MASS INCREASE AND ACYCLIC CANCELLATION
FOR PHASE FLOWS ON QUIVER COMPLEXES

BERND JOHANNES WUEBBEN

ABSTRACT. Trace-norm mass can increase along the Haiden—-Katzarkov—Kontsevich—Pandit
phase flow defined by positivity, giving a negative answer to the proposed mass-monotonicity
question with the prescribed degree branches. For two-term complexes over a two-vertex
parallel-arrow quiver, with degree-one term supported at the source and surjective source
differential, we nevertheless prove quantitative acyclic cancellation. For fixed upper-half-
plane charges, arbitrary surviving tuples and bounded initial arrow norms, a sufficiently large
least acyclic singular value gives exponential comparison with instantaneous cohomology.
The estimates allow unequal surviving dimensions and are independent of arrow count,
stabilizers and acyclic condition numbers. The proof controls the polar phase using only the
nonsingular cohomology block. For equal surviving dimensions and charges —1 + i, 1 + i,
a finite infimum of the cohomology Kempf—Ness function forces its moment-map defects
to tend to zero, without initial balance or attainment of the infimum. When the source
differential is invertible, cancellation holds from every positive metric without a large-scale
assumption, and the normalized cohomology metric converges. At fixed external differentials,
static mass converges in C! in bounded arrow coordinates. An explicit family converges in
C? while every positive Holder seminorm of its Hessian diverges. An exact metric primitive
also identifies a positive cohomology potential and a negative ambient Levi direction.

1. INTRODUCTION

Haiden, Katzarkov, Kontsevich and Pandit associate a mass and a metric phase flow to
a complex of quiver representations [HKKP26, §§4.2 and 5.4]. Their construction uses a
coefficient of a superconnection exponential. Acyclic summands should disappear when the
differential becomes large in the evolving metric, leaving the cohomology representation.
Question 5.18 of [HKKP26] asks whether the mass is nonincreasing along the flow. We give a
negative answer for the phase determined by their positivity condition and degree branches.
We then prove that quantitative acyclic cancellation can hold despite this failure.

The distinction between dissipation and cancellation is essential. The first concerns the sign
of a derivative at a finite metric. The second requires the differential to escape to infinity
under the actual equation, together with estimates on the coupled arrows. Prescribing a
large differential and computing a static limit does not establish that a trajectory enters this
regime.

1.1. The complexes and their phase flow. Fix a quiver with two vertices and k arrows
from the first vertex to the second. We consider the two-term complex

(1) (V (A1,...,Ag) (D,0)
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in degrees zero and one. The chain condition is automatic. All vector spaces are finite
dimensional over C; the Hermitian metrics vary, whereas the complex maps are fixed. The
central charges zg, z; have strictly positive imaginary parts.

Section 2 derives the coefficient 2 = Qy & Qup & Qw explicitly. On a block of degree
g, the matrix T = (—1)?Q has strictly positive imaginary part. If T' = Up|T| is its polar
decomposition, set

(20  @=AwgUr—nql,  m(h) =], + |l + ], A b= o

Here Arg Uz has spectrum in (0,7) and || M|, = tr(MTM)Y/? is the trace norm. For a single
matrix, an unadorned norm denotes the operator norm. Squared lengths of arrow tuples are
sums of squared Hilbert—Schmidt norms, denoted by the subscript HS on each arrow. This
is the unique phase in the specified branch for which Qe™'® is positive definite. In particular,
it realizes the positivity definition of [HKKP26, §4.2].

The coefficient need not be normal, contrary to the normality assertion in [HKKP26,
Lemma 5.16]. We exhibit a small example in Section 2. This issue is separate from the mass
counterexample: positivity still defines a smooth Hermitian phase, and the metric equation
exists for every finite positive time. Throughout the paper, the phase means (2), not an
analytic logarithm of a nonnormal coefficient.

1.2. Mass increase and cancellation. The following two statements describe different
properties of the same equation.

Theorem 1.1. Let V =U = C?, W =C, k = 1, and take standard initial metrics with

1/5 0 : .
D:(O 2>, A:(l 2), zo =141, 2z =4+Iie.

For every sufficiently small € > 0, the initial derivative of m along (2) is strictly positive.

The proof in Section 5 reduces the sign to a finite real calculation with a positive interval
bound. The endpoint € = 0 is used only as a one-sided limit; it is not an admissible central
charge. No particular positive upper endpoint for € is needed for the theorem.

Theorem 1.2. Suppose that D : V. — U is invertible, dimV = dimU = n > 1 and
dimW =mgy > 1. Allow arbitrary k arrows, arbitrary positive initial metrics, and arbitrary
20,21 in the strict upper half-plane. Put a = arg z1. The phase flow exists for all t > 0. In
moving orthonormal frames, with X; = Aijl, there are constants C,C" > 0 depending on
the initial data and charges such that

3) DI OIEs < e D IIX5(0) g
j J

(4) Amin(DTD)(t) > at - C,
(5) 0 <m(h(t)) —mg|z1| < C'e™ ™.
The acyclic coefficient blocks tend to zero and Qw — z1Iw at the same exponential rate in the

evolving trace norms. In fized coordinates on W, the metric e hyy (t) converges exponentially
to a positive definite limit.

The proof uses the exact contraction equation for A;D~!. A weighted polar estimate then
forces the least singular value of D to grow. Neither step assumes that the mass decreases.
No simultaneous diagonalization of DD and y A}Aj is imposed.
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1.3. Cancellation with arbitrary surviving cohomology. When ker D is nonzero, the
cohomology has both a source and a target. The ratio equation acquires an additional term,
which can still be controlled without a stability or balance assumption on the surviving
representation. Let H = C™, W = C", U = C" and V = H & C", with ng,n,,r > 1. In
initial adapted orthonormal frames take arbitrary arrows B; : H — W and set

©)  DO)=[0.F],  A40)=[B;T], FeGLrO), > [Tl < M
J

Fix any charges zg, 21 in the strict upper half-plane and put ¢ = argz;. Only the least
singular value of Fy will be constrained. Its other singular values may be arbitrarily large.

Along the flow use the orthogonal splitting V' = ker D @ (ker D) and write D = [0, F],
A; = [H;,Tj]. Let Qg be the ordinary degree-zero coefficient of the instantaneous surviving
arrows H;, and let mpy be its trace-norm mass. Its inclusion into the full graded space places
zero in the acyclic blocks. Put

0= MHlhs. =2 ITF s, A=omn(F)% Ao =A0),
i

j
and set
Q= %(mH(O) —ngRe zg + ny Rezl) + 1.
The elementary mass bound in Section 6 gives ) > ¢(0) + 1.

Theorem 1.3. There are A (Q, M, 2o, z1) and C(ng, ny, r, Q, M, 2o, 21) such that every initial
complex (6) with omin(Fo) > A > Ay has a global phase flow satisfying q(t) < Q — 3/4 and

(7) s(t) < MQA—Qe—at/Z’ A(t) > max{)\g,at/4 — C}.
Moreover,
(8) 12(t) — (e (t) @ 0a0)|l; + Im(h(t)) — mp(t)] < CA2e—at/8

The constants are independent of arrow count, the surviving stabilizer and the condition
number of Fy. They can be chosen uniformly when the surviving dimensions, acyclic rank,
charges and total initial arrow-norm bounds are fized. No balance or stability hypothesis is
required.

Section 6 gives explicit constants and a threshold independent of acyclic rank. The charges
are fixed in these uniformity statements; no uniformity as their imaginary parts vanish is as-
serted. For example, acyclic singular values A and RA are permitted with the same constants
for every R > 1.

The theorem compares with evolving cohomology. It does not assert that cohomology itself
approaches balance. The proof uses the ordinary cohomology mass to bound ¢, and a polar
estimate using only the nonsingular cohomology block to control the additional coupling. A
separate weighted phase estimate forces growth of the acyclic differential. These arguments
make no use of full-complex mass dissipation or of a positive orbit Hessian gap.

1.4. Relaxation from finite cohomology energy. Now suppose ng = n,, = n and zy =
—1+41i, 21 = 1 +1i. Define the moment-map defects

2 2 2
pe= HIH;—I,  py=Y HH -1 |ul* = |uslfis + s -
J J
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In fixed holomorphic coordinates let hg, h,, be the induced metrics on ker D, W, both multi-
plied by e™/2. Using the initial orthonormal determinant volume forms, define the cohomol-
ogy Kempf-Ness function on all positive metric pairs by

K = q + logdet hy — logdet hy,.

Theorem 1.4. Under the hypotheses of Theorem 1.3, with these equal dimensions and
charges, suppose K, := inf K > —oco and put Ey = K(0) — Ky. Set Jg = 1+ (Q — 1)2.
Then

0 < K(t) — K,

(9) I 2 —4
K(t) = Ki+ 57— | ()" du < Eo + Cen(Q, M)A
2Jq Jo
Both moment-map defects tend to zero and m(h(t)) — 2n. The infimum need not be attained,
and initial balance is not required.

A balanced metric pair attains a finite minimum by geodesic convexity, but its value
depends on the chosen determinant normalization. Section 6 also gives a finite, unattained
example. A uniform energy bound across initial metrics retains a bound on Fy. Neither this
theorem nor the cancellation estimate asserts a uniform final relaxation rate or convergence
of normalized surviving metrics.

The initially balanced case has a particularly simple normalization. Suppose

(10) > BIB;=> B;Bl =1,
j j

Then ¢(0) = n, mg(0) =2n, Q@ =2n+ 1 and K, = £(0) = n.

Corollary 1.5. For (10), the preceding conclusions hold with threshold Ax(n, M) and con-
stants C(n,r, M), uniformly over all balanced tuples. In particular q(t) < 2n + 1/4, the
cancellation rate in (8) is 7/32, and (9) holds with Eg =0 and Jg = 1 + 4n?.

No individual arrow is required to be invertible, and the surviving representation need not
be irreducible.

The following family makes the stabilizer uniformity explicit. Let n = r = 2, k = 3, and
put

(11) By =cl, By =co, B3 = ceoy, c=(2+ 62)71/2, 0<e<1,
where o, = diag(1,—1) and 0, = ().

Corollary 1.6. For (11), Fo = Al> and every mizing tuple with 3, HT]H%{S < M?, the
conclusions of Corollary 1.5 hold for A > A.(2, M), uniformly in € € [0,1]. The cohomology
automorphism algebra is scalar for € > 0 and diagonal for e = 0.

Proof. Both Gram sums in (10) are I5. Since By = ¢l is invertible, an automorphism is a
common source and target matrix commuting with o, and eo,. The first condition makes it
diagonal, and the second makes it scalar when € > 0. The estimates follow from Corollary 1.5.

O

The parameter € is fixed along each trajectory, but may approach zero independently of A
across the family.



PHASE FLOWS ON QUIVER COMPLEXES 5

1.5. Static regularity and potentials. The coefficient formulas yield an exact complex
primitive in metric directions. For an arbitrary fixed differential with least acyclic singu-
lar value A, the relative primitive and its bounded-arrow-coordinate derivatives have error
O(A72). The mass has a C! limit with first-derivative error O(A™!). These bounds do not
give arbitrary derivative estimates for the polar positive factor or its phase.

On the balanced family (11), with fixed nonzero mixing, the mass converges in C? but its
Hessian has no uniform positive Holder bound. A shrinking-scale profile also implies diver-
gence of third derivatives at points approaching ¢ = 0, and of the fourth derivative at € = 0.
Thus the static cancellation limit does not have unrestricted smooth parameter dependence.
The real phase combination of the primitive also has a negative ambient Levi direction. Sec-
tion 8 therefore separates the positive limiting cohomology potential from a more restricted
finite-scale positive construction. In that construction the quotient comparison is an exact
scalar isometry. It is not a metric on the full space of arbitrary mixed complexes.

1.6. Relation to earlier work. In the zero-arrow case, the differential rescaling and can-
cellation mechanism already appear in [HKKP26, Example 4.1]. The motivating large-
differential discussion in [HKKP26, §5.4] is a static comparison. Our results concern the
actual coupled phase equation and prove that its solutions enter the required regime. The or-
dinary quiver metric flow studied in [HKKP23, §5] has a different vector field; its asymptotic
results do not by themselves apply to (2).

Superconnection localization to cohomology and heat-transgression primitives have clas-
sical precedents. Bismut—Lott [BL95, Theorems 2.13 and 2.16] treat cohomology localiza-
tion and transgression under a prescribed graded metric rescaling. Paradan—Vergne [PV09,
§3.2, Proposition 4 in the preprint] give heat-decay estimates away from the noninvertibil-
ity locus for a prescribed superconnection rescaling. We use elementary finite-dimensional
instances of these analytic ideas. The additional estimates here control the noncommuting
polar vector field, including coupling to a surviving representation without a positive orbit
gap. The quotient constructions in the last section use classical quiver and Kahler reduction
[King94, Sj95, SLI1]; their role is to identify precisely the geometry supplied by the explicit
primitive.

Sections 2-3 establish the coefficient and polar estimates. Section 4 proves invertible-
source cancellation, Section 5 proves mass increase, and Section 6 treats surviving source
cohomology. Sections 7-8 concern static regularity and potentials.

2. THE COEFFICIENT AND THE POSITIVE PHASE

We first compute the coefficient for (1), allowing an arbitrary rectangular differential D.
Adjoint symbols always refer to the current Hermitian metrics. Put

(12)  B=D'D, L=DD! =Y Al4;, E=DCD', P=c? Q=ct
J

For a nonnegative Hermitian matrix B, define

(13) R(B) = /0 1 e B ds,
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1

(14) Kg(C) :/ e~(1=9)Be=sB g
0

(15) JuE)= [ _ e "LEe* dx dz.
xjrzgl

In particular R(0) = 1; no inverse of B is implicit in this notation.

Proposition 2.1. The superconnection coefficient of [HKKP26, §5.4] on (1), including its
degree sign, is
Qu = 2P + Kp(C),
Qu = JL(E) — 20Q,
Qw =zl — Y A;R(B)AL
J
Ifn=dimV, r =dimU and mg = dim W, then

(16)

(17) trQ = (n —r)zo + moz1.
Moreover,
(18) Im Qy = (Im 29) P, Im(—Qp) = (Im 20) @, Im Qu = (Im z1) Iy

Proof. We specify the graded conventions to fix the signs. In the quiver algebra of [HKKP26,
Definition 5.13], an arrow « : s — ¢ and its adjoint have degrees 1 and —1, while the
vertex elements e;, f; have degree zero. The nontrivial two-arrow products are aa® = if; and
a*a = —if, for a matching arrow; cross-arrow products vanish. Products involving an f; and
an arrow, and products of two f;’s, vanish. Tensor multiplication has the Koszul sign

(z@T)(y®S)=(—1)"TWzy o T8s.

The involution on an even endomorphism is the ordinary adjoint, and on an odd endomor-
phism it is i times that adjoint. The source superconnection and curvature are

A=>e@di+Y aj@A;,  F=A-A)P+i) fi®z

The coefficient is Q = (—1)9°8 exp(—iF)s, where the subscript means coefficient extraction
after exponentiation.
Write X = —iF. Its vertex part is —B on V, —L on U and zero on W. Its f coefficients

before exponentiation are C' + z9l on V, 29l on U, and 211 — Zj A]-A; on W. Its mixed
arrow terms are —AJ-DJr :U — W and —iDA} : W — U, with their respective algebra factors.

Their paired f contribution is —DCD' on U and > AjDTDA;r- on W.

The Duhamel expansion contributing to an f coefficient terminates at one f insertion
or two arrow insertions. There are no mixed paths on V', giving Kg(C) + zoP. On U,
the two-insertion term is —Jp (FE) before multiplication by the degree-one sign. On W the
two-insertion contribution is

1
Z/o (1-— s)AjDTe_SLDA}L- ds.
J
Using Dfe™*1'D = Be™*P and

—I+ /1(1 — s)Be *P ds = —R(B)
0
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proves (16).

The substitutions s — 1—s and (x, z) — (z, z) show that K(C) and J,(F) are Hermitian.
This proves (18); neither integral operator is asserted to preserve positivity. Cyclicity of trace
gives

1
tr Kp(C) = tr(CP), tr Jp(E) = tr <C/0 sBe™ P ds> = tr(C(R(B) — P)).

The arrow traces cancel. The nonzero spectra of B and L agree, so trP —tr@Q = n —r,
proving (17). O

Lemma 2.2. If ImT > 0 and T = Up|T)| is its polar decomposition, then every eigenvalue
of Ut lies in the open upper semicircle. On a block of degree q, the matrix ® = ArgUr — wql
is the unique Hermitian matriz with spectrum in (—nq,7(1 — q)) such that (—1)9Te™'® is
positive definite.

Proof. For a unit eigenvector v of U with eigenvalue e,

0 < (v,Im(T")v) =sinb (v, |T|v).

Thus 0 < 6 < 7. With the stated branch, (—1)7Te™'® = TU}, = (TTH'/2 > 0. Conversely
positivity identifies €!® as the polar unitary of (—=1)4T. Uniqueness of polar decomposition
and of the branch give uniqueness of ®. O

For the trace functional £(a) = tr(Qa), the positivity requirement £(e7®afa) > 0 for all
a is exactly the positivity of Qe '®. Lemma 2.2 therefore identifies the phase required by
[HKKP26, §4.2] without a normality hypothesis. The degree convention also respects shifts:
the shift [1] moves degree ¢ to ¢ — 1 and increases the phase by 7. Orthogonal direct sums
give direct sums of coefficients and phases, and additive mass.

Example 2.3. Take V. = U = W = C?, 29 = 21 = i, D = diag(1,v2) and 4 = (}1).
Writing p = e~! and ¢ = e~2, formula (16) gives

_(A+ip p—gq Fr o a0 1
Thus coefficient extraction does not preserve the normality of an element in the graded
algebra. This example contradicts the normality clause of [HKKP26, Lemma 5.16], while
retaining the strict imaginary-part property and the central-charge trace.

2.1. Variation and global existence. At an instant choose orthonormal frames. Along
the metric phase flow, the fixed maps have moving-frame derivatives

(19) D = L(D®y - dyD), Aj = 1(A;0y — Dy A)).

For example, a variation &, = hq_léhq gives 0D = (§yD—DEy)/2 and 6A; = (EwA;—A;&v)/2
in such frames. Substituting & = —® gives (19).

All coefficient variations can be computed without denominators involving eigenvalue dif-
ferences. Define block matrices

-L E 0
-B C -B I
NV:<0 _B>, No=|0 0o I ,NR:<0 o)'
0 0 —-L
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Then (eNV)11 =P, (eNV)lg = KB(C), (6NU)11 =Q, (eNU)13 = JL(E) and (BNR)lg = R(B)
The Fréchet derivative

1
(20) Dexpy (V) :/ eU=IN NesN (s
0

and the product rule therefore determine every Qq. In particular,

Ow == (A4;RAl+ A;RAT + A;RAT).

J

Lemma 2.4. Let Q, = Uy|$y| on each homogeneous block. Then

(21) =Y Retr(UjQ,).

The coefficients and phase define a smooth metric vector field, whose solutions exist for all
t>0.

Proof. For an invertible matrix Q = UH, differentiation of H? = QfQ and taking trace after
multiplication by H~! gives tr H = Retr(UTQ). This proves (21). The polar decomposition
and its upper-semicircle logarithm are smooth on the domain in Lemma 2.2. If a phase
derivative is needed, put S = UTU and Z = UTQ; it is determined by

HS +SH =27 - ZT, St=_g,

followed by differentiation of the chosen unitary logarithm. The Sylvester operator is invert-
ible because H > 0.

The branches give 0 < @y, Py < 7l and —7] < Py < 0. In fixed coordinates the metric
forms satisfy

e ™hy(0) < hy(t) < hy(0), h(0) < hy(t) < e™hy(0),

and the same degree-zero bounds hold on W. On every finite time interval these inequalities
confine the metrics to a compact subset of the positive cone. The smooth ordinary differential
equation therefore extends past every finite time. ]

3. POLAR ESTIMATES UNIFORM UNDER DEGENERATION OF A COMPLEMENTARY BLOCK

A bound for the full polar factor based on the least singular values, such as [Li95], can
deteriorate when a singular value approaches zero. Polar approximation and trace-norm
variational principles are classical [High86, Lew95]. The acyclic coefficient has exponentially
small singular values, so such a bound would be unsuitable here. The following estimates use
only the surviving block or one specified reference direction. All Hilbert—Schmidt norms in
this section are for fixed orthonormal frames.

A FE

and suppose that the least singular value of A is at least b > 0. Let U = polar(T), Uy =
polar(A) and e = | E||yg. Then

(22) [Ur2]lgs = [[U21lyg < 4e/b, [U11 = Uallug < 2€/b.
Writing W = ArgU and ¥4 = ArgUa, one has
(23) ||\IJ12||HS < 27T€/b.

Lemma 3.1. Let
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Ife/b < 1/8, then also
(24) W11 — Yallpg < 4me/b.

There is no lower bound on the singular values of C' or T in these estimates.

Proof. Put v = ||Ui2||gg = [|U21|lyg, where equality follows by taking traces in the unitary row
and column identities. Pinching is contractive for the trace norm, so [|T||; > || 4]|; +[|C];. In
the maximizing pairing ||T||; = Retr(UTT), the C contribution is at most ||C||; because Uss
is a contraction, and the two off-diagonal contributions have sum at most 2ve. If A = U4|A]|
and d = || U1 — U4||yg, the deficit in the A contribution is

(Al ~ Re(Uf,U)) > o(d +0?)

The bracket is positive semidefinite, and its trace is (d? 4+ v?)/2 by the first-column unitary
identity. It follows that d? + (v — 2e/b)? < (2¢/b)?, proving (22).
For a, 8 € [0, 7],

(25) o= B < Tle* €|

Expanding the commutators of U and Arg U with the first-block orthogonal projection in an
eigenbasis of U proves ||[W1s|lyg < (m/2)v, hence (23). The same scalar inequality, expanded
in eigenbases of two normal matrices, gives the Hilbert—Schmidt estimate

s
(26) |Arg U — Arg Up|| g < 5 U — Usllpg

whenever both unitary spectra lie in the closed upper semicircle.
By Lemma 2.2, ImU > 0; its compression Uy is invertible and its polar unitary V also
has upper-semicircle spectrum. Since UQTQUQQ =1 UJQUH,

102 = Vllgs = ||( = Uhytn2) 2 — 1| <

Ul U H <2,
‘ 12V12| g =7

Take Uy = diag(Uya, V). If /b < 1/8, then v < 1/2 and

U — Udlls = 2 +20% + |Us — Vs < 40(e/b)? < 64(c/b)>.
Equation (26) proves (24). O
Lemma 3.2. Let Ty = UgHy be an invertible reference matriz in polar form, and suppose

that T ="To+ E has ImT > 0 with polar unitary U. If v is a unit vector satisfying Hyv = pv
and Ugv = €%, where p > 0 and 0 < 6 < 7, then

(27) (v, (ArgU — 0I)v)| <7 Hih

Proof. The trace-norm variational principle and triangle inequality imply

tr(Holl — Re(UTUp)]) < 2]|E]|, -
The bracket is positive semidefinite, and Hy — pvo! > 0. TIts expectation on v is 1 —
Re(e 9 (v, Uv)). Writing ¥ = ArgU and using 1 — cosz > 2x2/x2 for |z| < 7 therefore
gives

2p 2
— v — 01 <2|E|.
7T2 Ua( ) U> — H Hl

Cauchy—Schwarz proves the assertion. O
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The frequently used special case is T = zP+ E, P > 0, Imz > 0. For an eigenvector
Pv = pgyv, (27) becomes

(28) |(v, (Arg polar(T") — arg z)v)| < 74| @
|2|po

The estimate is useful even when no uniform lower bound for all eigenvalues of P is available.
Later it is applied to a direction realizing the least singular value of the differential, for which
po is known exactly.

4. CANCELLATION FOR AN INVERTIBLE DIFFERENTIAL

We prove Theorem 1.2. The surviving cohomology is W in degree zero. Put a = argz; €
(0,7) and, in moving orthonormal frames, define
(29) X;=A4;D7',  Hx=> XIX;,  s=trHx, A=Xu(D'D).
J

Lemma 4.1. Along the phase flow,
(30) X]‘ = %(qu)[] - (I)WXj), S(t) < 8(0)67at.
Proof. Differentiate A; D! using (19); the source phase cancels. Since A; = X;D,
(31) Qw==l-> X;(I—e X!,
J

The subtracted matrix is positive semidefinite. This target block is normal, with scalar
strictly positive imaginary part, and arg(z; — r) > arg z; for r > 0. Thus @y > al, whereas
®;; < 0 on the degree-one branch. Consequently

§= (X[ X;0p) —tr [ Y X;X[dy | < —as. O
J J
Lemma 4.2. Let k = w/(2¢e). For an invertible differential of rank n, the coefficient terms
in (16) satisfy
(32) IK(C)lly <nks,  |JL(B)lly <ns,  [[Qw — 2l <s.

The constants do not depend on any singular-value ratio of D.

Proof. Write D = UDBl/2 and S = UZT)HXUD. Then C' = Bl/2SBl/2, S>0andtrS =s.
For u > 0, HBl/ze_“BH < (2eu)” /2. Integration in (14), using fol [s(1 — )]~ Y2ds = =, gives
|IKB(C)|| < ks, hence the first trace-norm bound.

On U, E = LHx L. In an eigenbasis of L with eigenvalues I;,

(JL(E))ij = kij(Hx)sj, kij = l;l; /x =0 e i dy dz.
:Ifizgl
Enlarging the integration region to the nonnegative quadrant gives 0 < k;; < 1. Positivity of

HX implies |(Hx)”| < (Hx)”(Hx)]] Therefore

2
| (v, JL(E)v) | < (Z\vilv(Hx)ii> < sl
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Since Jr,(F) is Hermitian, this proves the second estimate. Finally the positive semidefinite
matrix subtracted in (31) has trace at most s. O

Lemma 4.3. There is a constant C depending on the initial data and charges such that
A(t) > at — C for every t > 0.

Proof. The least eigenvalue A is locally Lipschitz. At almost every time, choose a unit mini-
mum eigenvector v realizing its derivative, and set u = Dv/v/X. Then Lu = Au and

(33) A= (v, @yv) — (u, Pyu)) > 0.

The same lower estimates hold on every vector in a repeated minimum eigenspace, and hence
for the corresponding one-sided eigenvalue derivatives. In particular A > A\g := A(0) > 0.

Apply (28) to Qy = 20 B+ Kp(C) and —Qp = 29 F — J(E). On v and u the reference
heat eigenvalue is e™. The reference phases differ by 7 after the degree-one branch shift.
Lemmas 4.1 and 4.2 yield

ns(0)
|20

(VE+1).

(34) A> A [7r — Cpera/2| Co=m

Let Ly = max{0,2log(2Cy/m)}, taking Lo = 0 when Cyp = 0. Whenever A < at — Lo, the
bracket in (34) is at least 7/2.
For completeness, choose

2
MO :max{)\o,4a/7r,1}, T() = (M0+L0)/a, T1 :To—i-;log(M()/)\[)).

For ¢t > Ty while A < My, A > wA/2, so A reaches My by T;. The line b(t) = My +a(t — Tl')
satisfies b(t) —at = My—aT) < —Lg. At a contact point A =b for t > T, A > wb/2 > 2a > b.
Scalar comparison gives A > b thereafter. Before 77 we have A > 0, so A(t) > at — a7 for all
t>0. ]

Proof of Theorem 1.2. Global existence is Lemma 2.4. The contraction and gap statements
follow from Lemmas 4.1 and 4.3. The latter also gives He‘BH = He‘LH < eTie—at Thus

12w [, + [Qull, < (2n]20]e™™ +n(k + 1)s(0)) e,
1w — 211y < s(0)e™".

The central-charge identity is tr{) = mgz;. The triangle inequality gives the lower mass
bound m(h(t)) > mg|z1| and, with the last two estimates, the upper bound (5).
It remains to identify convergence of a metric in fixed coordinates. For r > 0,

OSarg(zl—r)—a:/
0

Im 2z du < T ‘
|21 — ul? Im 21
Spectral calculus in (31) yields 0 < @y — al < s(0)e"*(Imz;)~ 1. For hw = e hy,
comparison of Hermitian forms gives

678(0)/(alm21)hw(0) < ﬁw(t) < hw(0).

The normalized metric is decreasing, and hence has a positive definite limit. Its derivative
in any fixed coordinate norm is O(e~), by the same comparison and the phase bound.
Integration proves exponential convergence. ]
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Remark 4.4. Zero-dimensional cases have direct descriptions. If V = U = 0, the only co-
efficient is 21 Iy and hy (t) = e %hy (0). If W = 0, all arrows vanish; writing 6y = arg zo
gives ®y = 6ol and dy = (fy — 7)I. Consequently D(t) = e™/2D(0) in moving frames
and m(h(t)) = 2|zo| tre=¢"PO'DO)  Thys the acyclic mass decays faster than every fixed
exponential.

5. A MASS-INCREASING TRAJECTORY

We prove Theorem 1.1 by computing a positive one-sided limit of the exact mass derivative.
All metric and phase conventions remain those of Section 2. For the initial matrices in that
theorem, DD = diag(1/25,4) and ATA = (1 %) do not commute.

5.1. The real limiting coefficient. Put
b1:1/257 b2:47 p:eibla q=e¢€ ) Rizia fi:Ri_eibia

and define
P—q _ Vbib2(R1 — R2)

by — by’ o by — b1
At € = 0 the coefficient blocks have the real symmetric limits

(35) H—@}g ;é) G—<f125_p 4f§5*q>, w=4— Ry — 4Ry = 25p + ¢ — 22.

(=

The elementary bounds below give
26 —0.05060 < det H < —0.05059, —0.85991 < det G < —0.85990,
(36) 2.03805 < w < 2.03806.

Thus H and G each have one negative and one positive eigenvalue. For a real symmetric 2
by 2 matrix M with this property,

1 2M — (tr M)I
(37) P_(M) = 5 <I Y I T M) .

Write Py = P_(H) and Py = P_(G).

All limiting blocks are invertible. The polar unitary is continuous near them. On the
degree-zero branch its eigenvalues approach 1 and —1 through the upper semicircle; the
corresponding phases approach 0 and 7. On the degree-one block apply the same observation
to —Qp and subtract 7. It follows that

(38) ¢y — TPy, by — —7 Py, Py — 0 (G\LO).

The argument is continuous on the closed upper semicircle with these endpoint values. This
assertion does not use continuity across a branch cut from the lower semicircle.

5.2. A finite real formula for the derivative. Divide the limiting map velocities by m
and denote this directional derivative by a prime. Equation (19) becomes

(39) D' = Y(DPy + PyD), A'=1Apy.

Since the central-charge trace is constant, the trace-norm derivative formula gives

(40) lim me(0)

= —2tr(PyH' + P;G").
i —— r(PyH' + PyG')
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Indeed, at the real invertible blocks the polar unitaries are their sign matrices I — 2Py,
I — 2Py, and 1. The identity contributions sum to the derivative of (17), which vanishes.

Here is a scalar-arithmetic evaluation of the right side of (40). It avoids differentiating
eigenvectors of the coefficient. Let B = diag(b1,b2) and C = (}3%). Set

B/
(41) B'=L(PyB+ BPy)+ DPyD, =12 =" 7),
by — b1 -y 0
Use instantaneous singular-vector frames for D. In the source frame, B’ + [B, K] is diagonal
and b, = BJ,. The arrow Gram derivative is

(42) C' =Y (PyC+CPy) +[C,K].

The corresponding target frame makes D diagonal to first order. Frame rotations do not
change the traces tr(Py H') and tr(PyG’), since the projections commute with the respective
limiting blocks.

The remaining derivatives are

(43) R = _gb;a fi = <—£Z + e_b"> b,
;_ (=pby + gb) (b — br) — (p — q) (b — b))
. o (bg — b1)? ’

f_ s (b
T <b1+b2

(45) + /b1bs (1] — Ry)(bo —(1212)_—17(11;1 — Ry) (b — b’l)

In these frames,
(46) Hj; = e (Cl; — (1+ Cio)b}), H}y = (C)y + Cral,
(47) Gy = fiCl; + [C'ii (_fi/bi + fbi) + e’bl} v,

Ty = 5.Cy + Chas..

Equations (35)—(47) are a finite expression using rational operations, two exponentials and
positive square roots.

5.3. Strict positivity. The two exponentials lie in the rational intervals
0.96078943915232320 < p < 0.96078943915232322,

(48) 0.01831563888873417 < ¢ < 0.01831563888873419.

To verify them, use the Taylor sums of degrees 31 and 30 for e=1/2% and of degrees 81 and 80
for e=4. The odd and even sums bound the exponential from below and above, respectively,
by the sign of the Taylor remainder. Each comparison with the displayed decimal endpoint
is a rational comparison.

Substitution in the finite formulas above, with interval operations, gives the enclosures in
Table 1. Each printed matrix entry differs from its exact value by less than 1078, These
deliberately coarse enclosures suffice to give

(49) 0.2395 < —2tr(Py H' + PyG') < 0.2397.

One may verify the table using only rational endpoints: every positive square root can be
enclosed by rational lower and upper bounds whose squares enclose its argument. Thus
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the sign calculation does not depend on a floating-point eigensolver or a finite-difference
derivative.!

TABLE 1. Enclosures for the sign calculation. For each symmetric matrix, the
entries are listed in the order (11,12, 22); each entry has error less than 1075,

Matrix 11 12 22
H 1.92157888  0.47599687  0.09157819
G —0.94131486  0.14845312  0.89010617
Py 0.05643063 —0.23075142  0.94356937
Py 0.99355619 —0.08001432  0.00644381
H' 0.01353176 —0.24643619 —0.29654199
G 0.06216737  0.10644365  0.12306918

Proof of Theorem 1.1. The coefficients, their directional derivatives, and the polar unitaries
extend continuously to the invertible real limiting blocks. Equation (38) gives convergence of
the actual flow directions from e¢ > 0. The trace-norm derivative is consequently continuous
in this one-sided limit. Equations (40) and (49) show that the limit is positive. It follows
that m¢(0) > 0 for all sufficiently small e > 0, when both central charges are admissible. [

The example disproves universal mass dissipation for the specified positive phase, rather
than merely exposing a failure of normality. It does not preclude eventual cancellation,
which Theorem 1.2 proves for these same complexes. No change of vector field is used in that
theorem.

6. UNIFORM CANCELLATION WITH A SURVIVING SOURCE

We prove Theorems 1.3 and 1.4. The extra source cohomology prevents direct use of (30).
The block estimate of Section 3 controls the resulting term without an inverse of the surviving
orbit operator.

6.1. Equations in an adapted orthonormal splitting. For any surjective D, choose
orthonormal frames adapted to V = ker D @& (ker D)+, and write

Py Pya
D=[0,F], Aj=[H;Tj], Py= <<I>AH <I>AA> '

Add to the source frame velocity the skew-Hermitian generator

1 0 QA
Ky =- .
V' <—‘1>AH 0 )
The off-diagonal blocks have sizes ng by r and 7 by ns; no equality of their sizes is needed. The
kernel component of D remains zero: its unrotated term F'® 477/2 is canceled by F(Ky)ap.

IThe source distribution includes two independent interval computations: figures/code/compute05_
interval.py and figures/code/computeO05_independent.py. The latter uses only integer interval arithmetic
from the Python standard library. They enclose the one-sided limiting derivative, not a specified positive
value of e.
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Equation (19) then becomes

(50) F=1(F®as—®yF), H; = }(H;®oyy — dwH;),
(51) T Hi®pq+ 5 (T DPag— (I)WT])

In particular, with X; = TjF’l,

(52) X; = 4(X;®y — PwX;) + Hj®paF .

The second term is the coupling absent from the invertible-source argument.
For this subsection put B = FTF, L = FF!, Cr = > TjTTj, Cs =3 H]THJ' and Cy, =
> ;H jHJT The exact coefficients are

Zo[ + CS ER >

_ _ T
Qv = < EL z0e B + Kp(COr) Fr= ZH]TJR(B)’

J

(53) Qu = JL(FCTFT) — Z()eiL,
Qw=ul-Cy-Y, Y= ZX XT>0
Define
(54) a=Y IHilts,  s=D_IXlhs: A= Auin(F'F).
J J

Since |[FR(B)|| < A~/2, Cauchy-Schwarz gives
(55) 1ERls < Vas/A.

Also ||[Y||gg < trY < s. The source compression ® 44 is positive and @y is negative, so the
least-singular-value calculation (33), now applied to F', shows that A is nondecreasing.

6.2. Uniform bounds for the surviving arrows. Allow arbitrary surviving tuples and
charges in the strict upper half-plane. Put b; = Imz; > 0, a = arg z; € (0,7) and define the
ordinary cohomology phases

s = arg(zol + Cy), O = arg(z1I — Cy), 0s =Py — ¢s, O = Py — du.
These ordinary coefficients are normal. Their source singular values are at least bg. Lemma 3.1
gives

a7
(56) 19sllas < 5 -Vas/A Nowllus < /b1

when +/qs/A/by < 1/8. For the target inequality, the scalar function g(z) = arg(z; — x)
has derivative at most 1/b;. Expanding two Hermitian matrices in their separate eigenbases
shows ||g(Cw +Y) — 9(Cw)llgs < 1Y lg /b1- No operator monotonicity assertion is needed.

The unconditional off-diagonal estimate [|[®rallyg < (27/bo)+\/qs/A, together with &y >
al, gives from (52)

4dmq
< | = -
(57) s < ( a-+ b0>\>

To bound ¢, use the ordinary cohomology mass

(58) My = |20l + Cslly + [lz1] = Cull; -
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The scalar inequalities |29 + 2| > x + Rezp and |21 — x| > © — Re 21, together with tr Cs =
tr Cy, = q, imply

(59) g < %(MH—nSRezO—anRezl).

For the ordinary degree-zero phase equation, its derivative in source and target phase eigen-
bases is

Z |(H;)1i)*(cos aii — cos By) (e — B1) <0,

Gl
because cosine decreases on (0, 7). Equivalently, its arrow gradient is 2(H; cos ¢5 —cos ¢ Hj),
with total Hilbert-Schmidt norm at most 4,/g. The additional arrow velocity in (50) is
(Hjos — 6H;)/2, s0

(60) Mz < 2q([10slus + 1w lus)-

Only this auxiliary ordinary mass, not the full complex mass, has been used in a dissipation
inequality.
Let My = Mp(0) and put

(61) QZ%(Mo—nSRezo—i-anezl)—i—l.
Then Q > ¢q(0) +1 > 1.

Proposition 6.1. Suppose \g = omin(Fo)? satisfies

3/2 2
(62) Ao > Ly = max 4 1, 87TQ7 8\/QM’ 647Q>/ <M /by + 8Q M= /by .
ab(] b(] a

For allt > 0, one has q(t) < Q — 3/4 and

M2
(63) s(t) < ——e 2,

Ao

Am/ QM _, M*
(64) 165 < TV ot/ g < e /2

boAo b1 \o

Proof. Initially ¢ < Q — 1 and s < M?/), since HFJIH = )\51/2. While ¢ < (), monotonicity

of X and (62) give s’ < —as/2. This proves (63) on that interval and ensures \/qs/A\/by < 1/8.

Equations (56) give (64). Integrating (60) yields

327Q3/2 M /by + 4QM? /by
CL)\O

MH(t>SMO+ SM()—I—%.

Equation (59) gives ¢ < @ — 3/4 < @, closing the bootstrap by continuity. Global existence
extends the bounds to all ¢t > 0. O

Take A, = /L. If ¢(0) < R, the triangle inequality gives My < 2R + ng|zo| + nw|z1|. The
same proof therefore works with @) replaced by the uniform upper bound

(65) Qr = R+ §[ns(]z0] — Re z0) + nw(|21| + Re z1)] + 1.

This gives a threshold uniform on initial surviving-arrow norm balls, independent of acyclic
rank, arrow count and the largest singular value of Fj. Charge dependence is explicit in (62);
no uniformity near the boundary of the upper half-plane is asserted.
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6.3. Growth and cancellation of the acyclic sector. Put 0 = a/4 and k = 7/(2e). For
the trace-norm constants put

(66) d = min(ng,r),  Ag=2/dQM + reM>.
Compare the source coefficient in (53) with
Qv = diag(z0f + Cs, z0e D).

Its error has trace norm at most

(67) HQV — QV,0||1 < %e—at_
0

Indeed the two off-diagonal blocks contribute at most 2v/d ||Eg||yg, since each has rank
at most d. Lemma 4.2, with rank r, applies to T; = X,F on the acyclic block and
gives |[Kp(Cr)||; < rrs. Similarly the degree-one error relative to —zpe %
TMQ)\(;le_“t/z.

Apply Lemma 3.2 to a vector in the acyclic source block realizing A, and to its image under
F/v/A. The reference singular value is |zp|e™ in both cases. The reference phase on that
source direction is arg zg, regardless of the phase on the surviving source block. Consequently

(68) N> A [7r - cle(*”ﬂ/ﬂ ,

1s at most

where the following constant has no condition-number dependence:

i =7 (Vi i)

We used Ay > 1 to discard a favorable factor. The same estimate holds for every vector
in a repeated least eigenspace, so it also controls the one-sided derivatives of A. Set Ly =
max{0, 2log(2C1/m)}, with Ly = 0 if C; = 0. Because \g > 1, the line ot — Ly lies below A
up to time (1 + Lg)/o. At a later contact point, (68) gives N > w\/2 > 7/2 > 20 = a/2.
The same barrier comparison as before gives

(69) A(t) > max{\og, 0t — Lo}.

In particular,

< 26L0/2 e*O’t/2'
~ eX

For the last step, take the geometric mean and use Age /2 < 2 /e.

Define the instantaneous cohomology coefficient to have blocks zol + Cs and z11 — C,,.
Equations (53), (63), (67) and (70) show that

(70) leZ|| = [|le~"|| < min(ee, ehoet)

(71) Cean =2 | Ao+ (r +1)M? + Me’z‘)'e%ﬂ
satisfies

HQ - (QH %) Oac)Hl < %Ccan)\ale_at/g-
Here the two acyclic heat blocks each have rank r, and the target error has trace norm at
most s. These account for every term in (71). The trace norm is 1-Lipschitz with respect to
itself, so the same bound holds for |m — Mg|. Adding the bounds and using \g > A? proves
the quantitative cancellation assertion in Theorem 1.3. Taking C' = max{Cean, Lo} supplies
one constant for its growth and cancellation conclusions. All estimates use tuple norms and
only the least acyclic singular value; no stability hypothesis has entered.
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6.4. Relaxation from finite initial energy. For the rest of this section assume ng = n,, =
nand zo = —1+1, 21 =141, so a = 7/4 and by = by = 1. The surviving tuple need not
be initially balanced. In fixed holomorphic coordinates, ker D is fixed and Aj|ker p = Bj. Its
induced metrics are the restriction of hy and the metric hyy. The restriction’s metric velocity
is —® gy, as represented by (50).

Multiply both induced metrics by e™/2 and call them hyg, hy,. This leaves the arrow norms
unchanged. The common scalar contributions to the logarithmic determinants cancel because
the surviving dimensions agree. Using the initial orthonormal determinant volume forms,
define on all positive metric pairs

(72) K = g+ logdet hy — log det hy,, s =Cs — I, puyp=Cy — 1.

Assume K, :=inf K > —oo and put Ey = K(0) — K. The infimum need not be attained.
The normalized metric velocities are

& = arctan g — 0, &w = —arctan iy, — Oy.
Variation of (72) gives
K' = — tr(ps arctan pg + iy arctan piy) + tr(isds — ).

Here My > 2n,s0 Q > 2n+ 1 > 3. Since ¢ < @, the moment spectra lie in [-1,Q — 1]. Set
Jo =1+ (Q —1)2 Integrating (arctanz) = (1+ 2?)~! from zero gives z arctanx > x2/Jg
on this interval. With squared norms summing source and target Hilbert—Schmidt squares,
Young’s inequality yields

/ ]. 2 JQ 2
< —— — |67 .
(73) K<~ P+ 5 1)

By (64),

o0 3272QM? + M*
| e de < AL

0 CL)\O
Consequently, with

(74) Cen(Q. M) = 52 (325°QM? + MY,
one has
0< ]C(t) - K*?
(75) 1 t 9 5 4
K(t) — K« + 257, [(w)|” du < Ey + Cen(Q, M)/\o < Eo + Cen(Q, M)A
QJo

Only the lower bound for K is used. A bound on Ej is needed for a uniform numerical energy
bound across initial metrics; its finiteness suffices for the following qualitative conclusion.
The adapted equations and phase bounds give

. 2
S| <7 Nl liwls < 27
J

Thus p is uniformly continuous, independently of k. An integrable nonnegative squared norm
with this property tends to zero: otherwise disjoint intervals of a fixed positive length would
each contribute a fixed positive amount to its integral. It follows that us, pty, — 0, hence
My — 2n. The cancellation estimate then gives m(h(t)) — 2n. This proves Theorem 1.4.
When M = 0, the forcing ¢ vanishes, but p need not vanish at finite times for nonbalanced
initial metrics.
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6.5. Balanced minima and an unattained infimum. Suppose (h%,h}) is a balanced
metric pair. In orthonormal frames for that pair, a geodesic of positive metrics has the form
(7%, e™w). After diagonalizing S, S, the squared arrow norm is a sum of nonnegative
multiples of e™@w=4s): the logarithmic terms are affine. Thus K is convex along the geodesic,
and balance makes its derivative zero at 7 = 0. Every positive pair is the other endpoint of
such a geodesic, so this balanced pair attains the global minimum

K.« =mn+logdet h; —logdet h},.

In particular, initially balanced orthonormal metrics give My = 2n, Q =2n+1, Jg =1 +4n?
and Ey = 0. Equations (62) and (75) recover Corollary 1.5, with threshold depending only
on n, M. No strict convexity or positive stabilizer gap is required.

The finite-infimum hypothesis also allows nonattainment. Take B; = I and By = e, the
matrix with a single nonzero entry 1 in position (1,2). For arbitrary positive metrics put

X = hs "*hyhs?. Then
K =tr X —logdet X + || Ba|[3is , > 2,

since  — logx > 1 and By # 0. Along hs = hy, = diag(e™?,e?), however, K = 2 + e 2!, Its
infimum is 2 and is not attained. Theorem 1.4 applies to this surviving representation when
the initial acyclic scale is sufficiently large.

Cancellation alone cannot imply relaxation to balance: for zero surviving arrows with
these charges, Mgy = 2v2n and s = py = —I, while K has no finite lower bound. The
exponential comparison with instantaneous cohomology remains valid. Even under the finite-
infimum hypothesis, (75) supplies neither a uniform final relaxation rate nor convergence of
normalized surviving metrics. It is not an inverse estimate for the Hessian of K at a changing
stabilizer.

7. STATIC CANCELLATION, REGULARITY AND A METRIC PRIMITIVE

The estimates in this section concern fixed external differential scales and varying arrow
coordinates. They do not differentiate solutions of the phase equation with respect to their
initial data.

7.1. An exact primitive in metric directions. Fix reference inner products and determi-
nant volume forms on V, U, W, and represent positive metrics by hy, hy, hyy. The matrices
in (12) are computed in orthonormal frames for those metrics. Define the entire function

1 1— e—sb
(76) Ein(b) = / —— —ds, bEn(b)=1-e".
0 S

Proposition 7.1. For arbitrary rectangular D, the function

- Sc(h) = zo(log det hy — logdet hyy) + 21 log det hyy
(77) + 2o tr Ein(B) — tr(CR(B))

satisfies, for &g = h;ldhq,

(78) dSc (&) = tr(Qvéy) + tr(Quéy) + tr(Qwiw).

Proof. Compute at orthonormal frames, where {, is Hermitian and the map variations are
those preceding (19). The Ein term has coefficients —z¢(I — P) on V and 29(I — Q) on U.
Adding the logarithmic terms gives zgP and —zp(Q).
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The Fréchet derivative DRp is self-adjoint in the trace pairing, since R is real analytic on
Hermitian matrices. Variation of —tr(CR(B)) on V gives
5{C,R(B)} + 3{B,DRp(C)} = K5(C).
To verify the identity, diagonalize B. Twice the multiplier on the left is

R(b;) — R(b; e b —ebi
R(bi) + R(bs) + (bi + b)) (b),_b.(])ZQ bi—b;
7 ] ? J

with continuous values at repeated eigenvalues. On U the coefficient is —D DRg(C)DT =
Jr(DCDY), as follows by differentiating the integral defining R. On W it is — > AJR(B)A}.
These are exactly (16). O

Equation (78) specifies a primitive on the space of metrics of each fixed object. By itself
it allows an additive constant depending on that object. Such dependence can change a
transverse moduli-space Levi form. Whenever potentials on an arrow space are used below,
their normalization is the explicit formula (77) at the declared reference metrics, with only
the stated acyclic subtraction. Arbitrary object-dependent functions are not part of that
normalization. Locally pluriharmonic additions do not change the compared forms.

7.2. Nonscalar static cancellation and first derivatives of mass. Fix reference metrics,
an orthogonal decomposition V = H @ C, and an invertible map F': C' — U. Set D = [0, F]
and A; = [Bj,T};]. The differential F' is fixed when the arrows vary. Write

Pp=F'F, Lp = FFT, A= omin(F)2 > A%2> 1.

The limiting cohomology coefficient Qg has blocks zgl + Zj B;Bj and 211 — Ej BjB]T.

Use the Euclidean norm on the real and imaginary arrow entries, whose square is the sum
of squared Hilbert-Schmidt norms. The C* norm uses the corresponding operator norms of
real multilinear derivatives. No derivative in F' or the reference metrics is included.

Proposition 7.2. On every bounded arrow-coordinate ball, for fized charges in the strict
upper half-plane and every fixed integer £ > 0,

(79) 1928 — (2 @ 0ac)|| e < CoA™2, mp —mulco < CoA™2
Moreover,
(80) |[dmp — dmy||co < CAE

Constants may depend on the fized dimensions, charges, ball radius and £, but not on arrow
count, the surviving stabilizer or the condition number of F.

Proof. The nonscalar blocks are given by (53), with H; = B;. Spectral calculus gives
IR(PR) <A™ le ™[ =lle™ [ <e™  [1Kpe(C)llys < ¢ ICllys -

For the degree-one term take a singular-value decomposition of F', with squared singular
values b; > A. The multiplier on Cj; in JLF(FCFT) is

1
\/bibj / e~V ds dt < <A L
ss-ftzﬁol bibj

This bounds its Hilbert—Schmidt operator norm independently of the largest singular value.
All arrow expressions are quadratic. Tuple Cauchy—Schwarz bounds their first two derivatives
independently of the number of arrows, and higher derivatives vanish. Norm conversion in
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the fixed output dimensions proves the coefficient bound in (79), first with A~! in place of
A~2. The trace-norm triangle inequality gives the mass bound.

Every block is invertible at finite F: its signed imaginary part is a positive scalar times I,
e Pr or e7LF. The trace norm N(Z) = || Z||; is smooth on invertible matrices and convex
[Lew95]. Its first derivative satisfies [DNz(H)| < ||H||,, while D?Nz(H, H) > 0. Along any
real unit arrow direction,

2

d
@N(Q(y +tv)) > —||Q"(y + )|, -

The second derivatives of the coefficients are uniformly bounded on a ball of radius R+1. The
cohomology mass has a bounded Hessian there, because its blocks have uniformly positive
imaginary parts. Thus fr = mp —my satisfies D? fp > —LgI, uniformly in F. For |y| < R,
|| =1 and 0 < h < 1, integration gives

fr(y+hv) — fr(y)  Lerh _2Co Lgh
< < .
dfrly)e < h TSI T
Take h = A\~/2 and replace v by —v for the other sign. This proves (80). No uniform upper
Hessian bound near a singular acyclic coefficient has been used. O

The map-dependent part of the primitive is exactly
(81) 2t Ein(Pr) — > [|Bjlfs — > tr(TR(PR)T]).
J J

The first term is independent of the arrows at fixed F'. After its declared subtraction, the
primitive has the same C¢ error Oy(A~2) for every fixed ¢. Section 8 states the relative
normalization including the metric determinant terms. This subtraction is not constant along
a full metric orbit where the norm of D changes. At phase /2 and the charges —1+1, 1+1,
the map-dependent real function at fixed F is }; HBjH?{S +22 tr(TjR(PF)TJT), a positive
Hermitian quadratic form in the arrows. Positivity when the differential varies is a separate
question, addressed below.

7.3. A shrinking-scale profile and failure of higher derivatives. For the rest of this
subsection let H =W =C =U =C2?, D =[0,Al], 20 = —1+iand 2z = 1 +i. Put

A2 1—p
p=c . =R =P

Return to the balanced family (11) and choose the constant nonzero mixing
(82) =1, To=-0,, T3=1I

: . 2

All three are invertible and ), [|T}|j;g = 6. Here >, T]TT] =2 T]T;r =313, B;LT] = ceoy
and my = 4. The source coefficient is a direct sum, after a constant unitary change and
permutation, of two unitarily conjugate matrices

7. — i fu B
=7 \tu p2+41))7 U= pace
Since det Z4 = —p — u? + 2ip and tr(ZlZi) =1+ 5p? + 2u?,
9p(y) = \/1 + 5p? + 2y + 24/5p* + 2py + ¥,
o2
ma(e) = 2g, (2 - 62> +2v/(3pa — 2p)% + p? + 24/ 1+ 903

(83)
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All € derivatives occur in the first summand.

Proposition 7.3. Let sx = «/2p/pa. For each compact real interval I and each fized non-
negative integer k,

(84) malsal) =mal0) ., piey .o T ERTA-VE in CH().

2p
In particular,

3 €A2/2

3 _ ~oz

(85) ae (m/\ mH)(SA) 4 A6
24 M
4 _ LA e
(86) 92 (mp —mp)(0) N

Thus uniform C® convergence fails on every fized interval [0, o] with eg > 0.

Proof. Put nx = p/p3, wa(€) = €2/(1+na€?) and H(w) = w+v/5 + 2w + w?. At e = sp€ the
argument of g, is pw,. Rationalizing the outer square root in (83) gives the exact expression
ma(sag) —ma(0) 2H (wp(§)) + 5p B

2p V1 +2pH(w(€)) + 5p2 + 1

Since p — 0 and ny — 0, the right side is a smooth function of (p,na,&) near (0,0,1).
Its square-root arguments stay bounded away from zero. This proves (84); in fact

1PA = Pllexry < Cralp+na) = Orp(Ate™).
The exact derivative relation is

OFma(spé) = 2ps/_\kP/(\k)(§), kE>1.

(87) Py(§) =

Direct differentiation gives P"/(1) = 3v/2/4. For example, for Q(&) = &* + 262 4 5, its value
and first three derivatives at 1 are 8, 8, 16, 24; substituting them in the third derivative of \/Q
gives the stated value. Therefore the third derivative is asymptotic to 3p3 /(4,/p) at € = sa,
which proves (85). This point tends to zero through positive values.

For the derivative at zero set d = 1 4+ v/5p and Ag = 1+ 1/4/5. At fixed p > 0, expansion
of the exact formula gives

Ay 2 A2
=d+ —y+
9p(y) 7Y <5\/5pd 58
Since y = p3€?/(2 + €2), it follows exactly that
A 2 A2
I ma(0) = 12 |- =23 — 0.

A% proves (86). O

Using pp ~A 2 and p=e~

Corollary 7.4. For the family (82), my — 4 in C?(I) on every compact real interval I.
More precisely,

Hm/\ - 4”02(1) - OI(A_2)? Hm;\HCO([) + Hm///\HC’O([) = OI(A_4)'

For every eg > 0 and 0 < o < 1, however, the Hélder seminorm [mji]co.a(jo.e)) tends to
nfinity.
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h(y) = /(y+p)?2+4p? For y > 0 set

Proof. Put f(e) = €2/(2 + €2), y = p3f(e) and
1< A<2and

A(y) =1+ (y+p)/h(y). Then g, > 1,

4p2 AQ
/ 7
gp:A/gp’ D = gph3 —?g
Moreover,

16 Py _ Py

N2 __
() “erep =t et
Only 2g,(y) varies with e in (83). Therefore
4 2
mhl <4pdIf] il < 2R () (,f; + 4) +40311"] < Crs}.

These are direct estimates on the fixed interval I. Together with (79), they prove the C?
assertions.

For the Hélder claim, the exact rescaling gives m/{ (sp€) = p3 Pr(€). Direct differentiation
of P gives

2 3 3 2
P//0:2+77 P”1:2+7, A:7—7>0
© V5 M) V2 V2 V5

Since sy — 0, both 0 and sy lie in [0, €] for all large A. Hence

g (5) = MR O] a2
(88) [miAlcoa o) = = ~ 2 S — o0,
The asymptotic equivalence concerns the displayed two-point quotient. ]

This is a derivative obstruction in the actual parameter of (11), with fixed reference metrics
and fixed mixing. The family extends smoothly to negative €, so derivatives at zero are
unambiguous. It is not asserted that € is a smooth coordinate on a coarse moduli quotient.
The analytic singular scale comes from the acyclic coefficient approaching zero; a changing
stabilizer alone is not an explanation of trace-norm singularities. The fixed-interval C? bound
is specific to this family. It does not settle a general uniform C? estimate on the full arrow-
coordinate ball.
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(a) Mass profile (b) Normalized Hessian
T == A=2
| A=25
6 - A=3
5 — Limit
— ~
g 2
A \
1+ \\
N\
N\
A
0 A \\\
\\s
0 T T T 1 _]- T T T --_-I
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
fZE/SA fZE/SA

FIGURE 1. The exact normalized mass difference Py and normalized Hessian
P}, with their limits P and P”. The marked limiting Hessian values at £ = 0, 1
differ by A; their original parameter separation tends to zero. The coordinate
scale is sp = /2p/ppa ~ V2A2e=2*/2 The curves illustrate a proved static
limit; they are not numerical phase-flow trajectories.

7.4. A negative ambient Levi direction. For a phase angle § € (0,7), the real phase
combination in [HKKP26, §5.1] is — Re S¢ +cot § Im Sc. On a complex gauge orbit the loga-
rithmic determinant terms are locally pluriharmonic. Its map-dependent candidate potential
is therefore

(89) Ko(A, D) =tr(CR(B)) + cg tr Ein(B), cp = —Re zp + cot 6 Im 2.

This formula is a construction from the explicit primitive; it is not an assertion that [HKKP26,
§5.4] proves its ambient positivity.

Proposition 7.5. For zo = —1+1, z1 = 141 and 0 = 7/2, the potential (89) has a negative
Levi direction on a complexr gauge orbit of the mized family, for every A > 0 and every
e €[0,1].

Proof. On one scalar acyclic summand put a = |A|?, b = | D|?. The restriction of the potential
is aR(b) + cEin(b). Its AA Levi entry is R(b) > 0. The Schur complement of that entry is

g
(90) e~ — ap(b)), p<b>=bb(11_f3_b).

Indeed the DD entry is a(R' 4+ bR") 4+ ce™®, and the squared mixed entry divided by R is
ab(R')?/R; using bR’ = e~? — R gives (90). For b > 0, p(b) > 1/2: the sign of 2p — 1 is the
sign of b — 2 + (b4 2)e~®, whose derivative is 1 — (b + 1)e™® > 0 and whose value at zero is
zero. Thus ¢ = 1, a = 4 gives a negative direction for every b > 0.

Realize this scalar restriction by taking 77 = 21 and To = T3 = 0 while keeping the
balanced B; fixed. Vary one acyclic diagonal entry of D and the corresponding entry of 77.
Independent nonzero complex rescalings of that acyclic source line and its degree-one target
line realize these two local variables within one complex gauge orbit. Their potential is the
scalar expression above plus a constant, proving the assertion. O



PHASE FLOWS ON QUIVER COMPLEXES 25

An object-dependent additive constant cannot repair this negative direction along the same
metric orbit. The proposition obstructs a generally plurisubharmonic ambient potential with
the prescribed phase primitive. It does not exclude a positive limiting cohomology metric or
every possible construction made directly on a quotient.

7.5. Quantities and derivative domains. For clarity, the static estimates concern the
following distinct objects, at fixed external D = [0, F|, omin(F) > A, and fixed reference
metrics. The profile rows further specialize to F' = Al and the indicated family:

Quantity Coordinate derivatives Conclusion

Coeflicient Qp bounded real B, T coordinates C* error Oy (A~2)

Relative primitive the same coordinates C* error Oy (A™2)

Trace-norm mass  the same coordinates C° error O(A=2), C* error O(A71)
Mass in (82) surviving parameter e C? convergence; C** seminorms diverge

Normalized profile ¢ = €/s5 on compact intervals C* convergence for every fixed k

No all-orders derivative conclusion for (€2 AQR)l/ 2

is contained in this table.

, the polar phase, or an actual flow trajectory

8. THE LIMITING QUOTIENT AND A RESTRICTED POSITIVE CONSTRUCTION

We first identify the limiting primitive under specified changes of presentation. We then
give a finite-scale positive construction with additional hypotheses. Proposition 7.5 rules out
extending its ambient positivity to all mixed presentations by the same primitive.

8.1. Relative primitives and elementary cancellations. Fix Hermitian reference data
on a surviving source H and target W. Let C be an acyclic source sector and D = [0, F] :
Ha&C — U, where F : C — U is invertible. Evaluate the primitive on metrics hy = hg ® ho
and write A; = [Bj,T};]. The metrics on C,U and the map F are fixed throughout the static
arrow-coordinate comparison. Put Pp = FTF and A = Amin(Pr) > 0. The zero-arrow acyclic
primitive is

(91) Sac = z0(log det hgo — log det hyr) + 2z tr Ein(Pr).

With fixed determinant volume forms, subtracting this declared expression from (77) gives

Srel = 20 log det hyy + 21 log det hyy — qr(B)

(92) =S u(GRPAT]),  al(B) =D 1Bl
J J
For fixed F' and acyclic metric data, 0 < R(Pr) < A1, Thus the last term has absolute
value at most A=t y HTJHIQ{S and has O(A™1) bounds for every fixed derivative in bounded
real B,T coordinates. This is a relative static comparison, not a constant subtraction on the
full metric orbit.

Several elementary compatibilities follow from this exact formula. For mutually orthogonal
acyclic sectors with F' = diag,(A,I), the error is

(93) =Y RO Y|

The subtractions and removals of these sectors commute. Their bound depends on ming A,,
not on the ratios of the scales. This is an assertion for the displayed block decomposition,
not for interacting acyclic differentials without such a decomposition.

2
HS
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An elementary source shear gy = (6 ?), where S : C — H, leaves D unchanged and

replaces T by T; — B;S. The cohomology maps remain B;. For bounded data the two
error terms in (92) both tend to zero, so their limits agree. The same holds for every fixed
derivative after composition with a holomorphic parameter chart whose shear has bounded
derivatives. The two reference presentations must retain the same cohomology Hermitian
data, or transport them by a specified holomorphic isometry. This does not assert equality
at finite scale under a nonunitary shear with unchanged ambient metrics.

Constant unitary frame changes preserve the comparison when they transport F' and T}
together. With unequal scales, a rotation of acyclic frames generally changes the displayed
matrix of F. Rotating only the arrows while holding that matrix fixed is not the claimed
invariance.

Now specialize to dim H =dim W =n >0, 2o = —1+1i, 21 = 1 +1i. The total cohomology
charge is 2ni, of phase 7/2. At fixed reference metrics, the limiting real arrow potential is

(94) Ku(B) =q(B) =Y |IBjlis-
J

Its Levi form is the usual positive flat form. The limiting metric-direction function is g (B) +
log det hy — log det hyy. Its critical equations are

(95) S BB =1y, Y BBl =1Iy.

J J

The equality of dimensions is necessary by taking traces. The resulting orbit-type Kahler
quotients are the ordinary quiver quotients. Their existence is classical; the calculation above
identifies the limiting potential and its normalization for these presentations.

8.2. An explicit finite-scale restriction. Let X = Hom(H,W)*, G = GL(H) x GL(W)
and K = U(H) x U(W), acting by B; — gWng;II. Take finitely many acyclic copies
C, = U, = H. Fix positive external scales A, and constant matrices L@ on the arrow-index
space CF such that

(96) (LENTL@ = 21, ke >0.

At least one Kk, may be positive, so mixing need not vanish. Define the holomorphic family
of presentations

(97) T =N"LYWB, D =0,diag,(Adln)].
l

Its equivariance is for the embedding

gv = diag(9m, 91, ---,9H), gu = diag(gm, ..., 9m), aw = gw.

It is not equivariant as a family with fixed graph data under the entire presentation gauge
group.

Transport hy to every C, and U,, and retain hyy on W. All scales, arrow-index matrices
and these fixed copy identifications are held constant in the following tangent and metric
comparisons. Then DD on the ath copy is A2] and

>
J

2
e k2qn(B), log det by — logdet hy = logdet hy.
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Consequently the pullback of (77), after subtraction of the constant zon Y, Ein(A2), is ex-
actly

(98) Sc.a = zologdet hyy + z1 log det hyy — aagn(B), apn =1+ Z KZR(A2) > 0.

This subtraction is constant on the specified tied-metric family, as well as in B at fixed
scales. In contrast, it is not constant on the full metric space of the complex. The real arrow
potential at phase m/2 is Ky = apq. Its metric and form are apgnas and apwgag. Their
positivity follows directly from this formula.

Proposition 8.1. For each fized collection of data in (96)—(97), the map
(99) or:Br— axl/QB

induces an isometry on each connected smooth orbit-type stratum from the ordinary balanced
Kahler quotient to the quotient defined by Ka at the same central moment level. It is the iden-
tity on the corresponding polystable cohomology isomorphism classes. The isometry preserves
lengths, intrinsic distances and metric completions on identically specified path domains.

Proof. Identify the Lie algebra dual with pairs of Hermitian matrices using the fixed moment-
map normalization

pa(B)= | —a> BIB;, o> BBl |,  n=(-In Iw).
j j

Let Z = p;'(n) and Z, = figr(n). The diagonal scalar circle acts trivially; it may be re-
tained as an ineffective subgroup, and 7 annihilates its Lie algebra since the dimensions are
equal. We do not assume freeness of the action. These finite-dimensional holomorphic Hamil-
tonian reductions have the usual smooth Kéahler structures on connected orbit-type strata
[SLI1, Sj95]. The quiver Kempf-Ness correspondence identifies their points with polystable
representations [King94, §6]. The hypotheses apply here: the ambient space is flat Kéhler,
K is compact, the level is central, and the source Gram component controls ¢(B), making
the moment map proper.

The map o, is a K-equivariant bijection from Z to Zj, preserving every stabilizer sub-
group. It satisfies

ox(@Agrat) = 9fat, op(@AWhat) = What-
For clarity, if v is a tangent lift and £x an infinitesimal K-orbit vector, then
dop(v) = axl/Qv, Ex(opaB) = axl/Qfx(B).

It follows directly that
inf ay [|doa (v) + Ex(oaB)||* = inf [Jv + &x(B)]*.
get get

These are the squared reduced tangent norms. Stabilizer directions contribute zero orbit
vectors and cause no inverse estimate. Furthermore o, is the action of (I, aj_\l/ 2IW) eq,
so it leaves the representation isomorphism class unchanged.

For the path statement, fix a K-invariant subset P C Z and use ox(P) on the other
side. Choose piecewise smooth paths within connected orbit-type strata, with any allowed
concatenations specified identically via ogp. The equality of tangent norms preserves every
admissible path length and hence their infimum on each finite-distance component. If this
convention first produces a pseudometric, divide by zero distance on both sides. The resulting
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metric spaces, and therefore their metric completions, are isometric. No identification with
a separate algebraic compactification is used. ]

The finite-scale identity is elementary after (98); it is not a general relative estimate for
arbitrary mixing. For the rank-two family (11), scalar rescaling preserves its stabilizer jump
exactly, so this restricted quotient identity remains valid without an orbit gap.

As a concrete example, take one copy and L = klj, £ > 0. Then T; = kBj, and the
off-diagonal block of the source arrow Gram matrix is Fy = «Cpg. It equals kI on Z and
(k/an)l on Zp. In either case it is nonzero, so the full source arrow Gram matrix does not
commute with DTD = diag(0, A%2I). This is mixing in the specified orthogonal Hermitian
presentation. The nonunitary shear S = kI removes it algebraically, so the example is not
asserted to be an intrinsically nonsplit complex.

For a set I of retained acyclic copies, put af = 14> ; k2R(A2). The calibrated map

between the I and J levels is multiplication by \/aj/ay. These factors telescope under
successive removals, proving order independence for this construction. Constant unitary
changes of frames transport the differential and arrows together as above.

8.3. Limits of the comparison. The comparison fixes each A, and each L(*). Varying A,

in a tangent direction differentiates ozXl/ % and introduces an additional term; Proposition 8.1
makes no metric assertion in such total-parameter directions. It also does not claim that
the full phase flow preserves the tied-metric family. Indeed that family keeps the norm of D
fixed, whereas the cancellation theorems prove its growth.

Corollary 1.5 applies to ordinarily balanced initial tuples B € Z with any finite positive
number £ of these acyclic copies. Indeed the combined acyclic rank is r = ¢n, and

2
Z HTJ(a) . nza:/iz =: M?, Omin(Fo) = mainAa.
a’]

If ming Ay > Ax(n, M), the actual phase flow has the theorem’s cancellation and relaxation
properties, independently of the ratios of the initial scales. This applies for arbitrary k& and
every stabilizer of the ordinarily balanced tuple. The evolving metrics are those of the full
phase flow, not metrics constrained to remain in the family used for the quotient isometry.

The rescaled representative axl/ ’B is generally not ordinarily balanced at the reference
metrics. It does admit balanced cohomology metrics: multiply the target metric by ap and
leave the source metric fixed. Theorem 1.4 therefore also applies to this representative under
its corresponding large-scale bound, with the initial energy excess retained.

Thus the general result of this section is the relative static primitive limit under the declared
elementary changes. The finite positive metric is a restricted construction. Neither result
asserts a general metric on the moduli of all complexes or an isometry under arbitrary derived
equivalences.

9. FURTHER QUESTIONS

The mass counterexample and the cancellation theorems concern the same positive phase
equation. They show that acyclic cancellation need not come from trace-norm mass dissi-
pation. For an invertible differential, the contracting quotient AjD*1 supplies the missing
control from every initial metric. With a surviving source, estimates using only the nonsin-
gular cohomology block close the argument at large initial acyclic scale. They allow arbitrary
surviving tuples, unequal dimensions and fixed upper-half-plane charges, uniformly in arrow
count, stabilizers and acyclic condition numbers.
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Cancellation and relaxation have different hypotheses. For equal surviving dimensions
and charges —1 + 1, 1 + i, a finite infimum of the cohomology Kempf-Ness function gives
relaxation from nonbalanced initial metrics. Its quantitative energy bound retains the initial
excess IC(0) — inf . An arrow-norm bound alone need not bound this excess: for a scalar
one-arrow representation B = b # 0 at standard metrics, it is |b|2 — 1 —1log |b|%, which diverges
as b — 0. Lower boundedness, and not attainment, is the analytic hypothesis used in the
proof. For arbitrary surviving representations that hypothesis can fail even though large-scale
cancellation still holds.

Removing the large-initial-scale assumption remains open for the mixed theorem. The
inequality s’ < (—a + 4mwq/(bo\))s requires control of g/A before it becomes contractive;
monotonicity of A alone supplies no such bound. It is also natural to ask whether the
mechanism extends to longer complexes while retaining independence from positive surviving
orbit eigenvalues.

The integrated moment-map estimate gives no uniform final relaxation rate, normalized
surviving-metric limit, or parameter derivatives of actual trajectories. These questions require
additional control of the surviving dynamics. The static results allow arbitrary fixed invertible
acyclic differentials but do not differentiate that differential. For the explicit scalar-scale
family, mass converges in C? and every positive Holder seminorm of its Hessian diverges.
Optimal general second-derivative estimates on the full arrow-coordinate space remain open.

The explicit primitive separates metric-direction exactness from transverse positivity. Its
negative ambient Levi direction excludes one direct positive-potential construction. The
limiting cohomology metric and restricted finite-scale example leave open a general quotient-
only construction with its own normalization and compatibility laws. Extensions to bundle
complexes and singular geometric limits require additional elliptic analysis; none follows from
these finite-dimensional results.
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