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The Hawking radiation spectrum from a collapsing null shell can be derived via the double copy of a
simpler gauge theory calculation. Analyzing the non-Abelian Yang-Mills root of this process, we
demonstrate that the radiation spectrum is thermal in the color charge eigenvalue A, not energy.
Considering the SU(N,) gauge theory in the large N, limit, we find the differential spectrum dN/dA
is a product of the gravitationally familiar Planck-like factor and the color phase space density, modeled
here as the Wigner semicircle from random matrix theory. This reveals that apparent energy thermality in
gravity is the direct dual of charge thermality in its underlying non-abelian gauge theory.
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Introduction—Classical solutions in general relativity
(GR), such as the Schwarzschild metric, can be viewed as
an infinite sum of tree-level graviton diagrams sourced by
their own self-interaction [1]. This perturbative picture
suggests an immense complexity that is miraculously
resummed in the exact solution. The classical double
copy [2-4] reveals this is no miracle, but a direct conse-
quence of gravity’s structure as the relativistic quantum
double copy [5-8] of a non-Abelian Yang-Mills (YM)
theory.

This principle is clearly manifest in metrics of the Kerr-
Schild form, g, = n,, + ¢4k,k,. Foranull, geodesic vector
k,, the Einstein tensor linearizes, G, [g] = GLL) [h], meaning
the full nonlinear field equations reduce to a free wave
equation. The infinite tower of graviton interactions collap-
ses, and the solution behaves as if generated by a single,
simple propagator. This simplicity is a direct consequence of
the double copy, which guarantees that every operator in the
Einstein-Hilbert action is completely specified by YM
operator data [9,10].

This correspondence is realized in the YM root. There, a
specific gauge choice allows a potential with a fixed color
orientation, A,’j = c%pk,, to also behave as a simple
propagator; it becomes an exact classical solution because
its nonlinear self-interactions vanish identically via the
color algebra (f“12% c%¢% = 0 if c is aligned along a fixed
color direction). The Kerr-Schild metric is therefore not
merely analogous to a double copy; it is the literal double
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copy of the Yang-Mills propagator in the presence of an
Abelianized source. The geometric properties that linearize
Einstein’s equations are the precise dual of the gauge
choice that reduces Yang-Mills theory to its fundamental
propagator.

While the classical solution appears Abelian, the under-
lying root theory of general relativity must be non-Abelian
Yang-Mills theory. The duality relies on the kinematic
numerators of YM amplitudes; indeed, their cubic and
quartic gauge self-interactions are sufficient to generate all
operators in GR through the double copy. Attempting to
double-copy QED yields linearized gravity only. It has a
consistent metric interpretation but none of the self-inter-
action that is the hallmark of Einstein-Hilbert theory. The
celebrated generation of Newton from Coulomb is possible
only because their nonrelativistic potentials are described
solely by mediator exchange in two-to-two scattering.
Einstein requires Yang-Mills.

In a remarkable paper [11] of this past year, Aoude,
O’Connell, and Sergola recovered the apparently thermal
spectrum of Hawking radiation by emphasizing the on-shell
nature of the original [12] calculation, setting the stage for a
modern S-matrix perspective. The physical foundation of
their approach lies in the principles of quantum field theory
on a dynamic background. For a collapsing shell, the initial
vacuum state (|0;,)) is not an eigenstate of the final
Hamiltonian and evolves under the S matrix into a super-
position of states containing real, outgoing particles—a
formal description of particle creation from vacuum
fluctuations.

Reference [11] reminds us that we can compute the
spectrum of this created radiation by considering the
evolution of a single probe state. This probe is a computa-
tional tool; we calculate its scattering amplitude to char-
acterize its dynamical interaction with the background
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responsible for particle creation. The calculation begins
by computing a three-point tree-level amplitude for a probe
scattering against the Vaidya background. By exponentiat-
ing this result via the Lippmann-Schwinger equation,
the authors capture the exact result within the eikonal
limit [13], which re-sums the leading soft contributions to
all orders.

The crucial result of this calculation is a logarithmic
eikonal phase, y(vg) « log(—vg). The argument, v, rep-
resents the probe trajectory’s initial time offset vy < 0
relative to the moment of collapse. This phase is not
specific to the probe but is a universal imprint left on
any quantum mode by the extreme time delay near the
forming horizon. It is this mathematical structure that
encodes the mixing of positive and negative frequency
modes (a Bogoliubov transformation) that defines particle
creation. The spectrum derived from the probe’s phase shift
is therefore the spectrum of the particles spontaneously
created from the vacuum. Critically, the Kerr-Schild nature
of the Vaidya metric provides a unique opportunity to study
this process not through the weak-strong duality of
holography, but through the weak-weak duality of the
double copy.

Derivation of the non-Abelian phase—Here we summa-
rize the derivation of the radiation spectrum from the
eikonal § matrix, referring readers to [11] for a compre-
hensive treatment in the double-copy case. The eikonal S
matrix describes the scattering of a probe of momentum p,
initial energy E = |p|, passing through the classical back-
ground in the limit of high-energy, low-momentum-transfer
(g = p' — p — 0) scattering.

We consider the non-Abelian root of the Vaidya metric: a
shell of collapsing color charge Q activating at light-cone
time v =t + r = 0. The gauge field is given by

Af(x) :c“@kﬂ. (1)

The null vector k, is chosen such that k,dx* = dv; in these
coordinates, k2 = 0. A critical consequence of this null
property is that any four-point “seagull” interaction involv-
ing two insertions of the background field is proportional to
A AN k*> = 0. The background therefore does not source
such contact terms; the probe couples entirely through the
single-insertion (three-point) vertex.

We consider the evolution of a probe particle in initial
wave packet |y) centered on momentum p. The S-matrix
element is the overlap between |w) and the final on-shell
state |p’). We introduce the temporal offset of the trajectory
relative to shell formation via a timelike “impact param-

eter” bfy = (vy. 0). At leading order, the eikonal S matrix is
an integral over the momentum transfer g:

(P'|S=1ly) oo / d*q6(2p'-q)e " t™iAs(p—p').  (2)

The function A;(p — p’) encodes the tree-level back-
ground contribution to the scalar’s dynamics which we
can read off from the three-point on-shell amplitude as we
will discuss. The delta function enforces the on-shell
condition (2p’g ~ 0 in the eikonal limit). This constraint
reduces the momentum-space integral to an integral
along the classical, lightlike worldline of the probe,
x*(c) = by + 2op™. In this limit, the incoming probe is
sufficiently energetic that its trajectory is unaffected by the
background potential; it follows a rigid, classical worldline.
Consequently, the scattering process does not change the
probe’s momentum, but only rotates its internal color
vector. The full S matrix in the eikonal limit is found by
solving the Lippmann-Schwinger equation, which re-sums
soft radiation into an exponentiated eikonal phase, S = e¥.

Physically, this S matrix describes the parallel transport
of the probe’s color frame along its classical path, given
formally by the path-ordered Wilson line. The color
structure simplifies because the background has a fixed
orientation c¢“. Because the background’s color vector ¢ is
held constant along the probe’s worldline, the color
operator at every point is simply ¢“7T“. This means the
matrices at different points on the worldline commute, and
the path ordering becomes trivial. For a probe prepared in
an eigenstate of this operator, the color algebra is replaced
by the scalar eigenvalue A, effectively abelianizing the
interaction along the trajectory.

The starting point of the actual calculation is then the on-
shell tree-level amplitude for a scalar probe scattering off a
single gluon,

Abe(p.p'.q) < g f%(p + p')e,(q). (3)

where ¢,(g) is the gluon polarization. In the presence of a
classical background, the gluon is not a propagating
quantum degree of freedom. Instead, the vertex describes
the probe’s response to the external field. Operationally,
this replaces the polarization vector with the Fourier mode
of the background, ¢,(q) — A/‘j(q). Because of the fixed
color orientation of the background, the contraction f abe ca
reduces to the action of a generator c“T“ on the probe
which reduces to A.

Combining these elements, the Abelianized background
contribution becomes

A= ) =920 [ e D p (o). @)

Now we can calculate the eikonal phase y determined by
the tree-level integral Eq. (2) of the potential A,  (Q/r)k,
contracted with the probe momentum p# along the
trajectory. The eikonal worldline parametrization, x*(c) =
b’g + 20p’#, and our normalization gives coordinates
r(6) = 2E|o| and t(c) = vy + 2Ec. The integral Eq. (4)
is nonzero only where the source is active (v =t + r > 0)
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which establishes a physical, vy-dependent lower bound on
the integration region, o, = —v/(4E). Changing varia-
bles from o to r therefore cancels the explicit factors of E,
leaving,

) 2 -k
x(vo) = gAQ do (r]za) )
B o dr2(p-k)
B gAQ Tmin ﬁ r
= —gAQ log(—vy/u). (5)

Here the IR scale u absorbs the arbitrary upper cutoff. The
cancellation of the p - k = E factors is the defining feature
of the gauge theory root; the phase f depends linearly on
the color eigenvalue A but is independent of the probe
energy E. We thus identify the phase coefficient f = CA,
defining an effective coupling constant C = gQ.

The final radiation spectrum is obtained from the Fourier
transform of this time-dependent phase factor with respect
to the radiated energy. As energy transfer is negligible in
the eikonal limit, we identify the radiated energy with the
energy of the incoming probe, E:

0 . .
A(E) :/ dvy e'Eroe=iPlog(=vo/u) (6)

[Se]

The integral for A(E) is a standard result that evaluates to a
Gamma function, |A(E)|*> « E2|[(1 —if)[>. Using the
identity |['(1 + ix)|> = #x/ sinh(zx), the differential par-
ticle number spectrum takes its final form:

dN 1 =p
o X . (7)
dE ~ E*sinh(zp)

This result forms the basis of our analysis. The physics is
entirely encoded in the dependence of the phase coefficient
p. For the Abelian case, 1 — ¢, the f is a constant with
respect to both charge of the scalar (fixed by the field
theory) and the energy. For gravity, in sharp contrast,
p « E, which yields the familiar Planck-like spectrum.

Gravity’s thermal form requires two ingredients: the
logarithmic phase itself, which is a universal consequence
of the long-range potential in four dimensions, and the
linear energy dependence of its coefficient. This gravita-
tional energy dependence has a spectacularly simple origin
in the double-copy construction of the 3-point vertex: the
YM color factor is replaced by a second copy of the
kinematic numerator, Agg « (kp)?/r, effectively promot-
ing the interaction’s momentum dependence from linear to
quadratic.

Can the thermal nature of gravity and all the mysteries
therein truly stem from something as elementary as a tree-
level substitution in the three-point amplitude for minimal
coupling? Yes, because this thermal structure is already

present in the gauge theory, encoded in the spectrum of the
color eigenvalue A.

The Yang-Mills amplitude for emitting a particle with a
specific color eigenvalue A and energy E has a squared
magnitude

1 =CA

EN o« —Z—F—r.
A(E. )] o<Ezsmh(erA)

(8)

where the 1/E?> prefactor is characteristic —of
Bremsstrahlung radiation, but the sinh term introduces a
thermal dependence on the color charge A.

The spectrum of radiated color—To compute an inclu-
sive spectrum, we must integrate over all available color
channels. In the large N, limit [14], the canonical frame-
work for this density of states is random matrix theory
[15,16], which predicts the Wigner semicircle law:

p(A) x VR? — 22, 9)

where R defines the radius of the eigenvalue distribution.
The final differential spectrum of radiated color charge is
then the product of the dynamical emission probability and
this density of available states, integrated over all radiated
energies:

dN e
a2 sinh(zCA)
N——

VR2 =22 (10)
N e’

Phase space factor
Dynamical factor

The physical nature of these two components constitutes
the core result of this work. We now discuss its
implications.

Analysis and interpretation—Equation (10) reveals a
competition between dynamics and the available phase
space in shaping the radiation. (i) The dynamical factor is
thermal, arising from the universal resummation of soft
radiation from a 1/r potential. It exponentially suppresses
the emission of particles with large color charge (4 > 1/C).
(i) The phase space factor is the Wigner semicircle, the
spectral density of color charge. It is maximal at the origin
and exhibits algebraic (square-root) suppression toward the
boundary (4 — R). The observable spectrum’s shape
depends on the dimensionless ratio C/R. For weak cou-
pling (C <« R), the spectrum traces the Wigner semicircle.
For strong coupling (C > R), the thermal factor dominates,
producing a Planck-like spectrum truncated by the phase
space boundary at A = R, as shown in Fig. 1. We emphasize
that strong coupling in the eikonal context refers to the
semiclassical regime of a large eikonal phase where
CZ> 1, not a breakdown of perturbation theory; the soft
series is already resummed (cf. WKB).

While we have adopted the Wigner semicircle as a well-
motivated model [17] for the kinematic phase space, we
should emphasize that the emergence of thermality does not
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FIG. 1. The spectrum of radiated color charge, dN/dJ, for fixed

radius R = 1 and varying effective coupling C. As C increases,
the spectrum transitions from the phase-space-dominated Wigner
semicircle to a dynamically dominated thermal distribution.

depend on this specific choice. Rather, the thermal behavior
arises from the separate dynamical factor, which we derived
from first principles. The thermal dynamics arising from
the double copy thus stands in opposition to the density of
states, independent of its precise form. This opposition—
where the strong exponential suppression from the dynam-
ics overwhelms the gentler algebraic fall off of the phase
space—in the large Q regime is a novel physical prediction
of the non-Abelian root. The phase-space dominated
regime (C < R) simply corresponds to the perturbative
limit, y < 1, where thermal suppression is negligible. The
duality holds in both limits, but the specific feature of color
thermal dominance is the signature that the gauge theory
has entered the nonperturbative regime dual to a semi-
classical black hole.

Conclusion—The double copy provides a rigorous map
from non-Abelian gauge theory to gravity, uniting classical
solutions with quantum radiation. Our analysis of this map
has uncovered a novel phenomenon in gauge theory phe-
nomenology: a mechanism for color thermalization driven by
coherent sources. We have shown that the radiation from a
classical color source, while Bremsstrahlung-like in energy;, is
thermal in its internal color degrees of freedom.

This thermal in color-space spectrum suggests that
coherent classical non-Abelian sources act as “color
scramblers™: generating maximum color-entropy distribu-
tions in the charge sector characterized by an effective color
temperature 7'  1/Q. This offers a clear physical utility
on the gauge side: it predicts a thermodynamic regime of
high-charge densities where the suppression of emission of
high-eigenvalue modes is governed not by kinematics, but
by the nonlinear structure of the gauge group itself.

We emphasize that double-copy represents a weak-weak
duality. There is a sharp mapping from gauge states to

gravity states. There is a sharp mapping of quantum gauge
operators to quantum gravitational operators. This mapping
need not mean similar evolution. In the double-copy web of
theories, gauge theories serve as privileged vantage points
where we get to see the interplay of their still mysterious
universal kinematic algebra against the rigid backbones of
their dual gauge color algebras. Gravity theories on the
other hand lack this rigidity with two copies of this
kinematic algebra at play together. In this sense Kerr-
Schild and root-Kerr-Schild classical backgrounds provide
a Rosetta stone where we can line up structural behavior
beyond graph-by-graph analysis as we have demon-
strated here.

Beyond the discovery of a new gauge theory phenome-
non, our calculation serves as a stepping stone towards a
broader program probing the unitarity of black hole
evolution from the perspective of double-copy dual gauge
theories. We have identified here that the gross statistical
properties of the gravitational field are the double copy of
the gross statistical properties of the color field. The
underlying gauge evolution while possibly complicated,
is manifestly unitary—simply a rotation of the color frame.
One expects to see the reemergence of unitarity as
correlation in higher order corrections. How protected is
the structural relationship at higher orders? This awaits
calculation, but we are optimistic as the symmetries of
these systems are very constraining.

As such, we expect the double copy to provide a robust
functional arena to sharpen the provocative link between
the semiclassical bathing of a probe in soft radiation and the
one-loop instability of the quantum vacuum.

Note added—Recently, we were made aware of
Refs. [18,19]. These papers carefully calculate in the
Abelian (Maxwell) limit of this root-Vaidya setup, confirm-
ing it yields a nonthermal, Bremsstrahlung-like energy
spectrum. Our work complements their analysis by consid-
ering the non-Abelian YM root. We find that the apparent
thermality hidden in the Abelian energy spectrum reemerges
in the natural charge of the full root theory: color.
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