreasing phase counts gives O(n*) bit operations for all small-trace rounding. [

6.5 Stable matrix products and inverse solves

The arithmetic constructions use products and inverses whose norms and condition numbers have
already been bounded. These bounds determine the required guard precision.

Lemma 6.7 (Stable products and residual-certified inverses). Under the polynomial magnitude
and inverse bounds in Sections 4.8 and 4.11, the required matrix products and inverse solves attain
their prescribed inverse-polynomial errors with O(log(2kn)) working bits. An order-dsys product
or inverse costs 5(d‘:}95) bit operations; in particular, dsys = O(n?) gives cost O(n*0). For the
structured rank-one actions of Lemma 4.7, the coupling, fized-order directional derivatives, endpoint
scores, gradient coordinates, and weights to; attain their prescribed errors in O(nX) bit operations
with the same logarithmic guard precision. Given the dyadic coefficient and PSD-cache data of
Lemma 6.6, the fast deterministic deferred rounding of Lemma 4.9 costs 5(1{:7#“0) bit operations.
The capped randomized rounding of Lemma 5.25 has expected bit cost O(kN? + N“°). Both retain
discrepancy less than .ound/2, and the randomized routine terminates correctly on every random-bit

sequence.

Proof. For the inverse, use A, Z,, F,, L and the exact residual recurrence from Section 4.11. Round
each matrix product and iterate to the common grid. If its induced residual error is at most §, then

HE""aux"FlH S ||E7' H2 + 5

Take ¢ smaller than a fixed fraction of both the square of the initial spectral gap and the target
residual. The same logarithmic iteration bound holds: while the residual is near one, its gap from
one grows by a constant factor; below a fixed constant, the usual squaring convergence applies down
to the error floor. Throughout, ||Z,..|| < [|[A7Y(1 + ||Er,..||) is polynomial. Hence O(log(2kn))
bits per entry suffice for all products. A direct residual computation bounds the final inverse error
by |41/ Er, ]

For order dsys = O(n?), implement the products with the fast multiplication routine below. In-

aux

aux

version and multiplication by the right-hand sides then cost 0) (n?%0) arithmetic and bit operations.
The same procedure handles the order-n primal inverses. The residual and precision arguments
above are unchanged. Approximate linear solves and KKT evaluations give the additive error
asserted after Eq. (96).

Fast products.

For the exponent wy in Eq. (80), stable recursive multiplication with exponent wy is available
by Demmel, Dumitriu, Holtz and Kleinberg [DDHKO07]. We may choose wy := 2.371177 using
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the strict bound of Dupont et al. [DEK"26]. The coarser choice wy := 5/2 already follows from
Coppersmith and Winograd [CW90]. For polynomially bounded matrices and p = O(log(2kn))
requested accuracy bits, their polynomial normwise error bounds require only O(p + log(2kn))
working bits. Thus an order-dsys product costs O(dsys“°) bit operations as well as arithmetic
operations.

Rank-one actions. All factors have polynomial magnitude, including the fixed-order jets.
Choose fixed bilinear recursive algorithms at the strict exponent bounds in Eq. (80). Each has
logarithmic recursion depth and fixed coefficients at each level, so intermediate magnitudes and
normwise error amplification are bounded by a fixed polynomial. Tensoring or permuting these
fixed algorithms preserves that property. A fixed multiple of the logarithmic working precision
therefore attains the prescribed error. This proves the bit bound. Fast deferred rounding. In
the proof of Lemma 6.6, replace ordinary matrix multiplication in the factorial exponential recur-
rence by the fixed fast products just proved. Each argument has norm O(log(2n)); the recurrence
terms, intermediate norms, and error amplification are polynomial. The same logarithmic working
precision and comparison margins therefore suffice for Lemma 4.9. There are O(log(2kn)) products
per candidate and O(k) candidates. Prefix and remaining-sum updates cost O(kn?) bit operations
and preserve the same conditional-estimator errors. This proves the fast deterministic bit bound
with its original discrepancy allowance.

For Lemma 5.25, the recorded coefficients have O(log(2kN)) dyadic bits, so the Bernoulli draws
with probabilities (1+t;)/2 are exact with that many uniform bits. Each attempt forms its cached
residual by O(kN?) common-denominator operations on logarithmic-length entries. Lemma 6.5
implements the norm certificate in O(N“?) bit operations, including on a failed sample. Its ac-
ceptance and completeness thresholds are precisely those used in the arithmetic probability proof.
The failure cap has probability at most (2/N)~3°; the fast deterministic fallback costs O(kN“°).
The same expectation calculation therefore proves the randomized bit bound, finite termination,
and the strict discrepancy allowance. O

The initializer must preserve feasibility and the Newton decrement at every accepted stage. We
apply the same residual-certified linear algebra to its capped barrier path.

Lemma 6.8 (Finite-precision capped initialization). Assume the bounds on inverse slacks, Hessian
conditioning, and centers in Section 4.8. Its initializer attains the requested objective accuracy with
O(log(2nk/eonj)) working bits. It preserves the feasibility and decrement margins within the same
stage count. Its bit cost is the corresponding arithmetic cost up to logarithmic factors.

Proof. Use the inverse-slack bounds and barrier from Section 4.8, and Lemma 6.7 for the numerical
solves. The Hessian is a sum of products of these inverses and coefficient maps, so its norm is
polynomial. Its inverse norm is polynomial by Eq. (111). All coordinates, gradients, Newton
directions, and objective parameters have polynomial magnitude. Consequently O(log(2nk/eqp;))
accuracy and magnitude bits suffice to preserve feasibility and the decrement slack at every stage.
Rounded Newton corrections need not accumulate errors: the decrement invariant is re-established
after each step.

This also gives a constructive implementation: compute inverse slacks and the initial Newton-
system inverse by short-precision Newton—Schulz iteration, with residual-based error bounds and
safe polynomial norm/condition bounds. Recompute the Newton-system inverse at each subsequent
stage. Stable fast multiplication supplies the required inverse-polynomial product accuracy with
logarithmic guard precision. Determinants need not be evaluated by the algorithm; the barrier
gradient and Hessian use only inverses and traces. Approximate bopj, and every oracle to a suffi-
ciently small inverse-polynomial floor. The exact-center and Dikin arguments in Section 4.8 ensure
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that the prescribed floor works at every stage, without assuming a priori precision at unvisited
centers. n

6.6 Smoothed root evaluations and matrix functions

At a corrected smoothed root, residual bounds suffice to evaluate the matrix functions used by the
algorithm. The spectral implementation below uses their established spectral ranges.

Lemma 6.9 (Matrix functions and corrected smoothed states). Assume the geometric bounds of
Section 4.13 and the state invariant of Section 5.8. The required order-n matrix logarithms, square
roots and their inverses, Lyapunov solves, and entropy covariance actions attain the prescribed
errors with O(log(2kn)) working bits. An order-n spectral decomposition, certified by its residual,
costs 6(n3) bit operations. If inverse and structured actions meet their error bounds, rounded New-
ton corrections preserve the state invariant and provide the required value, endpoint, and residual
enclosures.

Proof. The input conversion and grouped partial signing use their proved accuracy and additive Ly,
accounting. After that phase, the true model uses its retained matrices; numerical computations
use PSD rank-one approximations. The fixed contribution is stored symbolically as a combination
of the initial £ matrices with coefficients of absolute value at most two. Its matrix error, all coupling
errors, and their derivative errors are bounded afresh by a fixed polynomial times the chosen cache
error, independently of the number of steps or resets.

Use p = C'log(2kn) accuracy bits in the nonlinear cache for a sufficiently large fixed constant
C. Choose C' to cover the prescribed inverse-polynomial action errors and the scalar and matrix-
product guard bits. The input conversion is not rerun on the original L;,-bit data at each stage.
Retained normalized rational inputs can be approximated to the new accuracy in the same one-
time cache construction; magnitudes and nonzero scale lower bounds are polynomial in the input
parameters. A common trace/variance scalar is also approximated only once.

Lemma 4.12 supplies the residual-based spectral construction, matrix-function perturbation
bounds, and corrected-state invariant in the arithmetic model. Its Jacobi routine uses O(n?)
rotations and O(n) work per rotation. All magnitudes and error amplification factors are polynomial
in n, k. The norm-one rotations accumulate similarity and orthogonality errors only polynomially.
Thus the chosen O(log(2kn)) accuracy and guard bits preserve the spectral residual tests and give
O(n?) bit operations per decomposition. The same accuracy covers scalar powers, logarithmic
means, shifted exponentials, and the rational real/imaginary Hermitian coordinates.

Rounded anchored refinement satisfies the contraction-plus-additive-error recurrence proved in
Lemma 4.12. At a curvature filter, use its explicit second-kind recurrence bound instead. Neither
estimate multiplies per-stage condition numbers over the signing trajectory. Choosing the cache
floor below fixed fractions of the root, endpoint, and potential-decrease margins preserves all com-
parisons, including the true-versus-cached residual errors. The one-time input conversion is the
only step charged to Liy,. O

6.7 Deterministic conditional choices and response blocks

The deterministic choices use conditional estimators with polynomially bounded values and deriva-
tives. This supplies a common finite-precision implementation for the scalar and grouped choices.

Lemma 6.10 (Certified deterministic conditional choices). The scalar conditional choices in Sec-
tion 4.20 take O(k?) bit operations. Certified evaluation within their comparison margins uses
O(log(2kn)) working bits. For the grouped algorithm of Lemma 4.19, assume the input entries
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share a common rational denominator and their numerators and denominator have O(log(2mD /7))
bits. It returns at most 2D fractional coordinates and residual at most n using 5(mD + D“0) bit
operations and O(log(2mD /n)) working bits per entry, including temporary operands. In both cases
the accepted choices preserve the conditional-estimator guarantee, including when the two candidate
values nearly tie.

Proof. Use the filter F', coefficients Ay, m,, and conditional estimator from Section 4.20. For the
scalar choices, if v is the sum of the fixed columns with their chosen signs and J indexes the
remaining columns, then

E[|FEN? | o] = [[oll* + Y IIF]%,  Elcosh((F€)s) | v] = cosh(vs) [ ] cosh(Fy).
jeJ jeJ

Maintain v and these products; each candidate decision requires O(k) scalar operations. There
is no large-exponent precision cost: the maintained conditional value of ® is positive, while the
conditional quadratic expectation is at most 4k. Thus cosh(v;) < 4k/Af. A trial adds at most two
to |v;|, and the remaining products are between one and eight. All numbers and derivatives used
in a comparison are therefore polynomially bounded. Certified scalar Taylor approximations with
logarithmic precision suffice, including when the two choices nearly tie.

Grouped deterministic directions. In Lemma 4.19, the conditional estimator uses the short
matrix V. At every chosen prefix their value stays positive, whereas the conditional quadratic term
is at most |V|>r < 2r. Hence each conditional hyperbolic cosine is at most 200r. At either next
candidate it increases by at most a fixed factor, since |Vj;| < 65/64. The remaining products
are bounded by e(6%/ 64%/2 < 2 All arguments are O(logr) and all intermediate magnitudes are
polynomial. Taylor evaluation and outward error bounds consequently need only O(log(2D/¢))
bits, with the inherited short-data factors. The divisions removing a factor cosh(V;;) > 1 are
stable.

The small reduction in Lemma 4.19 has 61 < Js < (0 + 4r)] and uses the same ridge and
direction tolerances as Lemma 6.4. That lemma computes a residual-certified inverse with O(pc +
py + log(2D/¢) + log(27,)) working bits. Form and symmetrize I — BT RB, then round it to the
direction grid. Polynomially smaller intermediate errors ensure ||V — Ils|| < v/+/r, including this
final rounding, in O(D“?) bit operations. The conditional comparisons proved here cost only O(D?)
per direction. The vector V¢ and its norm and maximum-entry tests are computed exactly from
its dyadic entries.

For the derivative sign, each summand 2xz;v;/[H (1 + |z;|)] has bounded magnitude and denom-
inator 1 + |z € [1,2). Approximate each summand to error 1/(512H?) on one common dyadic
grid and sum exactly. This gives [§ — g| < r/(512H?) in O(r) bit operations. Choosing its sign is
the permitted inexact rule in Lemma 4.19. Compute the rational step from the short dyadic data,
round toward zero, and freeze endpoints by exact comparisons. These operations use a fixed mul-
tiple of the same working precision. Thus the deterministic progress, cube, and residual estimates
of that lemma hold in fewer than T} steps, and a complete small call costs O(D“?) bit operations.

For the full tree, exact node sums retain the common denominator; adding at most m numerators
adds only O(log(2m)) bits. Division by Mgy, adds the same order of denominator bits. The
common-grid argument in Lemma 4.19 and ¢ = 1/ (Mgrp Riree) give po+py+1log(2D /e)+log(21) =
O(log(2mD/n)) uniformly at every level. Node-sum construction and the final leaf traversal cost
O(mD) bit operations. The logarithmically many small calls give the claimed total, with exactly the
residual and fractional-count guarantees of the arithmetic algorithm. For the matrix application,
Lemma 6.1 charges the original binary input length once in the input conversion. O
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All response columns at one corrected root use the same spectral operators. Their simultaneous
approximation can therefore be controlled in Frobenius norm.

Lemma 6.11 (Precision for block responses). Under the hypotheses of Lemma /.20, use the
logarithmic-length cache and corrected-root data of Lemmas 6.6 and 6.9. The Hessian and response
blocks and their filter compositions attain the prescribed inverse-polynomial operator tolerances with
O(log(2kn)) working bits per entry, including temporary operands. The matriz conditional com-
parisons attain their reserved additive accuracies and return a direction satisfying Eq. (199). The
total bit cost is the arithmetic bound in Lemma 4.20, up to logarithmic factors.

Proof. The spectral constructions of Lemma 6.9 apply to the polynomial spectral bounds in Lemma 4.20.
They compute all order-n decompositions in O(n?) bit operations. Use the same approximate
spectral operators for all columns. The energy preconditioning bounds give polynomial similarity
condition numbers. The normalized Chebyshev recurrence has polynomial error amplification: the
scalar propagation ratios are at most one, and a second-kind polynomial of degree j on the precon-
ditioned spectral interval has norm at most a polynomial similarity factor times j + 1. The same
bound applies to a matrix of right-hand sides in Frobenius norm. Demand a polynomially smaller
per-column error, so the sum of squared column errors is below the prescribed squared operator
tolerance. This changes only logarithmic precision and iteration factors. No eigengap is needed,
and no order-n? dense inverse is formed.

All block products and relative congruences use Lemma 6.7; splitting the long dimension into k-
sized blocks preserves the arithmetic counts in Lemma 4.20. Summing their errors over polynomially
many blocks changes only the fixed guard factor.

For the deterministic filter, use its finite resolvent expansion from Section 4.20. Each shifted
inverse is polynomially conditioned, every resolvent power is contractive, and the sums of absolute
scalar coefficient terms are polynomial. Lemma 6.7 and common-grid scalar evaluation therefore
give inverse-polynomial filter error with O(log(2kn)) working bits in O(k“9) bit operations. Tighten
this error by the polynomial norms of the response maps before composition; the stated operator
tolerances and filter guards are then preserved.

Forming the variance matrices costs O(kn“?) bit operations. At an accepted conditional prefix
and either next candidate, all matrix exponential arguments have norm O(logn). The factorial
recurrence and additive-error accounting in Lemma 6.6 apply, with fast products from Lemma 6.7
in place of ordinary products. The polynomial estimator weights require only a fixed increase of
the logarithmic precision. Each candidate is enclosed to a small fixed fraction of its per-choice
allowance, so at most k comparisons consume the reserved total slack, even in a near tie. The
scalar terms use Lemma 6.10. The matrix choices cost O(kn“?) bit operations and their scalar
terms cost 5(k2) Together with the spectral setup and response solves, these costs give the bound
in Lemma 4.20 in the bit model. O

6.8 Finite sampling

We realize the feature distribution using finitely many fair bits. A coupling to the ideal samples
quantifies the effect on the feature covariance.

Lemma 6.12 (Finite feature sampling). Under the hypotheses and sample count s of Lemma 5.3, its
feature sampler has a finite implementation using dyadic uniforms with b = O(log(2kn)) bits, with
a sufficiently large fized multiplier. It can be coupled to the ideal sampler so that, except on an event
of probability at most 1/100, the feature covariance changes by operator norm at most /16. On the
intersection with the ideal feature event, the represented features satisfy the two-sided bound with
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slack 1/2,2. FEvery finite sample has polynomially bounded magnitude, including samples outside
that event. The sampler and its matriz-function evaluations use logarithmic working precision. The
restricted feature actions, sample preparation, and terminal factor, Gram, and inverse construction
in Lemma 5.7 have their stated arithmetic costs also in bit operations, up to logarithmic factors,
with the same fized represented feature matriz.

Proof. For the finite sampler use midpoints of dyadic uniform intervals for ¢ and the Box—Muller
uniforms. Pair independent real normals into circular complex normals. Couple these finite samples
to ideal samples using the same uniform intervals. Except on an event of probability 1/100, every
radial uniform is at least (100ns)~* and every normal is at most C'y/log(2ns). On this event all
sampling errors are a fixed polynomial times the scalar grid error. The eigenvalues of Q lie in an
inverse-polynomial interval, and ¢ € [0, 1]; the Frobenius divided-difference bounds for QY2 as well
as its t derivative, are polynomial uniformly in ¢. A gap-free order-n diagonalization and certified
scalar powers therefore approximate all rp, v, to any fixed inverse-polynomial accuracy, without
identifying individual eigenvectors at repeated eigenvalues. The normalization constants can also
be replaced by short dyadics at this accuracy.

Store these vectors and constants, and define the represented features by the exact rank-two
and centering formulas using the same short Q, F},G. The feature perturbation and hence the
perturbation of V'V /s are as small as prescribed, since all factors have polynomial magnitude.
Choose them to give operator error at most 1/16. The finite version of the two-sided bound, with
slack 1/2,2, follows. Every finite Box—Muller output is bounded by CVb if b bits are used, even
on the excluded event. Thus all represented features have known polynomial magnitude for every
sample. Taking b a sufficiently large fixed multiple of log(2kn), with the polylogarithmic factors
already displayed, suffices. There is no exact-real or unbounded rejection-sampling oracle.

For the actions of Lemma 5.7, use the stable products of Lemma 6.7 with the same rectangular
shapes and their tensor permutations. The order-n spectral data are prepared once by Lemma, 6.9.
Fixed recursive products have polynomial intermediate magnitudes and normwise error amplifi-
cation. Taking the scalar roundoff inverse polynomially smaller attains every action tolerance at
logarithmic precision. The terminal factor and the implicit products use the same stored rank-two
factors and exact centering definition, including repeated indices. Their errors are additive errors
relative to that one matrix. Its ridge supplies the positive lower bound for the residual-certified
terminal inverse. These operations preserve the real/complex adjoint formulas and give all the bit
costs stated for restricted actions and terminal setup. O

6.9 Uniform precision for nested solves

The recursion in Lemma 5.8 increases the number of calls. Residual correction allows every level
to use the same accuracy target.

Lemma 6.13 (Depth-independent precision for nested solves). Use the parameters and frozen
feature and index data of Lemma 5.8, with 2 < h < #? and # = 1+logy N. There are fized
constants By, Dy, independent of the depth and sketch sizes, with the following properties. On the
stmultaneous good sampling event, each completed recursive solve, with matriz K and right-hand
stde b, returns v satisfying

lv =K~ <gllpll,  n=N"",

and the shifted solves attain their prescribed errors. All numerical entries use at most Do ¢ accu-
racy and magnitude bits. The finite conditional index events have joint probability at least 99/100
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given the feature event, and the original verified curvature trial retains conditional success proba-
bility at least 1/24. All samples obey prescribed iteration and magnitude caps; the arithmetic call
recurrence in Lemma 5.8 therefore also gives its bit bound with the stated logarithmic overhead.

Proof. Freeze one short root, its consistently defined symmetric Hessian surrogate, all finite feature
factors, and all index lists. No action changes these objects. The invariant in Eq. (224) is algebraic
and holds for any depth. Store each coefficient from its closed formula ¢; = l_qu /(1qidje;) rather
than by accumulating rounded products of previous coefficients. All sizes are integers and p is a
fixed short rational, so these positive coefficients have uniformly O(log N) encoding lengths. On
every finite sample the feature entries have magnitude at most N, for a fixed Cp, since h < B 2
makes the moment order and the finite-sampling word lengths O(_#). Consequently, at every level,

1< dmin(KG), G < 1+ 1dje; max Vo [ < N
a7

Similarly Amin(W;) > A; > 1 and ||W;|| < N¢. The factors in their Woodbury formulas, their
positive scales and inverse scales, and all individual operator norms are bounded by N¢2. These
exponents do not grow with depth: ¢;d;je; < 2q;/dy telescopes exactly, rather than accumulating a
new condition factor at every level. Sample-list sizes are at most N2 7 Cs_ with a fixed exponent;
indices may be composed once into lists of original coordinates and sample columns.

The proofs of the simultaneous entry and covariance event and of uniform ridge sampling now
use p = [1281ogy(2kNlq(h+1))]. For h < _#2 thisis still O(_#). The same moment and finite-grid
bounds dominate the polynomial factors in all dimensions. Each conditional index-sampling failure
is at most 1/(1000(h + 1)); unioning them and the finite rejection-cap failure leaves probability at
least 99/100, conditionally on the feature event. Thus these probability bounds are uniform in the
present range of depths.

On the simultaneous good event the preconditioned systems are similar to symmetric positive
matrices in their prescribed slack intervals, through transformations whose condition numbers are
at most N“. In Eq. (234), |T;| < 1 on [~1,1] and T}j(¢) > 1. Therefore each exact normalized
iterate has norm at most N5 ||b||, independently of the requested accuracy and the iteration count.
Normalize every right-hand side by a dyadic scalar before a recursive call, then restore that scale.
This avoids propagating large right-hand sides as unbounded intermediate integers.

Here is an explicit error bound for the normalized recurrence. A vector update error e; con-
tributes at a later index J the term

Ti(o)

T(o)

(up to the first-step convention). The scalar ratio is at most one and ||A;_;(D)|| < N¢(J —i+1).
Thus the total vector error is at most N¢4(J + 1)2max; |e;||. Errors in the clipped scalar ratios
accumulate at most linearly, since their update is nonexpansive on [0, 1]. Their contribution, and
the contributions of action and coefficient errors, are bounded by a fixed polynomial in N, J times
the scalar unit and the right-hand-side norm.

We use residual correction to keep the accuracy request independent of depth. Fix 1 := N—5o,
with a sufficiently large constant By chosen below. Every completed recursive solve is required to
return v with |Jo — K=1b|| < n||b||. Normalize each right-hand side by a dyadic scalar within its
own call; restore that scalar when returning, without multiplying scales along the recursion tree.
A zero right-hand side returns zero.

First construct a coarse solve S;(b) at each level. Run the normalized Chebyshev recurrence
for O(y/B/alog N) steps, using completed child solves to accuracy 7 relative to their right-hand
sides. On the good event, all condition, similarity, Woodbury, and recurrence factors are bounded

Aj_i(D)Ei
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by N for a fixed Cg independent of h and the level. The preceding error convolution therefore
bounds the effect of child errors by N©n||b||, for one fixed Cy. Local arithmetic errors have the
same bound with the scalar unit « in place of 7. The exact recurrence error can be made smaller
than N~¢173||b|| by its fixed logarithmic multiplier. Choose By > Cy + C; + 10 and u sufficiently
smaller than 7. Since ||[K~1b|| > N~C1||b||, these choices give

15;(b) = K=o < gl

This assertion needs only the same completed-child accuracy 7, not a more accurate child when
the parent requests a smaller residual.
Starting at vg := 0, compute fresh residuals and corrections,

rp:=b— Kuy, Vg1 = Vg + Sj(fr’g),

rounding each operation. Exact residuals would contract solution error by a factor at most 1/4.
With residual and arithmetic errors, all iterates stay polynomially bounded and

loger = K10 < Fllve = K10l + N oullp]

where Cig is uniform in depth. The same estimates follow inductively for rounded iterates.
Choose u < nN~¢10=¢1710 and a fixed O(log N) correction cap. Then the solution error is below
n||b]|/(4NC1); a direct residual enclosure certifies the requested n||b|| solution error, using K > I.
Stopping and scaling tests use the same polynomial margins. The terminal inverse supplies the
induction base. Induction from the leaf now proves the same output accuracy at every level, with
O(log N) accuracy and magnitude bits throughout. The number of levels changes the number of
calls but not their accuracy exponents. The shifted system is handled identically using B = RI.

The terminal Gram and all materialized actions have inverse-polynomial error, and the explicit
ridge and Gram forms supply the positivity bounds. No intermediate spectral decomposition is
charged implicitly. Root and feature matrix functions approximate the same frozen data; their
logarithmic precision is included in u. The bounded outer filter requires only inverse-polynomial
action errors by its array contraction bound. Choose By also large enough for these final norm and
quotient margins. Structured rational real/imaginary coordinates and their fixed Gram weights
add only polynomial condition factors.

Prescribe the common logarithmic precision, all iteration lengths, and a polynomial magnitude
cap N1 in advance. Normalize recursive right-hand sides as above and reject on any violated cap,
required residual or positivity enclosure, or failed final quotient. Even off the sampling event, every
operation and loop has these caps. On the good event the induction proves that no accuracy test
removes the successful independent sign-overlap event. The conditional success probability remains
at least 1/24. O

6.10 Certified spectral filters

The normalized-squaring witness is evaluated on symmetric matrices at every step. Its error can
be bounded by propagating each local perturbation through the remaining exact powers.

Lemma 6.14 (Stable normalized squaring). Use the normalized-squaring sequence of Section 4.11,
with ¢ = 2" and matrices of order k; write D; and ﬁj for the exact and computed iterates. If the
initial error and every local normalized-squaring error are at most n < 1/2, with symmetrization
after each product, then R

|Dr — Drllp < 8q\/E77.
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For the prescribed polynomially bounded q, inverse-polynomial local errors preserve a computed
Rayleigh quotient at most —/4 and certify negative curvature for the true potential. The complete
witness computation uses O(log(2kn)) working bits and O(n*%°) bit operations.

Proof. For a nonzero symmetric matrix X and an integer s > 1, define N;(X) := X*/| X*|F.
The product rule gives |D(X*)[E]||r < s|X|*7Y|E|/F for symmetric E. Since || X*||r > || X%,

differentiating the normalization gives

Vk
DN, (X)E|lp < —Ellp < -2 E| 5.

Consequently, on a segment within Frobenius distance 1/2 of a symmetric matrix of unit Frobenius
norm, N is 2sv/k-Lipschitz. Also, Ny’ = Ny, for j > 1.

Symmetrize after each product. Let ﬁj be the computed iterates, with initial error and local
errors bounded by n < 1/2:

HDO - DpoonF <, HD]'+1 _N2(Dj)||F <n.

Each computed iterate has Frobenius norm between 1—n and 1+47. Insert these errors one at a time
and propagate each through the remaining exact normalized squarings. The remaining powers are
q,q/2,...,2; the final local error is unchanged. The preceding Lipschitz bound and this geometric
sum give R

[ D — DpowrauxHF < SQ\/EU-

Choose an inverse-polynomial accuracy 0 < ¢ < §/(100L) and define 1 := €/(8¢vk). Since q
is polynomially bounded in k,n, this local accuracy is inverse polynomial as well. Moreover,
||1A)]2|| r > (1 —=1)?2/Vk > 1/(4Vk). Thus all normalizations are polynomially conditioned. The
stable fast products above, Frobenius norms, and scalar square roots achieve the required local
errors with O(log(2kn)) working bits per entry and polylogarithmic overhead. The final trace
changes by at most L(24¢€)e, leaving a fixed fraction of its negative margin. Compute column norms
and quadratic forms with conservative margins, discarding only columns below comparable inverse-
polynomial thresholds. The trace and retained-column bounds then still supply a witness with
Rayleigh quotient at most —/4. Finally normalize that column and check its Rayleigh quotient
against the computed Hessian directly. The Hessian approximation margin transfers this negative
curvature to the true potential. The complete filter has arithmetic and bit cost O(n¥). O

Variance scaling. The trace-power enclosure in Section 4.3 also has a short-precision implemen-
tation. Write £pow = 27 and My = Y. A? after trace normalization, so 1/(mn) < ||Ma|| < 1. Form
M> using the rank-one formula and a common dyadic accumulator. For the powers, use the exact
reference quantities

Dy == My /|| Mz|lp,  So:= [ Mz,
Dji1 = D3/|D3|p,  Sjeni= S5 DA
Then D; = MZ /| MZ || and S; = | MZ||4* | whence
tr[ My ow — G, (te[D,])1/ ow.

All reference matrices are PSD. Hence ||DJ2||F >1/y/n, 1 < tr[D,] < y/n, and 1/(mn) < S; < 1.
The normalized-power error estimate just proved, which also holds for Hermitian matrices, applies
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with power at most ;0w and bounds matrix error amplification by a polynomial in m,n, f,ow. The
scalar roots and the S; updates have polynomial perturbation bounds on these ranges. Bisection
with outward error bounds evaluates these roots; its power comparisons use rounded repeated
squaring. There are only O(log ¢0w) updates. Thus a sufficiently large fixed multiple of log(2mn)
accuracy and guard bits encloses the positive square root of the displayed trace-power expression to
absolute error at most egcale/(32mn). Choose its upper endpoint as ¢q. The slack in the trace-power
bound then gives | M| < ¢® < (1 + egcale)||Ma]||. Stable products, the accumulators, and these
scalar evaluations use O(log(2mn))-bit operands and O(mn? + n?) bit operations.

The outer filters use a fixed self-adjoint contraction throughout their evaluation. The following
array estimate controls additive action and rounding errors.

Lemma 6.15 (Stability of the de Casteljau array). Let 0 = T = I be fized, and evaluate a degree-dy
de Casteljau array by the updates (a,b) — (I—T)a+Tb. Each level is a contraction in the Euclidean
norm of the concatenated array. If every vector update has error at most n, the final output error
is at most dyy/dy + 1n. Consequently the bounded polynomial arrays used in Sections 5.2 and 5.5
attain their prescribed inverse-polynomial errors with O(log(2kn)) working bits.

Proof. For any vectors a, b,
(I = T)a+Tb||> < (a, (I —T)a) + (b, Thb).

Summing over adjacent pairs proves that each level is a contraction in the Euclidean norm of the
concatenated vector array. An error of norm at most 7 in each vector update therefore causes
final error at most dy/dy + 17. Every exact intermediate vector has norm at most Vk. All inverse
actions approximate the same frozen T, so their errors enter as these additive update errors. Inverse-
polynomial action and rounding errors give inverse-polynomial output error. The O(d?c) actions
change only logarithmic factors in the cost, and all vector entries use O(log(2kn)) bits. O

We combine the finite sampler and nested solves with the array estimate to implement the
spread-filter certificate.
Lemma 6.16 (Certified finite flat-filter trials). Under the hypotheses of Lemma 5.13, one capped
finite trial uses O(log(2kn)) working bits and 5(71’() bit operations, including unsuccessful trials. Its
conditional success probability is at least 1/64. Every accepted direction is normalized and satisfies
both true curvature and spread inequalities in that lemma; all other samples obey the same finite
work and magnitude caps.

Proof. For Lemma 5.13, use the de Casteljau array in Eq. (248), with degree dy and fixed operator
T. Each exact intermediate is a polynomial between zero and one on [0, 1], applied to &, so its norm
is at most vk. Lemma 6.15 applies: if each vector update has error at most 7, the final error is at
most dyy/dy + 1. Choose inverse-polynomial action and scalar errors below the normalization and
quotient margins divided by this factor. Thus O(log(2kn)) working bits suffice, with a polynomial
magnitude cap.

Freeze one symmetric surrogate, its exact matrix-function definitions, all feature factors and in-
dex lists during this computation. Every inexact application approximates the same 7. Lemma 6.13
supplies these inverse-action errors with the same logarithmic precision. Its residual corrections add
only fixed logarithmic factors at each level; choose its fixed overhead integer D before the integer
sketch schedule. No recursion depth is hidden as a constant. The feature and conditional index
events retain probability at least (4/5)(99/100); the independent sign event has probability greater
than 1/16. After numerical slack their product is still greater than 1/64.
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Reject a candidate unless a lower enclosure for its norm is at least \/mk/8 and both inequalities
in Eq. (245) are certified for the true model. The norm threshold has an inverse-polylogarithmic
lower bound, so normalization is conditioned. The true weight and Hessian enclosures absorb the
surrogate discrepancy and the final grid errors. On the good events none of these tests rejects the
ideal estimates with their slack. On every other sample, all lists, loops, precisions and magnitude
checks retain their fixed caps. Thus neither failed sketches nor failed sign trials introduce unbounded
work. No negative eigenspace or individual eigenvector is computed by this routine. O

6.11 Phases, sweeps, and endpoint continuation

The remaining implementation issue is compatibility across accepted moves and changes of face.
The phase parameters and corrected-state margins provide a common precision for these transitions.

Lemma 6.17 (Certified sweeps and face continuation). Assume the corrected-state invariant and
the phase, sweep, and endpoint hypotheses in Sections 5.5 and 5.7. The reservoir phases, frozen-root
sweeps, deferred attenuation, and regqular endpoint homotopies admit finite-precision implementa-
tions using O(log(2kn)) working bits. Their accepted moves preserve the true feasibility, decrease,
and discrepancy allowances, and each terminal correction represents the actual resulting face. Finite
trial caps and certified filter success margins are retained. These routines have their arithmetic costs
up to logarithmic factors in the bit model, with the original input length charged only in preprocess-
ing. In particular, the regular endpoints and deferred removals in Lemma 4.13 retain their respective
O(n) and O(k + v'nk) counts. Including initializations, their bit cost is O((k + v'nk +n®/2)nX).

Proof. Endpoint and attenuation stages. For Lemma 4.13, store the attenuation parameter
s on a common dyadic grid and evaluate r = e™* from that parameter. The smallest step and
terminal coefficient are inverse polynomial, and the horizon is O(log(2kn)). A fixed logarithmic
guard precision puts scalar, coefficient, and solve errors below its trigger, energy-arc, and root-
residual margins. Nonnegative numerical slots are retained throughout, and the last correction
refers to the exact new face. Lemmas 6.7, 6.8, and 6.9 give the per-stage bit costs. The arithmetic
charging proof consequently retains its stage counts and total bit bound.

Reservoir phases. Use the phase weights and spread filter of Section 5.5. The exact numerical
Schur surrogate, matrix-function definitions, root data, and weights are frozen within each filter.
True-versus-cache errors include the new phase weight and flat-polynomial accuracy. Lemma 6.13
remains applicable because the new outer degree, bit target and list counts are fixed polylogarithms.
By Lemma 6.16, every successful direction satisfies true, enclosed quotient and spread bounds;
each chosen candidate has true certified decrease. Conservative root, endpoint, value, grid, phase-
weight, and action accuracies are below fixed fractions of the same inverse-polynomial or inverse-
polylogarithmic margins. A root correction restores its cache floor rather than multiplying past
error factors.

All real/complex matrix operations use the same rational Hermitian coordinates and exact
trace-zero projection. No phase choices of input vectors or accurate individual eigenvectors at a
repeated eigenvalue are needed. The rank-defect covariance is solely a proof of spectral multiplicity;
it creates no covariance or SDP oracle. The polynomial filter needs no negative-eigenspace basis.
The existing finite fallback certifies arbitrary curvature when necessary. Its slower progress has been
included in both deterministic caps and expected costs, rather than presuming a spread fallback.

All frozen signed coefficients still refer to the original retained matrices with absolute symbolic
coefficients at most two. Batched attenuation deletes only positive coupling slots and never changes
the recorded fractional signs. The final joint rounding is identical. The one-time input conversion is
not repeated, and original long rational inputs do not enter nonlinear arithmetic. Polylogarithmic
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working precision therefore retains additive Li, in the bit bound and the mn? input term in both
models.

Frozen sweeps and positive continuation. We implement the sweeps and regular endpoint
homotopies of Section 5.7. The implementation never evaluates an exact optimizer during a sweep.
Its frozen scalar data come from a corrected short root, and their certified errors are below fixed
fractions of Iy m?/N . Positive m? > v have known inverse-polynomial lower bounds. Square
roots, arc limits, and all coordinate endpoints have dyadic upper/lower enclosures. The common
grid is chosen once below the smallest of the arc, cutoff, value-decrease and root-radius margins.
All these minima are inverse polynomial up to fixed logarithms. Coefficient and scalar errors are
included in the chord contraction, not multiplied through all sweep updates. A final root and value
correction certifies the true sweep decrease. No eigenvector or curvature oracle is inserted into the
deterministic sweep. R

For regular continuation, store the nonnegative scalar coefficients of A, EZ multiplying the true
retained rank-one matrix; the numerical cache uses the corresponding PSD approximations. Their
errors, including the conservative trigger repair, are chosen below the initial auxiliary residual and
endpoint-drop margins. Coefficient rounding preserves the positive additions. Store s on a common
dyadic grid and evaluate r = e~ from it; do not accumulate rounded multiplicative updates. A
stage uses the joint residual and a certified anchored inverse, all using O(log(2kn)) working bits.
The extra linear penalty introduces no new determinant or SDP solve. The final » = 0 correction
is an optimizer of the actual new face. O

6.12 Short-precision barrier signs

The cube reductions need the progress in Eq. (262), which allows an approximate derivative sign.
Exact comparison of the two barrier values is unnecessary.

Lemma 6.18 (Short-precision derivative sign). Use r, H,z,v and g from Eq. (260). If x and v
have at most b bits per entry, a deterministic procedure computes g with

—~ T
— R —
9-91= 505

using O(b + log(2rH)) bits for every scalar operand, including temporaries. Its cost is 5(7“(1) +
log(2rH))) bit operations and O(r) arithmetic operations. The sign rule preserves the progress,
step caps, and residual bounds of Lemmas 5.16, 4.19, and 5.24.

Proof. Take a common dyadic denominator () = 20 for the represented z; = X; /Q and v; = V;/Q,
with by = O(b). The integer H = 4¢ has O(log H) bits. Each summand is

B 2X;V;
CHQQ+ X))

Choose p := [logy(512H?)] and compute by integer division

gi

22XV ~
a; := , g:=2"">» a;
QG+ 1) 2

Each numerator and denominator contains only a fixed number of short factors and has O(b+ p +
log H) bits. Also [2z;/(1+|z;])| <1 and |v;|/H < 1/4, so |a;| < 2P/4+ 1. The sum is accumulated
exactly as an integer with O(p + log(2r)) bits on this common grid. No product over coordinates
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is formed. Since [27Pa; — g;| < 27P, the stated error bound and costs follow. The displayed floor

means ordinary integer division.
Choose 7 from the sign of g. Then 7g > —r/(512H?) > —(r — D)/(256H?). The curvature
calculation in the proof of Lemma 5.16 and its inward-rounding bound give

(E_L_ 1 )T—D>T‘—D
25 256 81927 H? 16H? "

Thus its original bookkeeping cap and residual budget remain valid. The sign of a direction does
not change its matrix residual or spread tests. The deterministic grouped procedure and the energy-
controlled cube reducer use these same tests and grids, so they have the same conclusion. A near
tie causes only the displayed derivative loss and never requests more precision. O

6.13 Resident batches and count-sensitive solves

The final randomized implementation changes the preprocessing sketch, the matrix-function evalu-
ations, and the sketch sizes. We verify that these changes preserve logarithmic numerical precision
and the arithmetic counts in Section 5.14.

Lemma 6.19 (Precision for streamed factors and rational matrix functions). The construction
in Lemma 5.26 has its stated arithmetic cost also in bit operations, up to logarithmic factors, with
O(log(2mn)) numerical bits. In the nonlinear phase, Lemmas 5.35-5.38 have their stated arithmetic
bounds also as bit costs with O(logn) accuracy and magnitude bits per entry.

Proof. Freeze the group matrix and finite sample. Let L,ux = 2 be a known polynomial bound for
1+D+r+s+T+6+v=+[|Q| +]||B|. If the streamed U error is at most e and the subsequent
Y action error is at most e, then
I = Y] < 2Laees IR — K| < 4L2e.

These estimates include the Gram error and symmetrization. Since K = T'I = I, for e < (2Lau,) !0
the inverse perturbation identity gives

K= (T/2)I, |YE'WT —YK Y| <32L8 e <d/64.
Allocate each column error below e/s and the small inverse error below its explicit polynomial
amplification bound. This preserves the ridge-sketch interval. Lemma 6.5 applies to the same
frozen factors with the new polynomial iteration count J = 5(712/ 3). Tts additive recurrence-error
estimate requires only a larger fixed logarithmic multiplier. Lemma 6.18 implements the scalar
derivative sign rule with the same short precision, including its temporary operands.

For nonlinear matrix functions, the known spectral endpoints and requested inverse-polynomial
error have O(logn) bits. The shifted inverses in Lemma 5.35 use Lemma 6.7. Their normalized
powers have norm at most 1/3, so truncation and arithmetic errors add with polynomial amplifi-
cation over logarithmically many bands and terms. In Lemma 5.36, normalized Taylor terms have
norm at most elZll = nOMW A term error is amplified by at most this factor in later terms. The
ordered covariance expansion and batched different-power recurrence obey the same bound. In
Eq. (310), exact updates are nonexpansive in the current error; errors in their shifted inverses and
products add along the prescribed finite sequence. The iterate norms remain polynomial. Reserve
half the target for truncation or contraction, and half for these explicit arithmetic errors. Stable
recursive products therefore give the claimed bit cost at a fixed O(logn) precision.
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For a possibly non-Hermitian response matrix M, the certificate in Lemma 5.21 extends by
setting Z := M*M/a? and Q := I — Z. If |M| < a/2, then 0 < Z < I/4. Tts logarithmic
binomial series constructs X with a verified enclosure || X*QX — I||p < 1/2 using the same short
products. Conversely this certificate implies @ = 0 by congruence, hence ||[M|| < a. Reserve this
factor-two gap in the six relative-response tests. Thus the non-Hermitian similarities require no
long exact trace powers or spectral decomposition. Every finite evaluation has prescribed iteration
and magnitude caps and rejects on failure of its required enclosure. ]

Lemma 6.20 (Uniform precision for the resident trials). The trial in Lemma 5.39, the resident
masks, and the curved and bulk continuations can be implemented with O(logn) numerical bits per
entry. Their bit costs equal their arithmetic bounds up to the logarithmic factors explicitly allowed
there.

Proof. The four fixed multiplication algorithms in Eq. (226) have logarithmic recursion depth and
fixed coefficients. Their mixed recursions therefore have polynomial intermediate magnitudes and
normwise error amplification, by the proof of Lemma 6.7. Rounding each scalar operation to a
sufficiently fine common dyadic grid gives the stated inverse-polynomial errors with O(logn) bits
for every scalar, including temporary operands.

The proof of Lemma 6.13 extends from terminal size n*3 to n. Its norm, inverse, and coefficient
estimates use the invariant in Eq. (224), positive ridges, and polynomial sizes. None uses the
stronger terminal floor. With h < L2, the moment order and sample words remain O(logn). The
last two equal sizes allow the leaf factor, Gram, and inverse to be materialized at their charged
square-product cost.

Freeze every feature factor and index list. At every level require the same completed-solve
guarantee ||v — K~'b|| < |||, n := n~P0, with fixed Bg. Normalize each right-hand side within its
own call. The normalized Chebyshev error convolution gives a coarse solve S with ||S(b) — K ~1b|| <
|| KX ~1b|| /4 using this same child accuracy. Fresh residual correction v+ := v+ S(b— Kv) then obeys

lo* = K71|| < gllv = K10l + nuljb],

for a fixed C independent of depth and common rounding unit u. The residual is a direct action
of the same frozen operator; it does not call a recursive inverse. Choose u = n~"° with fixed
sufficiently large Dy, and perform the fixed O(logn) correction cap from Lemma 6.13. Induction
from the leaf proves the common 7 interface at all levels. Child accuracy does not grow with depth.
The bounded filter array in Lemma 6.15 then requires only inverse-polynomial inverse-action errors.

The per-level correction factor is included in the fixed D of Eq. (313). Choose Cy = 2000(D+1)
after D. Lemma 5.40 explicitly absorbs the resulting depth overhead; it is not treated as one global
logarithmic factor. Lemma 6.19 supplies the root primitives and norm certificates used in these
calls.

Mask scores, drift coefficients, predictor radii, and certified gains have inverse-polynomial mar-
gins by Lemmas 5.28 and 5.32. Choose one finer common grid for these finitely many margins.
Pending coefficients are stored without alteration and have zero derivatives. Their true coupling
and reservoir remain until bulk attenuation; symbolic coefficients in the fixed contribution keep
their original bounded lengths. Lemma 6.6 bounds cache errors afresh against this true model.
The charged attenuation uses the same positive-submap estimates, root corrections, and final tiny-
slot accuracy as Lemma 6.17. No derivative bound on a pending endpoint is used. Each correction
restores the same root-error floor, and no long original input is read again. Bad trials obey the
prescribed caps; successful sampling events have slack for all the stated enclosures. This proves the
precision and cost claims. O
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6.14 Total bit complexity

The arithmetic analyses determine the number of accepted stages, trials, and fallback calls. We
now charge their finite implementations using the preceding lemmas.

Theorem 6.21 (Bit complexity of the signing algorithms). Let Aj,..., A, € C™*" be rational
Hermitian matrices of rank at most one and total binary length Ly,. The algorithms of Theorems 3.1
and 5.1 admit finite-precision implementations with the same discrepancy and partition guarantees.
The deterministic implementation has bit cost

Tiit < O(Lin + mn? + n*74234), (318)
The zero-error randomized implementation has expected bit cost
E[Thi] < O(Lin + mn? 4 n357374), (319)

The randomized_implementation terminates and returns a correct signing for every random-bit
sequence. Here O suppresses logarithmic factors in m,n, Li,. After input conversion, preprocessing
numerical entries use O(log(2mn)) bits and nonlinear numerical entries use O(log(2n)) bits, with
fixzed multipliers. Lemma 6.18 gives these same bounds for all temporary operands in the barrier
stgn rule; mo multiple-word product over coordinates is required. The preprocessing precision s
O(logn) when m is polynomial in n.

Proof. Input conversion and working precision. Lemma 6.1 charges the original input length
once and gives total input-conversion cost O(Li, 4+ mn?), including materialization. Lemmas 6.2,
6.3, 6.4, and 6.5 implement the preprocessing solves on short data. Lemma 6.18 implements their
derivative sign decisions without long products.

The nonlinear phase has &k = O(n?). Lemmas 6.6, 6.7, 6.8, and 6.9 give logarithmic working
precision for its caches, initialization, and corrected states. Lemma 6.13 makes this bound uniform
in the permitted recursion depth. Taking the largest of the finitely many fixed precision multipliers
supplies all the prescribed tolerances. The input conversion is not repeated in these stages.

Deterministic algorithm. Lemmas 6.10 and 6.11 implement the deterministic grouped re-
duction, conditional choices, and block-response bounds. Lemmas 6.14, 6.15, and 6.17 implement
the required filters, sweeps, and face changes within their reserved errors. These bounds preserve
the arithmetic counts in Section 4.20 up to logarithmic factors. Adding the one-time input cost
proves Eq. (318).

Randomized algorithm. Lemmas 6.12, 6.13, and 6.16 give finite feature samples, certified
solves, and capped trials with the stated conditional success margins. Lemma 6.17 implements the
sweeps and endpoint continuations. Lemmas 6.19 and 6.20 implement the smaller preprocessing
sketch, resident masks, curved trials, and count-sensitive solves with logarithmic numerical preci-
sion. Lemma 6.5 supplies the matrix-norm certificates, and Lemma 6.7 gives the fast deterministic
and randomized final-rounding bit bounds. Every trial has bounded bit cost, so the conditional
fallback charges and expected stage counts in Section 5.14 apply to the finite implementation. To-
gether with the input cost, they prove Eq. (319). The verified tests and deterministic fallbacks
preserve correctness and termination for every random-bit sequence.

All error allowances are those reserved in the arithmetic analysis, so the discrepancy and par-
tition constants are unchanged. O
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AT Usage Disclosure

We used Claude Code Fable 5, ChatGPT Pro 5.6, and Codex Sol 5.6 in preparing this draft. We
used these tools to generate major proof ideas. To improve the running time, we instructed the
tools to draw on ideas from the SDP approach in [HJS*22] and the LP approach in [CLS21]. The
authors have carefully rewritten and verified all proofs. The authors take full responsibility for
their correctness.

A The square-root budget

This section records the bound obtained from the pure square-root budget. In this section only,
define 303

Bsqrt(t) = (1 - t2)1/27 Lty 1= ma
There is no polynomial factor in this budget. The covariance below uses the constant helper
jo = 43/50 and retains one off-diagonal local trace. We reuse the potential regularity and response
identities from Section 3, but give the covariance comparison, scalar certificate, and quantitative
descent bounds for this budget here.

Kir 1= 10_67 N =14 K.

Theorem A.l. For Hermitian matrices Ay, ..., Ay € C"™ of rank at most one, there are signs
o € {£1}™ such that
1) " oiAi]| < 3.4814] Y~ A2
i i

For rational inputs, a deterministic algorithm finds such signs using
Tarith < O(mn? 4 n°°)

arithmetic operations. If A; = a;af, 3., A; = I, and ||a;||* < «, the two sign classes satisfy

1Y " aia; —1/2|| < 17407V, j=1,2.
icl;

For rational matrices a;a;, the partition has the same arithmetic bound. Here 9] suppresses loga-
rithmic factors in m,n.

Proof. Use the budget Bsqrt and t, = 303/100 from Section A.3. For nonzero PSD inputs, write
¢ =13, A?|| and fix p > 0. The continuous matrix potential P attains a minimum on the compact
cube. Among its minimizers, choose one with the fewest active coordinates. An available endpoint
move does not increase P and removes a coordinate, contradicting this choice. Otherwise all active
coordinates are light. The active gradient vanishes and the active Hessian is PSD, contradicting
the strict generator bound in Eq. (332). Thus some minimizer is a vertex, and the scalar feasible

point in Eq. (30) gives
| ZUz‘AiH < 24/ 1xC + 2np.
7

Let p tend to zero and take a vertex that occurs infinitely often. Since 4., < (3.4814)2, this proves
the claimed bound. For general Hermitian rank-one inputs, apply the result to |A;| and absorb
the eigenvalue signs; |A;|> = A? preserves the variance. The deterministic construction and its
arithmetic cost are proved in Section A.4, including the required approximation-error allowances.
Finally A? < «aA; in the isotropic case, and each partition error is half the signed sum. O
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Algorithm 6 implements the square-root construction of Section A.4. It uses the shared pre-
processing of Algorithm 4 and maintains the unsmoothed potential P with modeled sum M (y) :=
F+Zie 7 ¥iC;. The record R stores assigned signs and the input conversion data. Fix egcale 1= 1078
and €round = X = €end := 1079, with the internal input-rounding constant Cir,s 1= 3.4813833. The
constants ki,ke2,a > 0 are sufficiently small as in that section. All optimizer solves, derivative
estimates, and potential comparisons use its ordinary matrix routines at the prescribed accuracies.
Trial optimizers are corrected from the current cache; after a removal, the capped initializer is used
afresh.

A.1 Potential and response notation

Discard zero matrices and absorb the eigenvalue sign of each input. Aft(ir a common scaling, write
the PSD inputs as 4; = a;a}, with >, tr[4;] = 1, and define ¢ := || >, A?||. Throughout the proof
define 8 := Beqrt and ¢ := 1. For p > 0, define the potential
= in b trlU+V
P(y) , Wi btp r[U +V]
subject to U™ + M(y) + Ky, (V) < bl,
Vol — M(y) + Ky (U) <0,

where M (y) ==, y; A; and Ky(D) =1, B(y;)A; DA;. The scalar n = 1+ ry; is distinct from the
coupling map K,. The budget is smooth in the open interval, nonnegative on the closed interval,
and vanishes at both endpoints. Thus the proof of Lemma 3.2 applies to this potential, as do its
KKT identities, endpoint moves, and initial bound

M) <P(y),  P0) <2vi( + 2np.

At the optimizer let W, Z be the dual matrices and write u; := a;Ua;, v; == a;Va;, w; :== a;Waj,
and z; 1= af Za;. A state is light when both inequalities in Eq. (33) hold at every active coordinate.
Define the response scales

pi =14+, qi:=1—1Bui, ¢ = Bipi/ti, di:=~/Bigi/pis Ti = \/Diti/Bi,

and define

- ~ - - 1
Ui = CjUy, v; = dZ"UZ’, w; = C;Ws, Zp = dizi, Pl‘ = .
LBiuiv;

For y; > 0, lightness and —f3//8; = y; /(1 — y?) give p; > 1/(1+y;) > 1/2 and ¢; > 1; for y; < 0 the
roles are exchanged. Also 3; > 1—192, so I'; > ¢ > 2. Consequently the response-space construction

in the proof of Lemma 3.4 applies unchanged. We use its matrices Daux,f, paired orthonormal
vectors e;, f;, response projection I, and energy Q(r). In particular,

Dawe = T'TT, (I -To)(I - T =0,

where Il projects onto the span of the e;. These are the response and coercivity identities; the
numerical curvature bounds for either budget in the main text are not used.

A.2 A covariance correction from the local trace

We now retain both a diagonal and an off-diagonal local trace and control the mixed variation
directly. We use the potential and response notation from Section A.1.
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Algorithm 6 Deterministic square-root signing with discrepancy constant 3.4814
1. procedure SQUAREROOTSIGNING (A1, ..., Ap)
2 Set B(t) + V1 —t2, 1 + 303/100, and p ¢ egcale/n-
3 (C,y,I,F,R) + PREPROCESS(A1, ..., Am; 1077, eround)-
4 if I = @ then
5: Recover and return the original-input signing from R.
6
7
8
9

end if
Set ko < |I| and choose dyadic round/(4vk0) < Gend < €round/ (2vk0).
Set grad < kin 12 /4, t < kon 1 < 6ena/4, and 0 < § < eena/(4ko).
: Set S < {i € I :tr[C;] < x/(2n?)} and record sign 1 for each i € S.
10: Set F <= F+ 3% . .quiCiand I < I\ S.
11: if I # @ then

12: Initialize the optimizer cache for P(y) to the prescribed accuracy by the capped solver.
13: end if

14: while I # @ do

15: SetS<—{i€I: 1—|yi| S(send}.

16: if S # @ then

17: Record sign(y;) for i € S;set F « F+ 3. qyCiand I « I\ S.

18: else

19: Compute u; < tr[C;U], v; + tr[C; V], and B; < B(yi).

20: Enclose the scores t5;v; — (1 — y;) and tS;u; — (1 + y;) to error §.

21: if an approximate score is at least — then

22: Let s € {1, —1} be its endpoint; record s, set F' < F + sC;, and remove i from I.
23: else

24: Compute g with ||[g — VP(y)||cc < Egrad/4; choose j € arg max; |g;|.

25: if |gj| > 2e4raq then

26: Set r < —sign(g;)e;.

27: else

28: Form a symmetric approximation to the ordinary Hessian.

29: Find 7 with ||r|l2 < 1 and certified 7" V2P (y)r < —egraa/4.

30: end if

31: Round y+tr and y—tr inward to the prescribed grid; correct both trial optimizers.
32: Accept a trial with certified decrease at least an™"°; update y and its cache.

33: continue.

34: end if

35: end if

36: if I # @ then

37 Reinitialize the optimizer cache for the reduced face to the prescribed accuracy.

38: end if

39: end while

40: Recover the original-input signs from R and return o.

41: end procedure

Define D; := w;w; +v0;z; and pyat,; := (u;2; +0;w;)/D;. The paired basis gives the exact identities

<€i7 T\el> = _prati/l—‘iv <f17 j—\‘fl> = prati/ri' (320)
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Indeed, %;; = Lﬂ% and ¥j; = w”f. Substitution into the paired basis proves Eq. (320). Also
Di(1 = prag;) = (w0 — v3)(w; — %), 0P = 1i(w; — %).
Define /T — T
ViV 2 — Ui/ Wy = - ~ -1
IRES , L; .= v/ uv;(u; — v;), 0; =17,
o (-2 MR AL LA A

The additional off-diagonal identity is

5z(ﬁz — %)UZ ~

(fi,Te;) = L + D, (w; — Zi). (321)

To verify it, direct substitution gives
(fi,Tei) = L;
and the factorization
(wi + vi) Vwizi — Dy = (Wi — Z)vi Vv,
proves Eq. (321). Both trace deviations are explicit gradient terms, including when that gradient

coordinate is zero.
Let n:= 1 4 K¢y, with kt, specified in Section A.3, and define the mixed coefficient and target

. _an
;= ! iy A = 9i , k: = M
wmsme MmN
We give the local scalar construction before stating the covariance comparison. Suppress the index,
define 0 := 1/T', and define jy := 43/50. Define

A%

i= Fi=jo* +2jo = j, B :=2jo—j—0d(1+2),
FAL
u:=B+0F— ———,
2k(1 + jo)
. . 1 (F—B)j
= 6(jo” +26jo + 0) + —[B+ —-],
F J
=2u+0F - —(1—- ———).
: P T
The scalar certificate below proves
F>0, B>0, u>0, 3>0, u?®—Fq>0. (322)
Define the resulting positive weights
Aa,
« = F/u, dy := T'jo, = =,
a / Jo r 2%(1 + Jo)
2 2 F3 -1
PARES Za*—a*(l/k—é)—i—ér*zﬁ, We := 2z, wy :=06/F,
hy = 204w, Py 1= 2T We, Jx = 2dswy.

These helper scalars are distinct from the state variables. In particular, j. is the row multiplier
and j is the scalar above.

The extra trace information allows the covariance to include the mixed response itself, with a
gradient correction canceled by the drift.
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Lemma A.2. There is a centered normalized response £ with covariance A, positive definite on
the response subspace and zero on its orthogonal complement, such that, with F; = fiTﬁ, Y; ==
ej (I -T), K:=E[rr"], and m; := 72Ky,

E[Q(r)] + Y AE[Y:F] <> kiDimi+v- VP, (323)

where

5z[h*,z - j*,i + p*,ivi](ﬂi - 5@)
DiTi )

For Rp := (I — f)A(I - f)T, there are absolute a,C > 0 such that

Vi =

ak:act S tI'[RA] S Ckact- (324)
Proof. Use the weights above at each coordinate and define
D= (wieie] +w!fif), A=EED'E)'E’, B:=D-A
i
where E is an orthonormal basis matrix for the response subspace. The weighted projection iden-
tities give A,B = 0, AD"'A = A, AD"'B = 0, and tr[D"'A] = kuct. No commutation is required.

Fix one pair and suppress its index. Define v, := ase, w, := rye + dif, € := e — Af/(2k),
te :==e' T, and ty = fTT. For C, :=TB + kA > 0, the projection identities give

C;l=6D71+ (1/k —6)D'ADL.
Completing a square in t. yields
TtBt] +k(e" —t)A(e—t]) — Ale” —to)Af + t.(2Dvy)

AQ
> 2¢" Av, — (1/k — &), Av, — EfTAf — 6v, Du,.

The response condition gives t;/A = fTA. A square with the PSD matrix B, which need not be
invertible, gives
thBtJT +t¢(2Dwy) > 2fT/-\w* + 5wIAw* — (5wIDw*.

The two diagonal coefficients of A in these bounds are z, = w; ! and —A2/(4k)+2d, +dd? = F/§ =

w;l. The off-diagonal coefficient vanishes because

Aa,

ok +re +0r.d, = 0.

Thus the summed coefficient is exactly D71,
For the scalar constant term, define

£ = we + wy + 0[(a? + r2)we + d2wy] + (—hs + 72)6 + piL.

The exact identity
2_F
q

1—e="1 >0 (325)

2 U2

follows by putting N, := 1 + 6(a? + r2 — 2a,) + 2r.L and expanding

2F(1 - &) = 2.B — FN, = —F + 2a,u — a’q.
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Substitute a. = F'/u to obtain Eq. (325).
Sum the two row inequalities over all coordinates. Coercivity gives
t1[DauxA] < tr[DaxD] — trPTBTT],  tr[DaD] = Y (wf + w)).
i
Using the opposite diagonal traces, the remaining correction to the weighted movement is at most
> [(hi — jei) (e, Tes) + 6) + pai({fi. Te) — L))
i
Here the terms & — 1 were dropped using Eq. (325). Egs. (320) and (321) identify this correction
as v - VP. Since E[Q(r)] = tr[DauxA] and (e;, Rae;) = D;m;, this proves Eq. (323).
For movement, the compact scalar certificate in Lemma A.3 bounds F, u, 3 above and away from
zero. Therefore w, and w; ! are bounded, while wy = 1/(I'F). In particular
D < CI, D! < CIIy + CTIL,, I, := I —II,.
With C, := E"D7!E, the response condition IIE = Hle and coercivity imply
tr[C,] < Ckact + C|[TY2ILTE||% < Ckact + C tr[T ' TT) < Chagt.
Weighted Frobenius Cauchy—Schwarz gives
(kace — te{TT0)* < ||(1 = TYEC*[FIECL [} = tr[Ra) tr[C.).

Since ||7A“||% < 2kaer/t and ¢ > 2, [tr[TT]| < kactr/2/t < kaet. This proves the lower bound
independently of the smallest weight. The upper bound follows from A < CI and |[I — T||% <
Ckact. O

The mixed variation and its correction. Retain the exact mixed term in the derivation of
Eq. (37), before applying Cauchy—Schwarz:

%TTVQPT < 9(r)+ ;mz(r) — %Z(—@”)(ini +uizi)r?, m;(r) := 1Biri (wiv; + zi1;). (326)

)

For the normalized response above, write Y; = +/D;J; and E; := e?{ . The exact identity

mi(r) = N YF; + @P%Yi(& =Y+ viFy) (327)

) 1

holds even when the gradient coordinate is zero. Indeed, the response equations give

i~ ~ .
m;(r) = gT. [w;i P + Z:Q; + (Zi — wi) i,

)

and the paired basis expresses the first two terms as
W; — EiE' + (w; + U3)Vwiz
VvD; ' VawVD;

The factorization used in Eq. (321) proves Eq. (327) without dividing by w; — Z;. Define

wi P + ziQ;i = Fi.

Gi

Combining the mixed identity with Eq. (323) gives

1 (=57
iE[TTVQ’PT] < Z kiDimi + (v +0) - VP — Z 5, )pram‘Dz‘Wi- (328)

11
)

Thus the mixed variation is included directly in the covariance bound.
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A.3 The square-root certificate

Define
303 1 . 43
Liy 1= m, Rtr -= 17067 n =1+ K, Jo ‘= %7 /Bsqrt(y) =1- Z/2-
Abbreviate these by ¢, 8 in this section. At z := |y| < 1,
BO)=1, B*1) =0, 1-y*<By) <1, Bly)=V1-y? (329)
/ < /! 1 B/(z) z
- - — =~ >1 — = . 330

The budget is smooth on (—1,1). On the truncated interval, || < C(Siﬁ_] and |BY)|/B < 05;1{1
for 1 < j < 3. Lightness gives p; > 1/(1+2) > 1/2 and ¢; > 1 for y; > 0, with the roles exchanged
for negative coordinates. The potential, endpoint, response, and coercivity arguments therefore
apply.

The remaining certificate verifies the direct mixed covariance on the entire light-state domain.

Lemma A.3. At every light state, the choice

_g
ki = u(=B{) (331)
21pigi
satisfies all five conditions in Eq. (322). The quantities F, B,u,3 are uniformly bounded above and
away from zero.

Proof. By symmetry take z = y; > 0 and define w := V1 — 22, qo := z/w?, ajoc := LBU;, bioe := LBV},
and P := ajpchioe. The light rectangle is 0 < ajpe < 14+ 2, 0 < bjoc < 1 — 2. Writing R := p;q;,
direct substitution gives

P (8?2 1+@P—-TR
=1 oc — bloc) — 2P, 6= — A%6 = AL=—2"__ "~
R + QO(CLI 1 ) qO P LU)7 /BR ) R

In particular j = A%5/(4k) = nz?/2. Let sipy := 1/k = 2nRw3/t and o := 2nw3/i. The scalar
expressions become

F = jo% 4+ 2jo — 4, B = 2jo — j — 0(1 + 2jo),
F(Siny — 0 — 456

u=B+0F+ (2(1+j0) ), |

q=5(j02+25jo+6)+sinv[B+m],

5=2u+6F — spyF(1 — (14;7%)2)

Here sj,y is an inverse target coefficient.
At fixed P € [0,w?], the function aj,e — P/ay. is increasing. The two boundary values, at
bloc = 1 — z and ajoc = 1 + 2z, show that (§, R) lies in the triangle with vertices

1 1 w 1

(07 m)a (07




Both bounds are affine in P and agree at P = w?. Thus the complete domain is covered by

)=

2
%H, Simy = T77w[1 +2(1-H)2V -1), HVepIl.
At z = 0 the triangle degenerates harmlessly. The limiting boundary z = 1 is used only for
certification and uniform bounds.
Define z := 2t/(1+ %) and w := (1 —t2)/(1+t?), with 0 <t < 1. Define the following rational
polynomials in (¢, H,V):

g:= 1—|—t2, Wp, ::1—t2, Zn = 21,
Jn = 772,21/2, hy == wp,H/1,
2 2
rui= Luglg + 2a(1— H)(V = 1)), Sinva 1= 1w
Fy = (o + 2j0)9* — jn, By = 2jog” — jin — (1 + 2jo) hing,
Ty = rng — Sinvn — 4inhn,
F,T,

Up := Bng® + hnFng® + "

52 . 2 L 2 (Fn - Bn)]n

leocan T jO hng + (2]0 + 1)hn7 Ql,n L Bng + (1 +]0)2

Q. = leomngél +rnQ1n, P, = U727/ - FnQnQQa

L 3 2 TnFnin
Zn = 2Ung + hnan — T’nan + m

Substitution gives
F=F,/¢°, B=DB,/¢* u=U,/¢", 04=Qun/9" 3=12,/9° uv*—Fq=P,/g".

All five numerator polynomials are strictly positive on [0,1]3. The exact tensor-product Bernstein
certificate is

Polynomial | Degree in (¢, H, V) Certified ¢ intervals
F, (4,0,0) [0, 1]
B, (4,1,0) [0, 1]
U, (10,1,1) [0, 1]
Zn (12,1,1) [0, 1]
P, (20,2,2) [0,1/4], [1/4,1/2], [1/2,1]

The other two coordinates retain their full unit intervals. Apply Eq. (55) after the affine change
of variables from each listed box to [0, 1]3. The first four polynomials have 5,10, 44,52 coefficients,
respectively; P, has 189 on each of its three boxes. Exact rational substitution shows that all 678
coefficients exceed 1/400. The Bernstein basis is nonnegative and sums to one, so each numerator
is positive throughout its listed boxes. These boxes cover the full domain for every polynomial.
Since 1 < g < 2, the first four polynomials also give the stated uniform bounds. This proves the
lemma. O

Strict descent. For a drift A and centered direction r with covariance K, define P := h-VP+
3 tr[K'V2P]. Define the drift
ki . -
hi = ——l(ui — ’Ui)ﬂ'l' — UV; — HZ
Ti
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The last two terms cancel the gradient corrections in Eq. (328). The first changes k;D;m; into
kiprat; Dimi. Since prat; Dimi = pigi(viw; + w;z;) K, Eq. (331) gives

LP <~k Yy kiprar; Dimi < 0. (332)

)

The weights are positive and Eq. (324) ensures nonzero movement. No derivative of the covariance
or drift is used. This proves the local assertion in Theorem A.l. Its polynomial implementation is
given in Section A.4.

A.4 Deterministic arithmetic algorithm

We prove the arithmetic assertion of Theorem A.1. Use Bsqrt, ttr from Section A.3, abbreviated by
B, ¢ here, and the direct mixed covariance of Lemma A.2. The two gradient corrections in Eq. (328)
are not proportional to the covariance diagonal. We therefore use the strict descent of P itself and
give a separate polynomial bound.

Preprocessing and the maintained model. Apply the one-time input rounding and variance
scaling from Section 4, and the grouped reduction in Lemma 4.2, with residual allowance 1y =
10~7. The input-rounding transfer will use the internal constant Clr s 1= 3.4813833 verified below.
At most k < n? coordinates remain fractional and > Cf =< I. Keep egeale := 1078, p 1= egcate/N,
and €round = Ediscard = X = €end := 107%. Round the initial coefficients with Euclidean error at
most €round/2 and initialize the modeled sum at zero as before. Remove each active matrix with
tr[C;] < x/(2n?), retain its current fractional contribution in F, and choose any output sign. The
total discrepancy error of these removals is at most y. The remaining traces t; := tr[C;] satisfy

an™? <t <1

For this algorithm choose €;ound/ (4\/%) < Oend < Eround/ (2\/%) At endpoint distance at most deng,
record the nearest sign, preserve the current modeled contribution, and remove the coupling slot.
Eq. (83) bounds the sum of these errors by eyound/2. Thus deng > a/n and deferred rounding is
unnecessary. The initial matrix potential is at most 24/t + 2e4cale-

The preparatory approximations have explicit arithmetic constructions. Discard zero inputs.
For a nonzero normalized PSD rank-one input B, choose a largest diagonal entry a = Bj; and
put w := Be;/a. Then B = aww* and |w;| < 1. For target error &y, := 1078/(mn), choose a
common dyadic mesh h < 62 /(10°n%). Approximate a and the selected column to error h per real
and imaginary part. If @ < &;,/(4n), output zero; its Frobenius error is at most i, /2. Otherwise
a > 6in/(8n). Divide the approximate column by @ and round to mesh h, obtaining w with
|@ — wl]2 < 32n3/2h /8. Expanding the outer product gives

|aw@w* — B||p < 200n2h/8in < in.

Bounded-interval binary searches perform the scalar roundings in O(log(2mn)) arithmetic oper-
ations per entry. The resulting PSD rank-one factors cost 6(mn) operations, and their outer
products cost O(mn?2).

After trace normalization, the variance matrix My = Y, A? satisfies 1/(mn) < || Ma] < 1.

Choose a power of two fpow > 855_621e log(2n) within a factor two of this bound. Exact repeated

squaring computes tr[prOW], and

M| < tr{MyPe ]!/ oo <l foov | M.
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Bisection with rational comparisons between ¢2ov and this trace selects an upper approxima-
tion to its positive 20pow-th root within relative error escale/8. It therefore gives ||Ma] < ¢? <
(1 + €scate) || M2]|. The lower norm bound makes the number of bisection steps logarithmic in mn.
Forming Ms and performing these operations costs O(mn? +n?). Including Lemma 4.2, the arith-
metic preprocessing cost is O(mn? + n%05%),

Quantitative drift witnesses. On a bounded-potential region, the same KKT estimates give
al < U,V < C+/nl, an \T<W,Z < 1.

Together with the trace cutoff, the budget bounds, and lightness, these imply

at; < ui,v; < Cy/nt;, an” 't < w2 <
an”'? < B < 1, a<pi,q;<Cn,  a<pig <Cn,
an~3/2 < c?,dZ2 < Chn, a< ’7'7;2 < C’n3/2,
D; > anfl?’/Q, < Iy < Cn9/2, Prati > an /2,

For example D; = c?uiwi + d?vizi. The ratio prat; lies between w;/v; and its reciprocal, and that
ratio lies between an~3/2 and Cn®/2. The new movement estimate in Eq. (324) gives

akaet < tr[RA] < Chact, Ra:=I-T)AU-T)".

Eq. (332) therefore implies
LP < —akaetn™? < —akaen ™. (333)

The identity

2 2 2 -5
D;7; = pjujw; + q;viz; > an

gives Ki; = (Rp)es.e;/(Di7?) and hence tr[K] < Ckyctn®.
The scalar certificate gives k; > a > 0 and

t —3/2 3/2
ki=—s—<0C0 < Cn=.
C mBpigs end
For the ordinary part of the drift, 7;(u;+v;) = u;+v; < Cy/n. Thus ]hz(o)] < ki(ui4v) Ky < On?Ky,
giving Hh(o)Hl < Claetn” .
For the trace correction, the helper scalars a, ;, w¢, by ; and ji; = 2jo/F; are bounded. Moreover
aiiji

(5'2-:7<C 5.*.<C’
T i k2(1+]0)2 =0, |zp 77,|_

where the second inequality uses ¢; < 1/t and bounded wi. Rewrite the correction as
6z[h*,z - j*,i + p*,ivi]Ti(ai

_ ’qjl)
DiTiQ .

v, =

The ratio bounds above give |v;| < Cn®/*%. Using |7;(@; — 0;)| < u; +v; < Cy/n and D;7? > an™®
yields |v;| < Cn?/* and ||v||; < Ckaen®/*. For the mixed correction, |g;|/(72D;) < Cn® and

;| < max{\/T; /Ty, /Ui /Ui } < Cn®/4.

179



Since E; —Y; = e;r T ¢, A X C1I, the movement upper bound, and Cauchy—Schwarz give

Z ’E[Yi(Ei - Yl)” < Ckach Z ‘E[Yze” < Ckact-

Thus ||6]|1 < Ckaen?™/*. Combining the contributions gives the convenient weaker bounds
|hll1 < Ckaeen®,  tr[K] < Chkagn”.
Taking a sufficiently small absolute x; > 0, these bounds and Eq. (333) force
[VPlloo > k1in 2 or Amin(VZP) < —rin 12 (334)

Otherwise both terms of the generator would be too small in magnitude. The algorithm uses this
alternative without computing its witnesses. In particular, it need not compute the covariance or
its helper coefficients.

Derivative bounds and local steps. On the truncated interval, the square-root budget satisfies
13U)| < Céelrﬁfj and [BVU)]/8 < 05;17;1. Write P := (U, V) and Q := (W, Z). For a unit y direction,
the KKT elimination leading to Eq. (96) gives

IPle < Cndgl,  Qr < Cn%6k, V] < Co.
The second-order envelope identity then gives |P”| < Cnb/ 25;{31_2 < Cn®. For clarity, the third-
order identity contains only the fixed-tangent third derivatives of the Lagrangian. Its inverse terms
have either three primal factors paired with Q, or two primal factors paired with Q’. Their norms
are bounded by Cn?’é;i’i and C’n%&%, respectively. The differentiated coupling terms have no
larger bounds, by |8Y)|/8 < 05;1{1 and the dual identities. Thus |P”| < Cn4s_ % < Cn” on the
truncated domain, giving the same Lipschitz bound for P”.

Take a step of length ¢ := kon ™19 < §ena/4, with ko > 0 sufficiently small. A gradient step from
Eq. (334) decreases P by at least an~3!. Averaging the two signs of a curvature step and using the
third-derivative bound gives decrease at least an™>% for the better sign. The latter is a common
lower bound.

Endpoint tests. Compute endpoint scores to error at most § < egnq/(4k), and trigger at an
approximate score of at least —J. A true score is then at least —2¢; increasing b by 20||C;|| < 20
repairs feasibility. There are at most k£ such events, so their total possible increase of P is less than
eend- 1f nO event triggers, the exact state is light. Near-endpoint and small-input removals preserve
the modeled sum and remove a PSD coupling term, so they cannot increase P. The potential
therefore remains bounded by its initial value plus eq,q. Since it is nonnegative, there are O(n®)
local steps.

Arithmetic implementation. The KKT inverse and Newton radius remain Cn? and an™2. A
local step moves the optimizer by at most C’n25e_nldt < Cn~1'6 inside the Newton neighborhood.
All direction thresholds, score tolerances, step lengths, and accepted decreases have polynomial
reciprocals. On the truncated interval, 1 — y? > a/n, so rational bisection evaluates B(y;) and
its fixed-order derivatives to inverse-polynomial error with logarithmic arithmetic work. Choose
the coordinate, value, and derivative errors below fixed fractions of the corresponding acceptance
margins.
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The KKT Jacobian has order O(n?) and polynomial norm and inverse norm. For such a matrix
J, choose a polynomial bound L > ||.J|| and start Newton-Schulz iteration at Ry := J*/L?. The
exact update R;y1 := R;(2] — JR;) satisfies

I —JRjy1 = (I — JR;)>

Its initial residual norm is at most 1—(L||J~!||)~2. Logarithmically many ordinary matrix products
therefore attain the inverse-polynomial residual required by each Newton correction, at cost 5(716).
The inverse bound converts this residual to a true optimizer-error bound. The Newton contraction
restores the same error floor after each local move.

The rank-one coupling and its derivatives, the KKT blocks, and the ordinary Hessian can
be assembled with ordinary matrix products of order at most O(n?), at the same cost. For a
symmetric Hessian approximation A, choose L > max{1, |A||} and a threshold Scyry 1= k1n 12 /4.
If the gradient test fails, the reserved Hessian error leaves Apin(A) < —20cury- Take ¢ to be a power
of two with

q > (4L/5curv) 10g(8kL/5curv)'

Form (I —A/(2L))4 by exact repeated squaring and compute the Rayleigh quotients of its nonzero
columns. The spectral-weight argument of Section 4.11 gives a column with quotient at most
—0curv/2. Squared norms and quadratic forms are rational computations. Divide a retained col-
umn by its largest absolute entry, so its norm lies in [1, \/E], and use bisection to normalize it to the
prescribed accuracy. The Hessian and normalization margins give a true negative-curvature direc-
tion. Since ¢ is polynomially bounded, this construction uses O(log(2n)) products and costs O(n®)
arithmetic operations. Both trial optimizers lie in the Newton neighborhood, so their corrections
and potential comparisons have the same bound.

The capped initialization in Section 4.8 applies: 8 < 1, the coupling is ¢, and the coefficients
remain fixed during each solve. There are at most k + 1 = O(n?) initializations, each with O(y/n)
barrier stages. Ordinary multiplication therefore gives total initialization cost é(n”/ 2). Together
with the O(n%%) local steps, grouped preprocessing, and coordinate updates, this proves

Torith < 5(mn2 + n56).

Final constant. Partial signing contributes at most 7s; initial rounding and near-endpoint re-
movals cost at most €.qunq; sSmall-input removals cost at most y; endpoint repairs cost at most eepq.
Restoring variance scaling and the earlier discarded inputs, the internal coefficient is at most

(2\/303/100 + 28scale + €round + X + €end + nps) Vv 1 + Escale + Ediscard < Ctr,* = 3.4813833.

For the strict inequality, define € := 107® and b, := 3.4813833 — 1076 — (3- 1076 + 1077)(1 + ¢).
Exact rational arithmetic gives

b — 3481379199999969
* 1015

>0, b2 —4(303/100 + 2¢)(1+¢€) >9-107". (335)

Taking positive square roots and using +/1 4+ € < 1 4 € proves the strict inequality. The one-time
input approximation, with € = 10™® as above, changes the coefficient to at most Cirx(14+68)+2¢ <
3.4814. This proves the algorithmic assertion of Theorem A.1.
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A.5 Bit complexity of the square-root-budget algorithm

The polynomial conditioning and acceptance margins in Section A.4 permit a finite-precision im-
plementation using the shared numerical routines.

Theorem A.4 (Bit complexity). Let Aq,..., A, € C™ " be rational Hermitian matrices of rank
at most one and total binary length Liy,. A deterministic finite-precision implementation of the
algorithm in Theorem A.1 returns signs satisfying

1> ]| < 3.4814) > A2(V2

with bit cost B
Thit < O(Lin +mn® + n%). (336)

For A; = a;a}, Y, Ai = 1, and ||a;||* < «, its sign classes satisfy

1Y aia; — 172 < 1L.7407Va,  j=1,2,
icl;

within the same bit bound. After input conversion, preprocessing uses O(log(2mn)) bits per numer-
ical entry and the nonlinear phase uses O(log(2n)) bits per numerical entry, including temporary
operands, with fized multipliers. The suppressed factors in Eq. (336) are logarithmic in m,n, Liy.

Proof. Lemma 6.1 performs the one-time input conversion in 6(Lin + mn?) bit operations. For
variance scaling, use the normalized-power estimate of Lemma 6.14 and the stable products of
Lemma 6.7. The inverse-polynomial norm lower bound in Section A.4 permits scalar enclosures
with O(log(2mn)) bits. Lemma 6.3 implements grouped partial signing on the converted data. Thus
preprocessing has bit cost O(Li, + mn? + n®>%3). Its residual and the initial coordinate-rounding
error remain within the prescribed allowances. The original inputs are charged once.

For the nonlinear phase, k < n? and feng > a/n. Hence 1 — y? > a/n on every retained trial
interval, and the square-root budget and its fixed-order derivatives have polynomial magnitudes
and perturbation bounds. Bisection evaluates them using O(log(2n)) bits. The KKT inverse norm
is at most Cn?, its Newton radius is at least an~2, and all gradient, curvature, endpoint, and
decrease margins have inverse-polynomial size. Choose a common numerical unit (2n)~¢, with a
sufficiently large fixed exponent, below these margins after all polynomial error amplification and
the O(n%%) step count.

The cache argument of Lemma 6.6 applies with these square-root-budget bounds. The fixed
matrix contribution is stored symbolically using bounded coefficients, so its error is estimated
afresh from the cache. Every accepted optimizer correction restores the prescribed root-error floor.
Lemma 6.7 implements the inverse solves and products, and Lemma 6.8 preserves the capped ini-
tializer’s feasibility and decrement margins. For curvature selection, Lemma 6.14 evaluates the
normalized powers and certifies a column’s Rayleigh quotient. The power exponent is polynomially
bounded for deury = K11 12 /4, so this lemma requires only logarithmic working precision. All tem-
porary magnitudes are polynomial. Taking the largest of these fixed precision multipliers supplies
a common O(log(2n)) bound.

The endpoint comparisons use the same conservative trigger and feasibility repair as in Sec-
tion A.4. The coordinate and value errors are chosen below fixed fractions of the accepted decrease
and the discrepancy allowances. These enclosures preserve feasibility, the gradient/curvature al-
ternative, and a decrease of order n Y at each local step. The potential argument therefore gives
O(n?Y) steps also for the finite implementation. Its rounding, input residual, and endpoint repairs
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fit the same final-constant calculation, giving the stated signing bound. The partition bound follows
by halving the signed sum and using A? < a4;.

With ordinary multiplication, a corrected local step has bit cost 6(n6), including its derivative,
curvature, and value tests. There are at most O(n2) capped initializations, each with O(y/n) stages,
so all initializations cost 6(7117/ 2) bit operations. Adding preprocessing and the local steps gives

Thit < 5(Lin + mn? + n®05 4 pl7/2 4 n50n6)

< 5(Lin +mn? + n56),

which proves Eq. (336). O
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