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ABSTRACT

We review techniques for more efficient computation of perturbative scattering am-
plitudes in gauge theory, in particular tree and one-loop multi-parton amplitudes in
QCD. We emphasize the advantages of (1) using color and helicity information to
decompose amplitudes into smaller gauge-invariant pieces, and (2) exploiting the
analytic properties of these pieces, namely their cuts and poles. Other useful tools
include recursion relations, special gauges and supersymmetric rearrangements.
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We construct the three-loop four-point amplitude of N = 8 supergravity using the unitarity
method. The amplitude is ultraviolet finite in four dimensions. Novel cancellations, not predicted by
traditional superspace power-counting arguments, render its degree of divergence in DD dimensions
to be no worse than that of N/ = 4 super-Yang-Mills theory — a finite theory in four dimensions.
Similar cancellations can be identified at all loop orders in certain unitarity cuts, suggesting that
N = 8 supergravity may be a perturbatively finite theory of quantum gravity.

PACS numbers: 11.15.Bt, 11.25.Db, 11.25.Tq, 11.55.Bq, 12.38.Bx

While physicists do not yet know how to construct Nonetheless, a different line of reasoning [11] using the
an ultraviolet-finite, point-like quantum field theory of  unitarity method [12] has provided direct evidence that
gravity in four dimensions, neither have they shown that N = 8 supergravity may be UV finite to all loop or-
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plitudes in gauge theory, in particular tree and one-loop multi-parton amplitudes in
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decompose amplitudes into smaller gauge-invariant pieces, and (2) exploiting the
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We describe the construction of the complete four-loop four-particle amplitude of N' = 8 super-
gravity. The amplitude is ultraviolet finite, not only in four dimensions, but in five dimensions as
well. The observed extra cancellations provide additional non-trivial evidence that A/ = 8 super-
gravity in four dimensions may be ultraviolet finite to all orders of perturbation theory.
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An often-expressed sentiment is that point-like quan-
tum field theories based on Einstein’s theory of General
Relativity, including supersymmetric extensions thereof,
are quantum mechanically inconsistent, due to either a
proliferation of divergences associated with the dimen-
sionful nature of Newton’s constant, or absence of uni-

erm composed of four appropriately contracted Riemann
tensors (the square of the Bel-Robinson tensor), denoted
by R*. A recent study [19] explains the known lack of this
counterterm [1, 2], both in terms of non-renormalization
theorems and an algebraic formalism for constraining
counterterms. However, it does predict divergences at
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Abstract

In this lecture we summarize recent calculations pointing to the possible ultra-
violet finiteness of N/ = 8 supergravity in four dimensions. We outline the modern
unitarity method, which enables multiloop calculations in this theory and allows us
to exploit a remarkable relation between tree-level gravity and gauge-theory am-
plitudes. We also describe a link between observed cancellations at loop level and
improved behavior of tree-level amplitudes under large complex deformations of
momenta.
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In a previous paper we observed that (classical) tree-level gauge theory amplitudes can be rear-
ranged to display a duality between color and kinematics. Once this is imposed, gravity amplitudes
are obtained using two copies of gauge-theory diagram numerators. Here we suggest that this dual-
ity persists to all quantum loop orders and can thus be used to obtain multi-loop gravity amplitudes
easily from gauge-theory ones. As a non-trivial test, we show that the three-loop four-point ampli-
tude of A/ = 4 super-Yang-Mills theory can be arranged into a form satisfying the duality, and by
taking double copies of the diagram numerators we obtain the corresponding amplitude of N/ = 8
supergravity. We also remark on a non-supersymmetric two-loop test based on pure Yang-Mills
theory resulting in gravity coupled to an anti-symmetric tensor and dilaton.
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We describe the construction of the complete four-loop four-particle amplitude of N' = 8 super-
gravity. The amplitude is ultraviolet finite, not only in four dimensions, but in five dimensions as
well. The observed extra cancellations provide additional non-trivial evidence that A/ = 8 super-
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This was the first real hint that there’s generic dimension color-dual beyond
antisymmetric adjoint. Color-dressed: O(a?) ~ d*°¢ x stA(s, t)
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The Entire Four-Graviton EFT

from the Duality Between Color and Kinematics
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The Complete Four-Point Color Algebra

ff Sector >—<

Antisymmetry: n(ij; kl) = — n(ji; ki)
Jacobi:n,—n,—n, =0

dd Sector >_<

Symmetric vertices, no Jacobi
All 3 graph structures independent
Numerators gauge invariant graph-by-graph

df Sector

Sym left, antisym right vertex
Mixed Jacobi: n,+n,+n, =0
Numerators are gauge invariant!

d4 Sector

Fully S, invariant quartic vertex
Redundant: spanned by dd basis
Useful for composing N-copies




A Finite Basis of Color-Dual Building Blocks

Mass Dim ff df dd d,

Despite infinite tower of higher-
derivative operators, the number of
genuinely distinct building blocks is
finite.

All higher-dimension numerators are
generated by multiplying these
blocks by permutation-invariant

scalars P(s, 1, u).

Equivalence class:
n~n, < 9, =P(s,t,u) XA,




Independent Classification: All 4-Graviton Amplitudes

Universal numerator: ./ = &/ X (stu)

V- must be: fully permutation invariant, linear in graviton polarizations, diffeomorphism
iInvariant

29 fundamental gravitational polynomials &

(/" mod scalar perm)— no new structures
beyond mass dimension 14!

Einstein-Hilbert: mass dim 8
(N = StuXﬂG‘R)

R’ Lovelock: mass dim 12
(contact, non-vanishing only D > 6)

A finite number of gravitational fundamentals generates the entire infinite tower



The Universal Double Copy Spans
All 4-Graviton Amplitudes

4-Gluon Double Copy Scalar-Gluon Triple Copy
(9999) &® (9999) (9gss) & (s999) ® (9s99)

ff + dd sectors spans all £with mass dim > 8 Only needed for &'®: Lovelock R®in D > 6

Every 4-point gravitational interaction factorizes into
gauge-theory building blocks governed by color-kinematics duality

In D < 6: double copy alone is sufficient — no triple copy needed



| should say — this line has leveraged tons of additional ideas starting from:
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The Color-Dual Fates of F?, R®, and N = 4 Supergravity

John Joseph M. Carrasco,!*? Matthew Lewandowski,’ and Nicolas H. Pavao!
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We find that the duality between color and kinematics can be used to inform the high energy
behavior of effective field theories. Namely, we demonstrate that the massless gauge theory of
Yang-Mills deformed by a higher-derivative F'® operator cannot be tree-level color-dual while con-
sistently factorizing without a tower of additional four-point counterterms with rigidly fixed Wilson
coefficients that reaches to the ultraviolet (UV). We find through explicit calculation a suggestive
resummation, namely that their amplitudes are consistent with the o expansion of those generated
by the (DF)? + YM theory, a known color-dual theory where the F? term has been given a mass
squared proportional to 1/o’. As a result, considering consistent double-copy construction as a
physical principle implies that an I"®>-based color-dual resolution of the UV divergence in N' = 4
supergravity comes at the cost of field-theoretic locality. Similarly, when double-copying F° with
itself, double-copy consistency lifts R® gravity to a family of gravity theories with an all-order tower

of higher-derivative corrections, which includes the closed bosonic string as a standard adjoint-type
double-copy.




Zvi told us that the 4-loop divergence of ./ = 4 SG is related to an anomaly.
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Zvi told us that the 4-loop divergence of ./ = 4 SG is related to an anomaly.

Only at loops Only at loops

+ -+ + ++ 0

X

T T+ + ++ 0

Not at tree level Not at tree level
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Curvature-Squared Multiplets, Evanescent Effects
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Cancelling the U(1) Anomaly in the S-matrix of A/ = 4 Supergravity
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A = 1 supergravity is understood to contain a /(1) anomaly which manifests itself via the nonva-
nishing of loop-level scattering amplitudes that violate a tree-level charge conservation rule, In this
letter we provide detailed evidence that at one loop such anomalous amplitudes can be set to zero
by the addition of a finite local counterterm. We suggest that the cancellation happens through a
four-dimensional version of the Green-Schwarz mechanism. We show that the same counterterm also
cancels evanescent contributions which play an important role in the analysis of ultraviolet diver-
gences in dimensionally regularized gravity. These cancellations call for a reanalysis of the four-loop
ultraviolet divergences previously found in this theory without the addition of such counterterms.

PACS numbers: 04.65+4e. 11.15.Bt. 11.25.Db, 12.60.Jv
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Abstract
The effective operator tr(G?) is the only dimension-6 gluonie operator that eannat

be related to four-quark operators. A peculiar property of this operator is that it does
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Double copy consistency lifts YM + F> — (DF)* + YM

Conformal Gravity from Gauge Theory
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ABSTRACT: We use the duality between color and kinematics to obtain scattering ampli-
tudes in non-minimal conformal A" = 0,1,2,4 (super)gravity theories. Generic tree ampli-
tudes can be constructed from a double copy between (super-)Yang-Mills theory and a new
gauge theory built entirely out of dimension-six operators. The latter theory is marginal
in six dimensions and contains modes with a wrong-sign propagator, echoing the behavior
of conformal gravity. The dimension-six Lagrangian is uniquely determined by demand-
ing that its scattering amplitudes obey the color-kinematics duality. The conformal gravity
amplitudes obtained from the double copy are compared with the Berkovits-Witten twistor
string and shown to agree up to at least eight points in the MHYV sector. Our construction
can be generalized in a number of ways. Adding scalars to the dimension-six theory gives
Maxwell-Weyl gravity, and further adding ¢® self-interactions among these scalars gives
Yang-Mills-Weyl gravity. The latter is identified with Witten's twistor string for maximal

1707.02965v1 [hep-th] 10 Jul 2017

N = 4 supersymmetry. Deforming the dimension-six theory by adding a Yang-Mills term,
m?F?, gives a gauge theory that interpolates between marginal D = 6 and D = 4 theo-

arXiv

ries. The corresponding double copy gives an interpolation between conformal gravity and
Einstein gravity.




Double copy consistency lifts YM + F> — (DF)* + YM

But this theory famously has a tachyon pole so unitarity is violated. Double copy with
N=4 SG doesn’t cure this — still have tachyon pole: “twisted heterotic string.” Is all
hope lost”?
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Scattering Massive String Resonances through Field-Theory Methods
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We present a new method. exact in o', to explicitly compute string tree-level amplitudes involv-
ing one massive state and any number of massless ones. This construction relies on the so-called
twisted heterotic string, which admits only gauge multiplets, a gravitational multiplet, and a single
massive supermultiplet in its spectrum. In this simplified model, we determine the moduli-space
integrand of all amplitudes with one massive state using Berends Giele currents of the gauge multi-
plct. These integrands are then straightforwardly mapped to gravitational amplitudes in the twisted
heterotic string and to the corresponding massive amplitudes of the conventional type-1 and type-11
supecrstrings.

nl 2021
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But this theory famously has a tachyon pole so unitarity is violated. Double copy with
N=4 SG doesn’t cure this — still have tachyon pole: “twisted heterotic string.” Is all

hope lost”?

Not at all!! One natural solution is to simply demand DC-consistent level matching
(get rid of any mass that isn’t shared on both sides of the double copy).

Do we know any ways? Sure: SV-promotion ( Z R* Z).

What do you get”?



Double copy consistency lifts YM + F> — (DF)* + YM

But this theory famously has a tachyon pole so unitarity is violated. Double copy with
N=4 SG doesn’t cure this — still have tachyon pole: “twisted heterotic string.” Is all
hope lost”?

Not at all!! One natural solution is to simply demand DC-consistent level matching
(get rid of any mass that isn’t shared on both sides of the double copy).

Do we know any ways? Sure: SV-promotion ( Z R* Z).

What do you get? Gravitational amplitudes in the Heterotic String :-)

Heterotic and bosonic string amplitudes via field theory

14 Mar 2018
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The Double-Copy Root of Hawking Thermality
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The TTawking radiatior specirum Fam a rollapsing null shell can be derived via the double copy
of a simpler gauge theory calculatior. Analyzing the nor-abelian Yang-Mills root of this process,
we demonstrate that the radiatior spectrum is thermal in the color charge eigenvalue A, not energy.
Cousidering the SU(N,) gavge theory in the large N lmil, we [ind Lthe dilferential spectrum CN/A
it a product of the gravitationally familiar Planck like factor and the color phase spacc density,
modeled hare as the Wigner semicircle from random martrix theorv. This reveals that apparent
energy thermality in gravity is the dirert cnal of charge thermality in its underlying non-abhrehan

zauge theorv,

INTRODUCTION

Classical solutions in Genceral Relativity (GR), such as
the Schwarzschild metric, can be viewed as an infinite
sum of tree-level graviton diagrams sonreed by their nwm
se.-interaction [1]. 'This perturbative picture suggests
an immense complexcly Lhal s wiraculously resummed in
the exzet solulion. The classics]l double copy |2H4] reveals
this is no miracle, tut a direct consequence of gravity's
structurc as she relativistic guantum doublz copy [5! 8| of
6 non-abelon Yang-Mills (YM) theory.

‘I'his principle is clearly manifest in metrics of toe Kerr-
Schild [vrin, yue = e +¢ ko k. Fur a null, geodesic vee-
tor k,, the Linstein tensor linearizes, Gy, [9] = G [A],
weaning Lhe [ull nop-linear lield eyualions reduce w a
free wave equation. The infinite tower of gravizon inter-
actions collapees, and the zolution behaves as if gener-
atcd by a single, simple propagator. This simplicity is
a direct consequence of the douhle enny, which gnaran-
tees that everv operator in the liinstzin-1lilbert action :s
vomplelely specilied by YM voerator duva [9)[10).

This correspondence is res’ized in the YM root. There,
& speciic gauge choice sllows a potentizl with a fixed
color orientation, A = c®ek,, to also bechave as a sim-
p ¢ prapagator; it benromes an exact classical solntion he-
ranse 1ts non-linear self-interactinns vanish identically via
the color algebra [ f*-"2"sc"2¢" — ) if ¢ is aligned along a
[ixed color direction). The Kerr-Schild melric is Cherefore
not mere.y analogous to a double copy: it is the literal
double copy of the Yang-Mills propagator in the presence
nf an abelianized source. The genmetric properties thas
linearize Finstein’s equations are the prerise dual of the
gauge choice that reduces Yang-Mi_s to its fundamental
propagalor.

While Lhe classical solulivz: appears abelian, Lhe un-
der.ying rooct theory of geners. relasivity must be non-
ahelian Yang-Mills. The duality relies on the kinematic
nimeratars of YN amplitudes: indeed, their enbic and
quartic gauge self-interactions are sufficient to generate

all operatore in GR through the double copy. Attempt-
ing to double-copy QED yiclds linearized gravity only.
It has a cons'stent merric interpretation but none of the
self-interaction that :s tae hallmark of liinstein-llilbert.
'I'he celebrated generztion of Newton from Coulomb is
possible ouly because Lieir non-relalivistic polesiials sre
described solely bv mediator exchange in two-to-two scat-
tering. Einstein requires Yang-Mills.

In a remarkable paper [11] of Lhis past year, Aoude.
(’Connell, and Sergola recovered the apparently ther-
mal spectrum of Hawking radistion by emphasizing the
on-chell naturc of the original [12] caleulation, setting
the stage for a madern S-matrix perspertive. The physi-
cal foundation of tzeir approach Zes in the principles of
quantum field theory on a dvnamic background. For a
collapsing shell, the initisl vacuum state (]0;,}) is not an
eizenstate of the inal Hamiltonian and evolves under the
S-matrix into a supcrposition of states containing real,
ontgning particles — a formal description of particle cre-
ation from varmum fluctnations.

Ref. [11] reminds us that we can compute the speetrum
of this ereated radiation by considering the eva'ution of
a single praone state. This probe s a compntational tnal:
we calculate its scattering amplitude to characterize its
dynamieal interaction wilth the background respousible
for parzicle creation. The calculation begins by comput-
ing n, three-point tree-level amplitude for e probe seaster-
ing against the Vaidya hackgronnd. Ry exponentiating
this resnlt via the Lippmann-Schwinger equation, the an-
thars capture the exact result within the eikonal limit[13].
wlich re-sums the leading soll contributions Lo all orders,

The crucial resn's of this calenlation is a logarithmic
eikonal phass. y(vy) o« log[—1y). T'he ergument, v, rep-
resenls Lhe probe Lrajeclory’s nilial time ollsel vy << 0
relalive Lo Lhe moment ol collapse. Tuis phase is pol
specific to the probe but is a universal imprint left on
any cuantnm mode hy the extreme fime-delay near the
forming horizon. Tt is this mathematical structure that
encodes the mixing of positive and negztive hrequency
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Nonperturbative double copy:
worldline instantons, color thermality, and
backreaction

John Joseph M. Carrasco™,%? Yaxi Chen™,%? Nicolas H. Pavao®,% Aslan Seifi®®

“The Amplitudes and Insights Group, Department of Physics & Astronemy, Northwestern Univer-
sity, Lvanston, Hllinois 60208, USA

Center for Interdisciplinary Exploration and Research in Astrophysics (CIERA), Northwestern
University, 1800 Sherman Awve, Evanston, IL 60201. USA

ABSTRACT: We present a first-principles, non-perturbative worldline instanton analysis of
vaciim decay in the non-abelian Yang-Mills root of a Schwarzschild background. We re-
cover the gauge theory color-thermal spectrum as a topological winding mode. The double
copy maps vacuum response from the gauge theory directly to the gravity theory. I'ur-
thermore, the decay exponent acquires a universal quadratic correction from color charge
conscrvation, showing that the double copy correctly captures the non-linear backreaction

as required for anilarity.




The Question

Hawking radiation is a quantum effect of fields in a curved background.

A collapsing shell forms a black hole. Quantum vacuum fluctuations near the
forming horizon produce real, thermal radiation with temperature:

The spectrum is thermal in energy — the Planck distribution, with the temperature
set by the mass of the black hole.

What is the Yang-Mills avatar of this thermality?




Particle Production from (semi)-Classical Backgrounds

Coherent Classical Color Source (Yang-Mills) Schwarzschild Black Hole (Gravity)
Charge ~ Q Charge ~ M




Aoude, O'Connell, Sergola [2403.02270]

Hawking Radiation from Scattering

Vaidya metric: a collapsing null shell of mass M activating at Physical Picture
v=t+r=0: 2G M
8w = N + O(v) al k”k,/ The log phase is the universal
r imprint of the extreme time-
Consider an eikonal probe scalar skimming near the forming delay near the forming horizon.
horizon.
The probe doesn't change momentum — but accumulates a Equivalent to Bogoliubov mixing

of positive/negative frequency

time-dependent phase: . _
modes - particle creation.

e Tree-level 3-point amplitude for probe in background
e Loop corrections exponentiate - eikonal S-matrix
e The result: a logarithmic eikonal phase:

)((VO) x —F Iog(—v(,/ﬂ). (log from integrating 4D 1/r background along probe trajectory)

[Logarithmic eikonal phase — Fourier transform — thermalityj




Einstein Requires Yang-Mills
Why can't we just double-copy QED?

The duality relies on the kinematic numerators of non-abelian gauge theory.
The root of Einstein gravity is Yang-Mills — not QED.

This distinction 1s not just structural — it will be essential for thermodynamaics.

lidterton, Landed, Rajeev [2510.25852] Aoude, O'Connell, Sergola, White [2510.25866]




JJMC, Chen [2511.01832]

The Yang-Mills Root: Root-Vaidya

Collapsing shell of color charge Q in root-Vaidya gauge: - N
20 Crucial Simplification
A;f(x) = G)(v)( ) 6“kﬂ
r

e Source abelianizes — fix color orientation — effectively
abelian dynamics.

All non-abelian structure
reduces to a single

| , | | eigenvalue A
o kﬂ is null (k“ = 0) — only the 3-point contributes!

e Probe: adjoint scalar in eigenstate of c“T“ with eigenvalue 4 Log phase produces a
Path ordering trivializes — color algebra reduces to scalar A thermal spectrum in color!

e Same computation as Gravity but E — A in eikonal phase

){(VO) X — A |Og(—V0/ﬂ). (log from integrating the 4D 1/r background along probe trajectory)

[Logarithmic eikonal phase — Fourier transform — thermality (from A-spectrum) j




The Gauge Eikonal Phase: Energy Drops Out

The eikonal phase is the integral of the potential along the probe's worldline.
dr Calls [di’ C3E/
—— _) —— .

E r

x(vg) = — plog(—vo/u) P =c3=g04

No Dependence on probe energy I

C2l
The worldline gives r(c) x E|oc| — Ida A RNEN J (n; x E)

Yang-Mills: f « A Gravity: f «x E

The phase depends on color eigenvalue, The double copy replaces ¢; — 15,
not energy. Thermality lives in A!

promoting czny — n32 x E*

Energy thermality is emergent, not universal!




Final radiation amplitude from FT time dependent phase
e wrt radiated energy:

0
A(E) = ]' dVO eiEvOeiﬁlog(—vO/,u) ﬁYM - gQ/I

ﬁGR ~ GNME

| A(E)|” <« EZ2|T( +ip)|°

dN 1 )
o —

dE  E? sinh(zf)




From Energy Spectrum - Color Spectrum

dN | g OA

—  x——2= Initially Bremsstrahlung-like in

dE.  E? sinh(zgQA) Energy

But we can make an inclusive observable in color if we understand the distribution of eigenvalues
for the gauge group. As an example consider phase space density for large N_. from Random

Matrix Theory, the Wigner Semicircle of eigenvalue distribution radius R:

dN A
o) x VR? =12 — — 8 R
d.  sinh(1g0A)

Yang-Mills radiation looks classical in energy but thermal in color!




Phase Space vs Dynamics
dN C
x \/R? — A2

Large N. : Wigner semicircle from RMT gives the

— X

dl  sinh (xCA)

density of color eigenvalue states.

Dynamical Factor Phase Space Factor

The observable spectrum is controlled by the

(thermal) (Wigner semicircle) _
ratioC/R:

.’ v e Weak coupling (C < R):
: i ., : . — . 5o
: . Vo Phase—space—dominated : Phase space dominates — Wigner semicircle
i LN (Wigner-like) | = :
| § \ - e Strong coupling (C » R):
3 06 L . Dynamics dominates - Planck-like spectrum
| el \ |
: = \ :
| O \ |
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JJMC, Chen, Pavao, Seifi [2601.17884]

Can We See This Non-Perturbatively?

So far, we have derived color thermality from real-time eikonal resummation.
But that raises a question: is this truely non-perturbative?
Is color thermality a true semiclassical feature, or just an artifact of the eikonal approximation?

We will now rederive the same physics from a completely different starting point!

/One-Loop Effective Action ) /Worldline Path Integral ) (" Vacuum Decay Rate h
_to- i —X
Vacuum-to-vacuum amplitude B ¢ Lioon closed worldlines » Im(I) ~ e
L = <Oout | Oin> Saddle points = instantons
— exp(i ['[A]) Mediating pair creation X = agpr dr
\ / \ / \Contour integral = instanton action /

Established equivalence to real-time Bogoliubov description: Kim (2000), Dunne et al. (2006, 2010)

We will reproduce the same thermal structure—but now as a semiclassical saddle.




Backreaction: Parikh-Wilczek from Color Conservation

The source has finite charge. As a particle radiates, conservation of color charge depletes it:
Q->0=0-4

Integrating the differential cost over the build-up of emitted charge gives a quadratic correction:

Yang-Mills

X =4ng| 20— |A|/2) X = 82Gyw(M — w/2)

JJMC, Chen, Pavao, Seifi [2601.17884 ] Parikh, Wilczek [hep-th/9907001]

Rep-theoretic: Take Q ~ 4/C,(R) and charge conserved. With, e.g. C5(R) = %QZ,
AC, = Cy(R) — G(R) x 5 (Q° = (Q — 4)*) = a(QA — A%/2)

e Linear term — Boltzmann suppression (thermal)
e Quadratic term = deviation from thermality (correlations for unitarity)
e Sign: enhancement of decay rate (just like Hawking)

The gravitational dual: AC, A(Q?) & ASpH A(M?)




The Double Copy Dictionary
_ YamgMills | |  Graity

Color charge Q = Mass M
Color eigenvalue A = Energy w
Quadratic Casimir C; ~ Q? = Horizon area A ~ M?
Color temperature Tc = 1/(4ngQ) = Hawking temperature T, = 1/(8nG,,M)
X=4rg|A|(Q—|[A1]|/2) = X = 87ZGNa)(M—a)/2)
AC, (rep transition) = AS BH (Bekenstein-Hawking)

In exponent X: Linear term — Temperature (thermal) - Quadratic term — Backreaction




Executive Summary

1. Gravity is the double copy of Yang-Mills — a weak-weak duality with a sharp state/
operator map.

2. The YM root of Hawking radiation reveals a novel gauge phenomenon: radiation from
coherent color sources is thermal in the color eigenvalue A.

3. Confirmed by two complementary methods: eikonal S-matrix and worldline instantons.

4. Backreaction maps precisely to Parikh-Wilczek: horizon thermodynamics = double copy
of color thermodynamics.

5. Only the non-abelian root is consistent with gauge thermality —
Einstein requires Yang-Mills, even for thermodynamics.

[2511.01832] PRL 136 (2026) + [2601.17884] JHEP 05 (2026) 177
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