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Rényi entropies in the n — 0 limit and entanglement temperatures
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Entanglement temperatures (ET) are a generalization of Unruh temperatures valid for states reduced to
any region of space. They encode in a thermal fashion the high-energy behavior of the state around a point.
These temperatures are determined by an eikonal equation in Euclidean space. We show that the real-time
continuation of these equations implies ballistic propagation. For theories with a free UV fixed point, the
ET determines the state at a large modular temperature. In particular, we show that the n — 0 limit of Rényi
entropies S, can be computed from the ET. This establishes a formula for these Rényi entropies for any
region in terms of solutions of the eikonal equations. In the n — 0 limit, the relevant high-temperature state
propagation is determined by a free relativistic Boltzmann equation, with an infinite tower of conserved
currents. For the special case of states and regions with a conformal Killing symmetry, these equations

coincide with the ones of a perfect fluid.

DOI: 10.1103/PhysRevD.108.105009

I. INTRODUCTION

In quantum field theory (QFT) there is a natural notion of
subsystems labeled by regions V of the space. There is an
algebra of operators corresponding to any of these regions.
Understanding the properties of the vacuum state reduced
to these algebras has been of much recent interest. In
particular, much attention has been given to statistical
measures such as the entanglement entropy and Rényi
entropies. One feature that is general to all QFTs is that
these reduced states display local thermal-like properties at
high energies. To be more precise, if in the subsystem V we
compute the relative entropy between the vacuum @ and
another state ¢ given by a high-energy localized excitation
around a point x, we get a linear dependence with the
energy E of the excitation

S(olw) ~ f(x. )E. (1.1)
where p is the direction of the excitation momentum [1].
This follows from the monotonicity of relative entropy and
the known form of the vacuum state for a Rindler wedge
(where V is one-half of the space divided by a plane). The
coefficient f(x, p) can be thought of as a position and
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direction-dependent inverse temperature determining the
Boltzmann damping factor of the state at high energies
around x. We will call A(x, p)~! entanglement temperatures
(ET) because they are produced by entanglement with the
complement of V. For free fields (x, p) gives the structure
of the local terms in the modular Hamiltonian.

Equation (1.1) is a generalization of Unruh temperatures
that hold for the Rindler wedge, and of Hawking temper-
ature for an evaporating black hole. Temperature is a
concept associated with equilibrium. For a system that is
out of equilibrium temperature can only be an approximate
notion. For a radiating hot body, for example, black body
factors will not allow the extraction of a temperature from
the spectrum at low energies, and at arbitrarily large
energies we do not expect to get a precise Boltzmann
damping. However, if the space is nondynamical, the
rigidity of space localization produces such a precise notion
of high-energy thermal behavior. This is clear from
Hawking’s calculation of the radiation from a black hole
evaporating in the vacuum. The same example shows the
necessity that the ET should be direction-dependent since
in the asymptotic region such temperatures can only be
nonzero in the direction of the black hole.

For the case of free fields, or, more generally theories
with a free UV fixed point, and a static geometry, the ET
were shown to be universal. Their value follows from the
geometric data from the solutions of a system of nonlinear
partial differential equations in Euclidean space (eikonal
equations) [2]. In this paper we first make further progress
in understanding the structure of these equations, showing
that the ET are invariant under certain canonical trans-
formations of the eikonal equations. Then, we compute
how the ET propagates in real time and in nonstatic
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situations. This allows us to compute them in the black hole
evaporation scenario from simple geometric considerations.

The ET then gives a glimpse at the high-energy behavior
of the reduced density matrices. A different way to access
this behavior is provided by the Rényi entropies. These are
defined as

1
S, = 7 log trp™. (1.2)

—n

If we write p = ce™X, with K the modular Hamiltonian, we
see the index n acts as inverse modular temperature for a
state proportional to p". The limit n — 0 corresponds to the
limit of large modular temperature. For theories with a free
UV fixed point, we compute the n — 0 limit of the Rényi
entropy in terms of the ET. This gives these Rényi entropies
in terms of a solution to a problem on partial differential
equations. We check this relation for the cases where both
the ET and the Rényi entropies are known independently.

In contrast to the entanglement entropy, which measures
correlations in the vacuum, the n — 0 limit of the Rényi
entropy, which for simplicity we will call Rényi-0, is a
quantity related to a highly excited state. For UV-free
theories, this state can be understood in terms of the ET. It
obeys a relativistic free Boltzmann equation. Besides
having a conserved entropy current and stress tensor, it
has an infinite tower of further conserved higher spin
currents. For the cases where there is a conformal sym-
metry of the reduced state this excited state can be
described by the equations of a perfect fluid, but this is
not true for other cases. In the Euclidean formulation, the
description is in terms of a stationary fluid with vortexlike
boundary conditions. We end by briefly discussing the
expectations for the corresponding behavior of nonfree
conformal field theories (CFT) in this n — O limit.

II. STRUCTURE OF THE DENSITY
MATRIX AT HIGH ENERGIES

For a free field, the vacuum is a Gaussian state. In
consequence, the modular Hamiltonian K corresponding to
a spatial region V is quadratic in the field. This quadratic
expression can be diagonalized by a Bogoliubov trans-

formation,
K= /dﬂ/ds(Zﬂs)a;ﬂas‘,l,

-K

(2.1)

giving to the density matrix p~e ™ the form of a
decoupled set of thermalized oscillators. The parameter s
gives the “modular energy” of the modes while A are
additional degeneracies. The mode operators a, ; are linear
combinations of the fields in V. The expression for these
modes follows by solving the free field equation in
Euclidean space where multiplicative boundary conditions
are imposed on the region V at x° = 0. See [2] for details.

For example, for a massless scalar, we have to solve

X0 =0, Xev

(2.2)

Here ¢* are the boundary values of the field as we
approach V from positive and negative x°. These same
boundary values are used to construct the eigenmodes of K.

¢"(X) = e (X).

A. Euclidean eikonal equations

If we are interested in the large eigenvalue limit |s| > 1
we can use an eikonal approximation to (2.2). Writing
p(x) = f(x)e ), (2.3)

where f(x) is a slowly varying function, we get in the large
|s| limit the Euclidean eikonal equation
(Va)? = 0. (2.4)

a is a complex-valued function having a cut at
x¥ = 0,X €V, where boundary conditions
at=a -2rn

(2.5)

are imposed on the limit values a* of a on the two sides of
the cut. It is useful to separate the real and imaginary parts

a=a-+ib, (2.6)
and define

(2.7)

With this, we can alternatively write the eikonal equation as
one of two closed real one-forms in R¢ — 9V such that

dNA=0, dANB=0, A? = B2, A-B=0,
(2.8)
fA~dx—27t, fB-dx—O, (2.9)

r r

where I" is any curve simply linked with dV. Equation (2.9)
is fixed so that the circulation of A around I" going through
V in the positive time direction is 2z.

The orthogonal vectors A, B are singular on 0V, where
they have a vortexlike singularity, but they are nonsingular
elsewhere. By symmetry, it follows that on the plane x° = 0
we can take

A%(X) > 0,

ieV. (2.10)
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These eikonal equations for the large eigenvalues of the
modular Hamiltonian are the same for all free fields
independently of the spin and mass. The mass is irrelevant
in this limit of high gradient solutions of the form (2.3).

B. Entanglement temperatures and
high-energy density matrix
For each X € V and each direction p at this point, there is
a solution of the eikonal equations such that B(X) = p.

Using this, we can define an entanglement temperature
T(X, p), that depends on the point X € V and direction p, as

- A(x B(X A R
T(x,f)):—| (x)]:—| (x)| p = B(X), Xev.
2w 2w
(2.11)
We will call
pE.p) =T p)™! (2.12)

to the inverse temperature.

The direction p selects the particular eikonal solution we
have to use in (2.11). Coming back to the expression of the
density matrix (2.1), it follows that the “high-energy”
contribution of the large eigenvalues is of the form [2]

Kyr :/dd—lx/dd—lpﬁ(x,p)|ﬁ|a;zaﬁ;. (2.13)
y :

Here the creation and annihilation operators are the ones
coming from the decomposition of the field into localized
high-energy wave packets. The integrals in phase space are
to be thought of as discrete sums where there are
(27)~(4=Dg4=1xd='p independent, canonically normal-
ized modes per volume element of phase space. The same
expression holds for fermions and bosons, and spin labels
have to be added for fields with spin. The expression (2.13)
gives a high-energy sector of the reduced density matrix
that is locally a thermal state with a direction-dependent
inverse temperature (X, p). This temperature follows
directly from the solutions of the eikonal equations.

Equation (2.13) generalizes Unruh temperature for
regions of arbitrary shapes provided we look at high-energy
localized excitations. These are angle-dependent Unruh
temperatures. To make this idea precise, we can use the
relative entropy. Consider a high-energy localized excitation
at a point X€V, with momentum p = {p°, p}, with
p° ~ |p|, in the limit of large p°. The relative entropy S, =
S(o|w) in V between the excited state o and the vacuum state
@ is dominated by the expectation value of the modular
Hamiltonian and results [1]

"The entanglement temperatures were previously called null
temperatures or local temperatures [1,2]. We prefer the present
name since it refers more properly to their origin from entangle-
ment.

SrelNﬂ(z’ i))po (214)
This is the same as the relative entropy of the excitation with
a truly thermal state with the same . Equation (2.14) gives a
precise meaning to the entanglement temperatures.

Though it is not evident from the eikonal equations, it
follows from monotonicity of relative entropy that (X, p),
for fixed X, p, increases when changing the region V to a
larger one W, V C W. The temperatures, produced by
entanglement with the complementary region, decrease as
the boundaries of the regions get farther away.

C. Canonical transformations

The Euclidean eikonal equation (Va)? = 0 for complex
a is a cousin of the corresponding eikonal equation for real
time. This later is a particular case of the Hamilton-Jacobi
equation, namely, the one for free relativistic particles. We
should have a complete set of solutions a(x, k), where k are
parameters. In the present problem, the set k has d —2
dimensions, allowing a solution for each direction B(X) =
p for a fixed point X€V. As in the Hamilton-Jacobi
equation, these solutions can be used to produce more
solutions by “canonical transformations” in the following
way, see e.g. [3]. We write

a(x, k) = a(x, k) + f(k), (2.15)
for an arbitrary function f. Then we demand
Via(x, k) = 0. (2.16)

Solving algebraically for k(x) from this equation, the new
solutions of the eikonal equation are

a(x) = a(x, k(x)). (2.17)
It follows that
Va(x) = V,a(x )y + 0ar )| Vokix)
= vxa(x’ k)|k=k(x)' (218)

It is immediate that the function & will also satisfy (Va)> =
0 and is a solution of the eikonal equation. Notice that as
a(x, k) satisfies the same additive jump boundary condition
(2.5) for all k, Va(x, k) does not have jumps, and the same
boundary condition will hold for &(x).

In consequence, complete sets of solutions are generally
not unique, and the particular set of eikonal solutions one
chooses does not have physical signiﬁcance.2 However, the
important point is that the entanglement temperatures are
invariant under these transformations. This follows directly
from (2.18). This equation implies that the gradient of the

This was misstated in [2].
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function at a point x coincides with the gradient of a
particular solution in the original set of solutions [the one
with k = k(x)], at the same point x. The entanglement
temperatures and their directions are precisely given by
these gradients, Eq. (2.11). A simple example of the ET of
Rindler space is presented in the Appendix.

D. Sources and metric

Entanglement temperatures can be computed in an
analogous manner for states created by sources in the
Euclidean Lagrangian. Sources can be placed at x’ < 0 to
create a state different from the vacuum at x° = 0. The
problem then contains the reflected sources at x” > 0 in the
description of the density matrix by the path integral in
the Euclidean plane. Then suppose we have a Lagrangian

L ==(d¢)?* +J(x)O(x), (2.19)

N[ =

where the new term is symmetric under time reflections. If
O has dimension A > d the path integral is ill-defined. For
relevant operators, A < d, the new terms appear in the
equation of motion but will produce subleading corrections
in the modular parameter s for large s. Then, these terms
will not affect the entanglement temperatures or the form of
the high-energy density matrix. For example, this is the
case of the vacuum for massive fields, or more generally
superrenormalizable theories, or coherent states. All these
states share the same entanglement temperatures. For
marginal operators A = d the applicability of the eikonal
equations presumably depends on where the theory is
asymptotically free. A clear case is when the perturbations
source the stress tensor. In that case, it is natural to think of
the source as the metric tensor. It is clear that the eikonal
equations are turned to the generally covariant ones

¢ (9,a)(0,a) = 0. (2.20)
This can indeed change the local temperatures. The metric
can be nontrivial even at x” = 0 provided we have time
reflection symmetry. The same holds for changes in the
topology of the space. An example is a global thermal state
where the topology is the one of a cylinder with periodic
time direction.

In the case of a nontrivial metric, dya = A, at x° = 0 gets
combined as %AOPO in the local density matrix. In terms of
particle creation operators and momentum at a local inertial
system Eq. (2.13) remains the same but we have to
understand the inverse temperature as

_,,\:1/2—’ 2”:27[:27T
B(X. D) = goo (X)Ao(z) IA(X)]  [B(X)|

(2.21)

It picks up a dependence on the metric analogous to
Ehrenfest-Tolman effect f ~ gééz for a thermal equilibrium

state in a static metric. The origin of this factor is the same,
since f settles the rate between proper time and modular
time, as in the Ehrenfest-Tolman effect [4].

E. Conformal invariance

Solutions to (2.8) and (2.9), or, equivalently (2.20), are
invariant under Weyl transformations of the metric
g — § = Q2¢g. So the same solutions of d,a hold for both
metrics. The entanglement temperatures (with respect to
local inertial system excitations) change according to the
scale factor as implied by (2.21),

B = Qp,

This new temperature corresponds to the conformally
transformed state for the new metric. The relative entropy
for the transformed state and the transformed excitation is
invariant because the energy of the excitation gets an
opposite compensating factor in (2.14). This is expected
since the conformal transformation can be thought of as just
a change of the coordinates in the description of a
conformal theory, that cannot change the relations between
algebras and states when properly identified.

Therefore, the problem of understanding the high-energy
density matrix only depends on the conformal class
determined by the metric, the region, and the UV conformal
fix point of the theory.

T=QT. (2.22)

F. Lorentzian eikonal equations and propagation of ET

The eikonal equations give the ET in vacuum at x° = 0
for a region V based at x°. However, we would like to
understand the high-energy terms in the modular
Hamiltonian written at different Cauchy surfaces. This is
also relevant to compute relative entropies with localized
excitations at different spacetime points in the causal
development of V.

To understand the ET at 1 # 0 we need to extend the
solutions of the wave equations determining the eigenvec-
tors of the modular Hamiltonian from the Euclidean plane
to the Minkowski one. This can be accomplished by gluing
Euclidean space and Minkowski space at x’ = 0. The
equation for a massless scalar ¢ in the Minkowski region
is again ¢ = 0 but with the Minkowski metric. In the
eikonal approximation ¢ = e’ W ay = ay + iby, the
eikonal equation is again (Va,,)? = 0, or equivalently (2.8)
for the gradients A,; = Vay,, By = Vb, but the scalar
products are now Lorentzian.

Let us call ¢ and ¢, to the Euclidean and Lorentzian
solutions. At x” =0 the matching conditions between
solutions are

— —

Vou=Voe. oy = —idyPg.
These matching conditions give at x* = 0, taking into
account (2.10),

(2.23)
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By(x) = (Ap(x). Bg(x)), 1" =0.
(2.24)

This eliminates the real part in a,,;, and as a consequence,
we have the Lorentzian eikonal equation
That is, b, is a function whose gradient is everywhere a
null vector. This null vector carries both the information of

the direction in which the temperature is taken and its value
given by

_ By _ 1Byl

. 2.26
2w 2 ( )

The Lorentzian approach allows us to understand the
covariance property of the ET in an interesting light. We
can actually define a temperature null vector as

T,= (Zn)_l(BM)M. (2.27)
From T,,T" = 0 we have
Vﬂ(TDT”) = T”VMTD = T”V,,Tﬂ =0, (2.28)

where in the last step we used the fact that T, is a gradient.
Therefore, we conclude that the temperature vector of a
given solution to the eikonal equations is the tangent of
affinely parametrized geodesics. In particular, it is parallel
transported along the geodesic itself. As a result T
propagates ballistically in the direction determined by
itself, i.e., it is the tangent of an affinely parametrized null
geodesic. In other words, ET are described by a choice of
affine parameter for each null geodesic. This holds in
general geometries and not only in flat space. This gives a
complete set of values for the entanglement temperature
vectors of any point in space-time in the causal develop-
ment of V. Given a point x and a direction p, we just
have to draw the corresponding geodesic back to the plane
x% =0 where we can read off the value given by the
Euclidean solution, see Fig. 1. In Minkowski space the
parallel transport is trivial and we get the propagation law
for the temperature vector,

T(x + AT(x)) = T(x). (2.29)

On the other hand, the Lorentzian propagation by itself
does not give enough information to uniquely determine
the ET in the Lorentzian context. The reason is essentially
that the equation for the propagation does not determine the
state, and the ET could in principle be fixed to arbitrary
values on a Cauchy surface and then evolved ballistically.
To get the vacuum ET we should select the vacuum state by

FIG. 1. The ET propagates ballistically from the x° = 0 surface
where it is determined by the Euclidean eikonal equations. For
example, the black dots correspond to directions in which the ET
at x diverges. This is the universal Rindler-like behavior of ET at
the boundary of a system.

continuing the manifold with an Euclidean section. The
data at x° = 0 is then selected in this way.

Using the temperature vector, the relative entropy with a
localized null excitation takes a remarkable expression. The
momentum of the excitation and the temperature vector
have to be taken in the same direction. The factor between
the two null vectors turns out to be precisely the relative
entropy, generalizing Eq. (2.14):

pt = SaT*. (2.30)
As pt is also an affinely parametrized tangent to the
geodesic, S, is kept constant along the geodesic and
has the interpretation of the ratio between affine parame-
ters. The relative entropy is necessarily kept constant along
the particle trajectory, because it is the relative entropy
between two states, which cannot depend on the Cauchy
surface where we choose to evaluate it [1].

With the eikonal solutions extended to real time, it is
possible to obtain the large modular energy part of the
modular Hamiltonian written in an arbitrary Cauchy sur-
face X for the causal development of V. It also follows
directly using (2.30) to calibrate the local terms:

]
Ky = [ d di-! p a’ -as =,
e /Z 6/ p T(ﬁ) ’ ﬂ S

where 7 is the unit normal to the surface and the mode’s
spatial momentum and creation operators correspond to
quantization in a local inertial system with spatial direc-
tions parallel to X.

For special cases, the modular Hamiltonian is fully local
(e.g., vacuum state for the Rindler wedge or a sphere in a
CFT in Minkowski space), and has the expression

(2.31)

ST

K:/wwngg (2.32)
z
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where £ is a timelike future-directed conformal Killing
vector. In this case, the relative entropy with a localized null
excitation has the form

Srel = —P,ﬁ:”, (233)
and & the interpretation of an inverse temperature vector.
From this expression, it follows that the temperature vectors
are given in this case by

(2.34)

where p* is any null vector determining the direction on the
null cone. Plugging this expression in (2.31) we can see the
compatibility with (2.32). Furthermore, one can check that
this temperature vector satisfies the ballistic propagation
(2.28) which follows from the conformal Killing equations:

2
vﬂé:y + vl/fﬂ = Egﬂl/vﬂép’ (235)

It is worth noting that in the general case the high-energy
part of the modular Hamiltonian (2.31) cannot be expressed
by the integral of a field operator but its expression in terms
of fields contains bilocal kernels [1].

G. Example: Entanglement temperature
for Hawking radiation

As an example of ET propagation, we compute ET for
black hole formation and evaporation geometry described
by a Vaidya metric

ds? = — (1 ~Dgw- 2rs))dvz + 2dvdr + rdQ2.
r
(2.36)

The collapsing shell of radiation forms a null surface X
located at v = 2r,. The Penrose diagram is shown in Fig. 2.
We take the region as the complement of the double cone
r+|t—ry| < ry, with t = v — r, in the Minkowski region.
The origin of the Minkowski coordinates is the tip of the
black hole. This double cone is the part of the black hole
that is inside the Minkowski region. The ET on the
Minkowski region is given by the formula (2.34), where
¢ is a conformal Killing vector keeping the double cone in
itself. On the surface X this conformal Killing vector is
& = mup(uy —2r5)/rs0,, = =2ar(r—ry)/r0,, (2.37)
where uy; = t — r is the null Minkowski coordinate in the
Minkowski region. Then, for any point x on the exterior of
the black hole and any null direction p at this point, the ET
vector is given by

FIG. 2. Penrose diagram of the Vaidya metric. The entangle-
ment temperature at a point x in the asymptotic region is
computed by first propagation back to the v = 2r, surface. There
the ET is evaluated using the Killing vector corresponding to the
modular Hamiltonian of vacuum in flat space corresponding to
the light-blue region. The red dot marks xy, where py is found by
shooting a past null geodesic from x in direction p.

pﬂ
—ps- &

T = (2.38)

where py is the parallel transport along the null geodesic
determined by x and p back to the surface X. On the other
hand, p - &,, where &, = d,, is the time translation Killing
field of the Schwarzchild geometry, is a constant along
geodesics. Then we can write

T,,;_(pz-a) ( P > |
pe-€)s\P- &/
For radial geodesics and points x far away from the black
hole this is

(2.39)

Ts

T

Ny 2.40
4nrk p (2:40)

with p# = (1, 1,0,0) in the coordinates {¢, r, 0, ¢}, and ry
is given by the formula

URH :2rs—2<r2—|—rslog <’;—Z—1>>,

where upy = t — r in the coordinates of x, for r > r,. Very
fast after the formation of the black hole, ugy > r,, we
have ry — r,, and (2.40) converges to a constant value
given by the Hawking temperature

(2.41)

105009-6
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1
T = p.
4rr, P

(2.42)

For x in this asymptotic regime ¢, r — oo, u > ry, only
geodesics starting at X for r — ry < ry can reach x. Then
define the impact parameter

_ 5(/}]9

2.43
&op ( )

where &, =9, is the Killing field of rotations. This is
conserved on geodesics. Starting from the shell, as is well

known, only geodesics with b < ‘/_r will reach infinity.
Geodesics for other values of b w1ll fall into the black hole.
These geodesics start at X being nearly radial geodesics, so
the ET is the same one as for the radial case. In
consequence, in the asymptotic limit, the only nonzero
temperatures are for geodesics pointing in the black hole

direction with an impact parameter less than 2 f r,, and all
have the same ET given by Hawking temperature (2.42).

We can also explore what happens if the region is the
complement of a smaller double cone inside the Minkowski
region of the black hole. As the region increases the
temperature has to decrease. If we move the edge of the
double cone away from the black hole horizon the ET in
the asymptotic region will vanish because the inverse ET
ks - £ produced by the double cone on X has a nonzero limit
for r — r,, while the redshift factor ks - &, vanishes for late
times. On the other hand, if we choose a double cone with
the same past tip coinciding with the tip of the black hole,
and a size Awugy = [€(0,2r,), the inverse temperature
conformal Killing vector produced by the double cone on
near the horizon is

2
E=2a(r—ry)o, + 220 (2r,

—1)o,.
l )1)

(2.44)

The result for asymptotic observers is again a uniform

temperature on the disk of b < 3‘/_ r,, but with a smaller
temperature
1 1
T= 2.45
Arry 2r, o P ( )

IIL. RENYI-0 AND ENTANGLEMENT
TEMPERATURES

The vacuum density matrix, by definition, gives vacuum
expectation values for the operators. Therefore it is not
possible to test the high-energy thermal-like behavior by
simply studying operator expectation values. On the other
hand, as we recalled in the last section, the relative entropy
with a localized excitation goes directly to examine this
aspect of the reduced density matrix.

Another way in which the reduced density matrix will
display its high-energy sector is by considering powers or,
equivalently, by considering states at different dimension-
less temperatures with respect to the modular Hamiltonian,

n e—nK

p
=—. 3.1
trp"  tre"K (3.1)

Pn =

This state now contains real excitations and a nonzero
energy density. It gives a state that is singular at the
boundary of the region. However, the expectation values of
operators inside the region are well defined, nontrivial, and
can be studied. In the limit of high modular temperature,
n — 0, this density matrix will indeed reveal a highly
excited gas of particles which is determined locally by the
approximate high-energy modular Hamiltonian (2.13), that
is completely determined by the ET. In the next section we
will find this “fluid” obeys a relativistic Boltzmann
equation with conserved current and stress tensor.
Information quantities can be computed in this limit from
the knowledge of the ET. In particular, the Rényi entropy is

Sy =

%n <log Z(n) —nlog Z(l)),
(3.2)

1
log trp" =
1—n

with the free energy

log Z(n) = tre™"X. (3.3)
The limit of n — 0 the Rényi entropy coincides with the
free energy

S, ~logZ(n), n<l. (3.4)
We will be expressing the results in terms of the n — 0 limit
of the Rényi entropy of the original vacuum density
matrix.” It is also worth remarking that the geometric
dependence of this quantity has the same general features
as any other Rényi entropy, in particular, the entanglement
entropy. That is, we have divergent area terms and sub-
leading terms, and universal parts that can be isolated in
different ways by understanding the geometric dependence
of the divergent pieces. In particular, mutual Rényi entro-
pies are always universal.

For an ordinary thermal state in a flat space and a CFT,
the free energy has the form

3For finite systems this limit of the Rényi entropy is called the
“Hartley entropy” or “max entropy,” and it measures the rank of
the density matrix. This is not applicable to the case of a QFT
since this rank is always divergent, and in fact, we will find the
limit of the Rényi entropy diverges for n — 0. Hence, we prefer to
use the term Rényi-0 instead of Hartley entropy.

105009-7



AGON, CASINI, and MARTINEZ

PHYS. REV. D 108, 105009 (2023)

PpF=logZ(f)=0c (3.5)

1%
pr
where o is a dimensionless coefficient that depends on the
CFT, and V is the volume. It is simply related to the thermal
energy density (Stefan-Boltzmann law) or the thermal
entropy density. For a free boson and fermion fields (per
field degree of freedom) it is

vol(S§4-2) foo
op = %A dy y*7*(—)log(1 — ™)
aA)I'(d/2
_ % (3.6)
ol(S42) [
oF = %/{) dy y*?1og(1 + e7)
_ d)rd/2) d%’m ( 21—d). (3.7)

The conjecture we would like to put forward is the
following: The Rényi entropy for any QFT and a given
spatial region A in the n — 0 limit is proportional to n~(@~1)
and the Stefan-Boltzmann constant ¢, as would be the case
of the thermal entropy for a temperature ~n~!.
Furthermore, it is proportional to a function g(A) of the
geometry of the region that characterizes the UV fixed
point and is universal for spheres. In summary, the
conjecture states

S.(A) ~ for n — 0.

T 9(A), (3.8)

For free UV fixed points, we can provide a physical
derivation of the above conjecture which allows us to find
an explicit form for g(A), as follows. First, we are interested
in computing the following partition function

Za(n) = trp? = tre™ka (3.9)

in the n — O limit. This is a high-temperature limit, and
thus this partition function can be approximated by the
semiclassical phase space integral with the associated
occupation number formula for a free bosonic or fermionic
theory (depending on the corresponding free theory in the
UV) and taken as its energy its local modular energy. Such
local modular energies were studied in [2], where the
authors studied the local structure of the modular
Hamiltonian in free QFTs and showed that for states with
a large and localized energy excitation |x, p), the expect-
ation value of the ground state modular Hamiltonian scale
with the energy of the excitation in a position- and
direction-dependent way. That is, at high energies the
modular Hamiltonian around a point x is approximately
given by, cf. (2.31),

mwz/ﬂﬁwwmm@w%m. (3.10)

In writing the above expression we used the ultrarelativistic
approximation E = |p| since the energies involved in this
regime are assumed to be much larger than the particle
masses. The partition function Z,(n) in the n — 0 limit is

thus given
=

where the sign (4-) depends on whether the free constitu-
ents are either fermions (+) or bosons (—). By appropriately
rescaling the momentum integral, namely making y —
np(x, p)|p| the above expression can be rewritten as

d— /dd 1
y / dy y'=2
0 (Zﬂ)d

After one identifies the associated Stefan-Boltzmann coef-
ficient, we arrive at the form (3.8)

logZ,(n :I:) log (1 + o—nbx. P)Ip\)

(3.11)

420

log Z,(
2 Za( ﬁd‘ (x,.Q)

() log (1 £e7).  (3.12)

S, (A) ~ % g(A)  with

9(A) / d*'x / a- 29 ,
~ vol Sd -2 1 (x

where g(A) is a coefficient that depends on the geometry A
and the ET. These in turn are obtained by solving a purely
geometric problem. We will compute g(A) for various
different geometries in the next subsections.

A property that follows from (3.13) is the positivity of
the Rényi-0 mutual information,

(3.13)

1,(A,B) =S,(A)+S,(B)—S,(AuUB) >0, n<l.

(3.14)

This is a known general property of this limit in finite
systems [5]. Here it nicely follows from the monotonicity
of relative entropy that implies (x, p) is a monotonically
increasing function under increasing regions.

In what follows, we will test the formula (3.13) in a series
of different geometries where both, the local temperatures
and the limit n — O of the Rényi entropies associated with
those geometries, are known. In this way, via the explicit
formulas for g(A) in (3.13) we provide a series of nontrivial
checks of this formula.
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A. Spheres

For a spherical entangling region of radius R, the
entanglement temperatures are well known and given by

(R~ 7).

=2 3.15
Blr) = 2m (3.15)
As the above formula indicates, the local temperatures
inherit the spherical symmetry from the geometry and are
independent of the direction of the local excitation. The
evaluation of the geometric factor g(A) for the calculation

of the Rényi-0 is straightforward:

[ dT'x vol(STE) [i-e/R EdT2dE
g(A)_Aﬁd_l(x)_ n'd_l A (1_§Z)d—l’

where we have rescaled the radial coordinate as & — r/R
and put a cutoff to control the area divergences. As usual,
the explicitly divergent terms give rise to nonuniversal
contributions to the Rényi-0 and then, we are interested in
the universal logarithmic or finite piece contributions which
are universal. The above integral can be expressed in terms
of a Gauss hypergeometric function, but in order to
extract such universal information we find it convenient
to massage it further by making the following change of

coordinates:
2 (1 _ §)

1+ (1—§)2

(3.17)

(3.16)

arctanhy = with u,,, = arctanh

2¢
1+&°

€
~—1 — .

In these coordinates, the coefficient g(A) becomes

vol(S92) fums | VOlee (HF1)
g(A) = W/) Slnhd 214 du = Wa

(3.18)

where in the last line we have identified the integral with the
volume integral of hyperbolic space. Thus, we can use well-
known results for the universal terms in the regularized
volume of hyperbolic space to extract the universal part of
the geometric coefficient. For instance collecting results
from [6] we have

d/2 —) 1200 (2R for even d,

Volg(1#9-1) = 2 § (7 o BRI
I'(d/2) (=) for odd d,
(3.19)

and from this, we get a final formula for the universal
contribution to the Rényi-0 for spherical regions

(3.20)

For free theories, we can evaluate the Rényi-0 using the
Stefan-Boltzmann coefficients (3.6) and (3.7). The results
obtained in this way are in perfect agreement with the
results of [7,8], for free bosons and fermions. One can read
them off explicitly from Eqgs. (5.37)—(5.39) of [6], using the
fact that the Rényi capacitance C, is related to the Rényi
entropy via S, = d(d — 1)C,,, when n — 0.

In fact, (3.8) holds for general CFT for spheres, giving
(3.20). The coefficient g(A) is universal across CFTs for
spheres because of the relation of the sphere density matrix
with the thermal states in hyperbolic space [9]. At high
temperatures, the curvature in hyperbolic space gives a
subleading contribution to the thermal entropy, and this
later is proportional to the flat space constant o. We can
check this result in holographic theories. In this case, we
need the value of the Stefan-Boltzmann coefficient in a
holographic theory. For a d-dimensional CFT dual to
Einstein gravity in d + 1 we can extract this information,
following standard thermodynamic relations in the holo-
graphic dual of a finite temperature CFT state. The
procedure is standard,” and leads to the relation

LAV (47 -1
T 4Gyd <d> ‘
With this result in hand, we can write down the Rényi-0 in a
holographic theory

Oholo (324)

, 12\ Lo .
}ll_I)Iil)Sn = F (2) mVOlreg(H ) (325)

*Let us consider a holographic CFT at a finite temperature
which is dual to a BH in an asymptotically AdS spacetime. The
free energy of such a thermal state at high temperatures obeys the
Stefan-Boltzmann law

F =—06,,,VT¢ or 1logZ(T) = 6}, VT (3.21)
This implies that the thermal entropy as a function of the

temperature will have the form

oF

S=- <—> = O'huludVTd_l. (322)

oT

This quantity is easy to calculate in a holographic CFT as it is
given by the entropy of its dual AdS black hole

Ld=1 /47 d-1
S="—(—=) vrel. 3.23
i (4) o)
Comparing the above result with (3.22) allows us to deduce the
value of the Stefan-Boltzmann coefficient in theories of Einstein
gravity (3.24).
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As expected, this result is in perfect agreement with the
Rényi computations of [10] in the aforementioned limit.

From the universality of the coefficient g(A) for spheres
it follows the universality of g(A) for regions with arbitrary
boundaries on the null cone. For this type of region, the
Renyi entropies depend geometrically in a universal way on
the boundary, and the coefficient is calibrated by one of the
spheres [11].

B. Multi-intervals

Let us consider the ground state of a 2d QFT reduced
onto N disjoint intervals, say UY_, I; with I; = [l;, r;]. The
local temperatures associated with this geometry are known
and were studied in [1,2]. The eikonal equations for the
vector fields A =Va and B = Vb characterizing the
entanglement temperatures, see (2.7), adopt the form
(0,a)*+ (0,a)> = (0,b)* +

(6yb)2, 0,ad,b+0,ad,b =0,

(3.26)

where @ = a + ib. These equations are equivalent to the
Cauchy-Riemann equations:

d.a = +a,b,

dya = F d,b, (3.27)
whose solutions are arbitrary holomorphic and antiholo-
morphic functions on the complex plane. The boundary
conditions (2.5) on a and b across the cuts, together with
regularity at infinity, fix the solutions to

N

a(z) = ilog (H < __l;> =a(x,y) +ib(x,y), (3.28)

=1 Ti

and a(Z) its complex conjugate. The local temperatures are
computed on the tg =y = 0 slice which is identified with
the associated local temperatures in Minkowski signature
on t; = 0 and are given by

_Wiii())l_h(ﬁ: {xili+ril—x}>_l' (3.29)

i=1

p(x)

We can compute the Rényi-0 from the local temperatures of
an arbitrary number of intervals, namely A =U; I; and
I; =[l;,r;]. For a region at r=0 in d =2 the local
temperatures do not depend on the direction of the probing
localized perturbation, and thus the formulas for the geo-
metric factor g(A), (3.13) reduces to’

°One can see that (3.13) reduces to (3.30) by putting d = 2.
That is, the angular integral reduces to two terms corresponding
to the left and right directions, and the volume of a O-sphere
equals 2, i.e. vol(S°) = 2.

g(A) =

Sma [ (),

For each ith term, we separate the integral over A into the
piece that contains that region and the rest. The integral on
I; needs a regulator, thus

1 N ri—e dx dx
_2_”;/1,-% <x—l,~+r,~—x)

1
= 1 _11=N"1 o
ﬂ(%ygm =3 toglr; =1,

i<j

ﬂd 1
(3.30)

g(A)

= log|l; - 1] —Nloge>. (3.31)
i<j
The Rényi-0 is
(o2
S,.(A) N <Z log |r; —1;] - Zlog lrj—r
ij i<j
- log|l; - Nloge> (3.32)

l<j

For free fermions in d =2, 6, =7/6 and the above
formula reduces to the n — 0 limit of the Rényi entropy
formula for free fermions; see for example Eq. (177) of
[12]. It is plausible that this formula should apply to any 2d
CFT because the ET are universal. A similar general check
cannot be carried out for the free scalar since their Rényi
entropies are not known for an arbitrary number of
intervals. However, they are known for two intervals.

Let us then consider a chiral scalar field and the case of
two disjoint intervals of lengths [/, and [ separated by a
distance D. From (3.32) we can compute the associated
Rényi-0 mutual information between the intervals, which is
given by

1 Lyly
I(A,B) ~———log (1 — =

(3.33)

where 7 is the cross ratio obtained from the endpoints of the
intervals. Notice that we have used 6, = o, = /12 and
multiplied by an additional factor 1/2 since we are
considering only one chirality. The Rényi mutual informa-
tion of two intervals in this theory is given by [13]

n+1
. log (1 —1n) + U,(n)

) = - (3.34)

where the function U, (n) is
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U,(n) = i /ﬂo ds[coth(zs) — coth(zs/n)|log

2(7’1 - 1) 0
(Rl izt

CJF(1=ifis i) )
This expression is hard to analyze for arbitrary values of n.
In particular, the n — 1 limit was considered in [13] where
the expected long-distance behavior for the mutual infor-
mation was recovered. Here, we are interested in studying
the n — 0 limit of U,(n). First, let us notice that the
integrand is well defined everywhere on the half-real line.
In particular, the apparent pole at s = 0 in the hyperbolic
cotangents is cancelled by a simple zero in the log function.
The integrand is everywhere bounded and decays expo-
nentially at s — co.

To carry out the above integral, we separate it into two
pieces as

(3.35)

n () + U (n).

U,(n) = (3.36)

For concreteness, let us take sy ~ O(1) and estimate first
the contribution of the lower part of the integral

U™ (n) = - /nsU ds|coth(nzs) — coth(zs)]log

2(1’1—1) 0

8 ZJF (1 +is,—is; 1;7)
ZJFi(1—is,is;1im) )7

(3.37)

where we have rescaled the integral by the change of
variable s — ns. In this form, the new integration variable
runs over a small region 0 < s < nsg in the n — 0 regime.
Since the above integrand is bounded and differentiable at
s = 0, we conclude that U,™ () = 0 as n — 0.

The upper part of the integral is now

() = Z(%;UK:N ds|coth(zs) — coth(zs/n)] log

y JF (L +i2 =it 1)
JFi(1=ifis 1) )

n°’ 7

(3.38)

In this region the integration variable s, < s < oo, since
5o ~ O(1), the ratio s/n — oo when n — 0 for all s. In that
regime, the argument of the above log function simplifies
drastically. The relevant asymptotic behavior can be
derived from the integral representation of the Gaussian
hypergeometric functions, by using the stationary phase
approximation. This was done in [13], where the authors
found

(1 +i2,=i2i 1)
lim ilog "
s/n—o0 2F1(1—l‘— l—ll’])

=ilog (1 —=2n+i2/n(1 —n)) = —arccos (1 — 27).

Likewise, we can replace coth(zs/n) — 1. These approx-
imations are exact in the n — 0 limit, but for finite n they
are still useful as they provide an upper bound for U, (1)
due to the monotonicity properties of the approximated
functions. We thus have

U (n) = %arccos (1-2n) (SO + log (% Csch(ﬂSo)) ) ’
(3.39)

where we have safely taken the n — 0 limit. The coefficient
that depends on s is finite and small for sy ~ 1 as was our
choice, and therefore, the Rényi-0 mutual information is
dominated by the first term in (3.34). We conclude that in
the n — 0 limit we recover the correct result (3.33) as
expected, i.e.

I3n) = =g log (1 =), (340

1. Long-distance limit

In the long-distance limit, the mutual information sim-
plifies and can be computed exactly. However, the long-
distance limit of Rényi entropies and the n — 0 limit do not
commute. This has to be so because the long-distance limit
is dominated by the model-dependent lowest dimensional
operator, while the n — 0 limit is determined by the
universal ET.

Let us consider an explicit instance of these noncom-
mutative limits in the example above. Consider again
(3.35). For fixed arbitrary n, we can take the long-distance
n < 1 limit inside the integrand. In that case, we have

Fi(1+if,—i%;1m) s s s
log( 2 n___n R=2i-n—i|——— |+
g(zFl(l—ifl,ijl;l;n) U Vi) K

(3.41)

Notice, that this expansion comes with polynomials in the
ratio s/n, and therefore after integration one should be
careful that the resulting series expansion is well defined
for the values of n we are considering. In fact, the series in 5
can be integrated term by term leading to

(n+1)  (n+1)(9n%=1)
12n 24013

n*+O0’) +
(3.42)

Un(rl) -

In this expression, we can see explicitly the failure of the
expansion in the n — 0 limit, as each term will have a larger
and larger divergence in 1/n for a small but fixed 7.

105009-11



AGON, CASINI, and MARTINEZ

PHYS. REV. D 108, 105009 (2023)

Ht 1 H
€ { €

FIG. 3. The strip for general d consists of two parallel walls
located at x = +//2 that extend all over the perpendicular
coordinates represented collectively by y in the figure. The time
coordinate points outwards from the figure. The 6 angle is
defined for any point as the angle between p and x. The €
regulators at x = +(I/2 — €) are also shown.

C. Strip

The strip geometry is another example in which the
Rényi entropies have been computed exactly for all non-
integer values of the Rényi parameter for free fields. This
geometry is characterized by its width / and transverse area,
which although infinite in size we regularized to a large but
finite value A |, see Fig. 3. The Rényi entropies for this
geometry have the form

A A
S, ~ aned—fz— K,,ld—_J'z, (3.43)
where the first term is cutoff dependent and thus nonuni-
versal, while the second term is universal. For free fields
this was obtained by dimensional reduction in [12,14]. In
the next subsection, we will review this calculation as

applied to the n — O limit.

1. Direct computation of Rényi-0

The calculation of §,, presented in [12,14] is done using
the replica trick. In this setup one is interested in computing
the partition function of n copies of the theory with some
nontrivial monodromy around the boundaries of the entan-
gling region. For free fields, one can choose a basis of free
fields that diagonalizes the monodromy into a simple
multiplicative boundary condition ¢”?%/" where k labels
the different copies. Thus, the Rényi entropy becomes a
sum over the different diagonalized copies. For scalars we
have

n—1
log Z(e ’2”
A=

(3.44)

where log Z(¢2%) is the free energy associated with each
diagonalizing free field (with the plane free energy sub-
tracted). The partition function associated with a strip

geometry for a free field can be obtained by dimensional
reduction from the partition function of a massive field in
one interval in d = 2. In this way, one gets [12]

h(d)™

% = h(d) A ® dyye,(), — (4n)FT(d)2).

(3.45)

Here ¢,(y) =R dR”, where S, is the Rényi entropy of an
interval of size R in d = 2 and a free massive field, and
y = mR. In the same way as (3.44) for the higher dimen-

sional case, one has a sum over copies for the d = 2 fields,

d
R—log Z(e'*@).

wi(y),  @,(y) = IR

(3.46)

The functions c,(y) can be obtained by integrating sol-
utions of a Painlevé equation [12,14].

For the scalar, the problem chooses naturally a € (0, 1),
and wy(y) = w;(y) = 0. There is a symmetry ¢ — 1 — a in
@, (y). In order to continue (3.46) analytically for all n > 0
we use a residue formula

Cn(y) - ?ﬂ_l)n d Z

127zk/n
(27i)~! Z"_l
a)nz%(y) =N dznzn_ a)lz%(y)

The contour encloses the unit circle where all poles for n
integer appear but has to enclose also the real negative axis,
where there is a cut of the integrand, in order to be an
analytic continuation for noninteger n; see Fig. 4 of [12].
For n <1 there are no more poles on the unit circle and
only the cut around the real negative axis remains; Digez (y)
has no problems around this line Changing the integration
variable from z — b, via lggz 1+ ib, where the negative
real line on the z plane corresponds to real b, and taking
into account the symmetry b — —b, we get

1 /oodb nsin(nm)
n—1J cos(nz) —cosh(2bnx)

We have defined @,(y) = =@, 2.5(y). The function @, (y)
is given by the equations

ca(y)=

p(y), n<l.

(3.47)

dp(y) = / ® drd (1), (3.48)
y
1 I,{b 4b2 Mb
G =g e )
(3.49)
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2
l/lb(t) - —COSh(ﬂ'b)Kizb(t), I — 0. (350)
b2
In particular, the entanglement entropy n — 1 is given by
the known formula

ci(y) = /Ooo dbm@b()’)v (3.51)

and all Rényi entropies for n < 1 depend upon the same
functions @y, (7).

The n — 0 limit should be taken carefully. For arbitrary
n > 0, we can change the integration variable in (3.47) to

b = nb, which gives

o nrw
o)~ [ Tab—"T e (y).
enl) /0 2 sinh () 250

(3.52)
In the n — O limit, and for any finite b, we are looking at
@, () built out of the asymptotic large b = b/n solutions to
(3.49) in (3.48). The differential equation (3.49) has a
closed simple solution at large » which is naturally obtained
after rescaling ¢+ — b7. This was studied in [2], where it was
found that

%—1 for7>?2

lim u, (b7) = (3.53)

0 for 7 > 2.

Therefore, in the large b regime, we have from (3.48)
and (3.53)

o0 2
@y (y) ~ b? d?iui(bi):}ﬂ/ dz;@_])@{z_ﬂ

y/b v/b

“2{e=3) o3

where ©[x] is the step function, which equals 1 for a
positive argument and O otherwise. With this result we can
evaluate «;, using (3.52), and (3.45)

°° © b y\o[, yn
s~h(d) | d H/ dbL(———) @{2—7]
bl )A U sinh?(zb) \n 2 b

(3.55)

h(d)/oo R /oo ~~_( y) 3
~oE b [ ay i3 (1-2 )02 -],
n o Vsinn(mb)? fo 7 2)012 -

(3.56)

(3.54)

where in the last line, we rescaled the y integral as
y — by /n. This expression has the expected behavior
~n~@=1)_ Carrying out the above integrals, one gets

VN —

e

For the fermion a similar calculation holds. The for-
mula (3.47) is now

1 0 nsin(nm) .
c"(y)_l—nA cos(nn)—l—cosh(anﬂ)wb(y)’ n<l.
(3.58)

The function @, (y) satisfies the same differential equa-
tions (3.48), (3.49), but now u, () has a different boundary
condition

2
u, (1) —» —sinh(zb) K (1), ! = oo. (3.59)
7
In the large b, ¢ limit, however, we have the same limit as
the u;, function for the scalar. The only difference with the

scalar is that now the small n limit gives

h 24-1 w 1
n=td(d*=3d+2)Jo  cosh(zb)* 2
(3.60)

We see that, as expected, the ratio between the universal
coefficients of the Rényi entropies in the n — 0 limit for
bosons and fermions is the same as the one between (3.6)
and (3.7) for the Stefan-Boltzmann constants.

2. Rényi-0 from local temperatures

Let us take a strip defined to lie within the interval
|x] £1/2, and extend without bound along the extra
dimensions say, {y'}, with i€{l,...,d —2}. The local
temperatures are homogeneous and isotropic with respect to
{y'} and thus, they can only depend on x and the azimuthal
angle 6, with respect to the positive x direction. The local
temperatures for the strip were studied in detail in
[2] and as shown there, they have a rich structure that
interpolates between two limiting cases, the Rindler-like, and
the interval-like which are separated by the critical curve

sinf = 1 —2x|. (3.61)
The ET for the strip are
(1 =2|x]) for sin@ > 1 —2|x|
. P) = . , 3.62
Ple.p) g0 for sing < 1 - 2] (3.62)

i.e. the region sin® > 1 — 2|x| has the same local temper-
atures as Rindler, and sin @ < 1-2|x| has local temperatures
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which are described by a different function that reduces to
the ones of the interval when € — 0 and characterizes the
nontrivial geometric dependence of the strip. Formula (3.62)
differs slightly from the one presented in [2] but agrees
exactly within sin 0 < 1-2|x|.

Given the explicit formulas for f we can now proceed to
calculate the geometric coefficient g(A) where A is a strip.
This requires computing

di- ZQ
9(A) = ——5 / d'x / a1
Vol S B

The integral over A separates between the coordinates
parallel and perpendicular to the strip. The local temper-
atures depend only on the azimuthal angle which we
denoted as @; therefore,

. d13Q
g(A d 5 / d.X/ do Sil’ld_3 9/ A=l
vol(S 1 s¢3 p07 (x, 0)

vol(S§943) %Al/ /ﬂ s1nd3c9
~ vol(SF2) ﬁ‘“xe

We will start by evaluating the finite contribution that
comes from the part of the strip whose local temperature
equals the one of Rindler, which is delimited by
sin® < 1-2|x|. In this region, the integrand is independent
of 6 and thus, it is convenient to carry out the integral over
x first

(3.63)

(3.64)

A) = e
9x(4) Vol(S%2) Jyresin g BT (x)

(3.65)

4vol(S43)A | /n/z e dx
_ = dfsin?=3 0 /
al (26) 1—sin @

where the factor of 4 comes from the separation of the
integration region into four parts which are related by
symmetry. We put a regulator on the x integral which also
regulates the angular integral through the curve which
delineates the Rindler region. The integral over x gives

/%—e dx 1 1 1
oo f1(x)  2(d = 2)n? T \(26)972 sind20)”

and for the full integral we obtain

d-1
> A () 4
A)= —+ ey
9gr(A) (d—2)(27)" T2 F(%l)”d—ild—2
l ( 2¢ )
gl ———
[+ VP-4
d-1
F<2> ALFld—2d4€2
(d 2)F<d)7t—;ld'22 222\ r
2

(3.67)

where we have recovered the length scale of the strip /. Let
us analyze the divergent structure of this contribution. The
first term gives the expected nonuniversal area law diver-
gent piece. The second term gives a log(e/l) divergent
finite piece contribution in the /1 — 0 limit. We know this
universal contribution should be cancelled by the contri-
bution of the other solution. The final term, the term
proportional to the hypergeometric function, gives a con-
stant universal contribution in the ¢/ — 0 limit.

Next, we evaluate the contribution that comes from the
part of the strip whose local temperatures are given by (3.62).
Integrating first over the angles the resulting integral is

4vol §d 3 AJ_/ /drcsml —2x)
vol(S9—2

where once again the factor of 4 comes from the separation
of the integral into four regions which contributes the same
to gs(A). This integral can be computed analytically for
individual integer values of d from which one can derive the
general formula to be

sin"‘3 6
ﬂ?‘l (x.0)
(3.68)

gs(A) =

gs(A) =~

r(s) 4, ( 2e
log

) - + O €),
Tt v B

(3.69)

up to terms that go to zero as ¢ goes to zero.
Adding the results of both contributing regions (3.67)
and (3.69) we find

> A T(5) A

M =2 T e

(3.70)

From our conjectured formula we can thus evaluate the
Rényi-0 for a free scalar and a free fermion using the
associated Stefan-Boltzmann constants
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o 2 A N
Sn(A): B/F 1 J_:|

n[(d=2)2m) e (d—2) (Dt
(3.71)
From this formula, it is easy to compute the constants

defined in the previous subsection which were computed
using exact methods

s/f( o _ OB/F
ki’ (d) = - 3.72
( ) nd—l (d— 2)1—‘(‘_1)]_[(1_7 ( )
These coefficients agree exactly with (3.57) and (3.60) after
replacing the values of oy, for the scalar (3.6) and the
fermion (3.7) respectively.

IV. STATE PROPAGATION AND
ENTROPY CURRENT

In this section, we study the characterization of the state
at large modular temperatures in terms of their ET. This is a
high-temperature thermal ensemble described as a gas of
relativistic (massless) particles with thermal distribution.
The description is in terms of a free relativistic Boltzmann
equation, that is reviewed below. The Boltzmann distribu-
tion function w(x, p) contains the information on the ET.
The statistical system under study can be alternatively
described by an infinite tower of conserved currents, whose
conservation follows from the ballistic propagation of the
ET described in Sec. I F. When a conformal Killing vector
is present, we obtain this tower of conserved currents
explicitly. The example of the strip geometry in which there
is no Killing vector, but the ET are known, is also presented.

A. Free relativistic Boltzmann equation

Consider a general QFT in d dimensions with a free UV
fixed point on a manifold with metric g,,. In this setup, the
high-energy physics is described by ultrarelativistic colli-
sionless particles that travel at the speed of light with
adequate spin statistics corresponding to the fundamental
UV fields. These particles travel along null geodesics with
momenta p#, with p2 = 0. One can define a Lorentz
invariant distribution function w(x, p) for the number of
particles dNy that traverse a d — 1 volume element X with
momentum p*. The surface X itself is defined as normal to
an observer with a world-line tangent to the unitary timelike
vector n*. The energy of a particle of momentum p#
measured by this observer is p“i,,.

In the literature, see e.g. [15—17], there is more than one
presentation of y depending on which variables are thought
of as fundamental. The standard presentation is to take a
function of x* and p', i.e. only the spacelike momenta,
where the on-shell constraint on p? is already taken into
account and p® must be regarded as a function of the other

variables p® = p°(x, p'). There is also another presentation
using x* and p;, i.e. using the dual spacelike momenta. In
this work, we will be more interested in a manifestly
covariant presentation of . That is, we define y(x, p) as an
off-shell function of the complete contravariant vectors
{x#, p*} but whose physical information is extracted upon
projecting on-shell, i.e. p?> = 0 in our scenario.

Our Boltzmann function y(x, p) is thus defined by the
relation

dNs = y(x, p)(i- p)dXdIl, (4.1)

where we have defined the covariant volume elements

d—1 d-1 dp®
l_ _ A a=09aP
dX=\/=gs | | dx', dll=y _95(p2)29(n-p)%’
i=1
(4.2)

where /=gy is the induced metric on X. Since dNy, dZ,
d1l, and (71, p*) are Lorentz invariant, we have that y(x, p)
is itself a Lorentz invariant probability density. This is also
independent of the observed direction 7 because dX(7i - p)
is independent of 7.

The Boltzmann equation is derived by demanding dNy
to be invariant under an infinitesimal evolution on the
proper time 4 of all particles. Then, the geodesic equations

dx* d*x* " dx® dx”

=" Y A TRPTE

di di di di

dp” " f a "
=7 PP’ = p*Vap' =0 (43)

impose nonlinear transformations for space and momenta,

dx* = p'da, dpt = =T, p*pPd. (4.4)
One can explicitly check that dI1 and (dX(7- p)) are
invariant on their own under these transformations [16,17],
so that we must impose y(x, p) to be invariant under (4.4).
To do this, one must regard w(x, p) as a function only on

the proper time A and demand

dy(x(2), p(2) _dy(x,p) , oy(x.p)
— _ 1’*/4 anf —

dA PRI op* PP =0,

(4.5)

where (4.4) was used. The last equation is the covariant
version of the Boltzmann equation on curved manifolds,
which imposes an evolution equation for the invariant
phase space density function. This should be comple-
mented with the on-shell constraint, i.e. p> = 0.

For the state in the limit n — 0 the density of states is the
occupation number corresponding to the ET
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1

enSrel<x’p) q: 1. (4.6)

w(x,p) =

From (2.14), we know that the relative entropy, in our regime
of interest, is a homogeneous function of the momentum
variable, that is, for 1 > 0, we have S, (x, Ap) = A8y (x, p).
Therefore, choosing A = —(7i- p)~!, with 7 an arbitrary
future oriented timelike unit vector, we get

A P
S P = . Sre [N
rel(x p) (n p) 1<x (np)>
pﬂ
where pH = —

= (it p)B(x. P). (-p)’

(4.7)

This equation provides the proper generalization of the
notion of local temperatures (2.14). The above relation is
understood on-shell, but it is harmlessly extended off-shell in
an arbitrary way just for simplicity of the notation.

Now, one can see that Eqgs. (4.5) and (4.6) imply that
Sre1(x, p) itself has to meet the Boltzmann equation (4.5).
This in fact follows from our discussion in Sec. Il F using
the analytic extension of the Euclidean eikonal analysis of
[1,2]. One can see that Egs. (2.28) and (2.30) also impose a
differential equation for S, (x, p) under geodesic transport
(4.3). We now show that these equations lead to the
Boltzmann equation for S, (x, p). By extending all quan-
tities off-shell we get under the flow of particles

p."{

m=—L ey,
Srel(x7 p)
1 . P’
=< P vapﬂ ~—@ P vaSrel(x7 p) =0. (48)
Srel Srel

By using Eq. (4.3) one can see that the first term vanishes.
The second term can also be manipulated using the
geodesic equation to obtain

E dSrel(xv p)

pavaSrel(x’ p) di dx®

= paaaSrd(x’ p) =

ds, rel (x 4 )
= 7 =0, (4.9)
which is exactly (4.5). More generally, any scalar function
of Sy(x, p) will also meet (4.5). We emphasize that once
written as in the right-hand side of (4.5), the Boltzmann
equation holds as a partial differential equation on {x*, p*}
regardless of the geodesic motion (4.3) we used to derive it.

B. A tower of conserved currents

The Boltzmann equation (4.5) in turn implies the con-
servation of an infinite number of currents [16]. Consider for
example the particle number current, defined as

NH(x) = / dIl p*y(x, p)

)Pty (x, p).  (4.10)

_ /ddip\/_—zg( 0)s(p>

= ] 2o g«6\p~)o(p
We now want to show that this current is conserved. We
begin by taking an ordinary spatial derivative. Notice first
that the momentum and coordinate variables are independent
of each other,’ so that (4.3) does not apply, but the partial
derivative version of (4.5) does. We have

e = [ 20 y=a |

) aga/i
oxH

1 9y=g,
J_W()

+d(p p pﬁ} pPlw(x.p)

+ / (;i% V=920(p°)8(p*) p* %-

(4.11)

In order to connect to the Boltzmann equation, we would like
to find the term

2) oy (x, p) ‘

Ine P
5P P"S(p 3

(4.12)
We do so by adding a total momenta derivative of the form

9
[Chsp°PP8(p

PE Sy (x, p)]

95(p?)

= Wap "8 (v p) + Lopp"p =5 5

oy (x. p)
opt

w(x, p)

+ T pPo(p?) ——— (4.13)

Interestingly, the second term in the integrand of (4.11)
coincides exactly with the second term of the right-hand side
of (4.13) after using the following identities:

25(p?)
dap*

agaﬂ
oxH

=28 (p*—m*)p,,  pp’pt == =200 pplp,.

(4.14)

In this way Eq. (4.11) reduces to

®This is not necessary, if one considers the deformation of the
tangent space under an infinitesimal displacement in (4.10); one
can show that these contributions cancel by themselves [15], in
agreement with our statement.
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o= [ (W)i,’_M——gze(pO)a(pz)[(pﬂa"’;i;p) Y} gt )|
+ / a )d_l\/—z( P [Faﬁp pﬁﬁ(ﬁ)w(x,p)}, (4.15)

where we also use the well-known identity d,/=g = \/—gl'g,. The integral in the second line leads to a boundary term that
vanishes by the assumption that y(x, p) decays faster than any power of the momentum. By completing the covariant
divergence of N* using the last term in the first line above, we find that the Boltzmann equation implies the conservation of N#:

d , :
VN = / 7(%)[3_1 V=920(p°)5(p?) {p"w —Torp’ W] =0, (4.16)

as we wanted to prove.
In the same way one can build an infinite tower of conserved currents of the form

= [anp putep). o= (T e, (@.17)

i=1

where we have singled out the stress-energy tensor of the system. All of these currents can be shown to be conserved in any
of its indices in an identical fashion as with N* by virtue of the Boltzmann equation (4.5). Furthermore, they are symmetric
in all of their indices by construction and traceless under any contraction.

C. Conserved currents in terms of the ET

Consider a general current in a scenario where w(x, p) = w[nf(x, p)(=i - p)], where we remind the reader that
p=p/(—n-p). We have

prse(s) = [ dH<Hp”'> [nB(x. p)(~# - p)].

Now, let us consider a local change of coordinates x = f(X) which takes g,, (x) at x = ¢ into 7,, at ¥ = f~'(g), namely

oxH ox*

g (X)TT
o o |,

= Nap- (418)

This change of coordinates will induce a corresponding change of coordinates in the momentum from p# to p* where the
latter lives in flat space

=2 (4.19)

Fﬂ...‘umng(“"') / <pr,> [ < <axﬂ) (_5?13))(—;1.13)].

The momentum integral in the tilde coordinates is in flat space, and thus we can use spherical coordinates to carry out the
integral on | p| Notice that p° = py = | p| thus, if we chose i#* = &, we have p* = p*/p° and

This results in

13
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a OoxHi de_z o0 ==
Fﬂln-ﬂm(x):H(aiy)/(2”)(1_]A d|p||p

i=1

O - o0 A
o ([ o (e ()9

o o, , m B /oo )
_ i dl ld 3+m Ji
11 <65c’;> nd—2+m/(2ﬂ.)d—1ﬂ(x’ (dxy)f?l/)d—Zer A g

where [ = n|plp(x, ()p*) and f(m) are “chemical”
coefficients that depend on the nature of the microscopic
components of the system. For example, for the cases of

bosons and fermions one gets,

fr(m) = (2n)'=%¢(d -2+ m)['(d -2+ m),

fr(m) = (1=2%")f,(m). (4.21)
In general, these factors are nontrivially related to the
Stefan-Boltzmann constants except for m = 2, cf. (3.6)
and (3.7),

_(d-1)
~vol(s72)

f(2) (4.22)

which is the correct normalization for 7,, to yield the
energy of the gas.

Finally, we can undo the coordinate transformation and
express everything in terms of the original coordinates and
variables as

f(m) / = Y
FHi--Hm (x) = “om de_zﬁ, (423)
pd—2+ Blx. p )d 2+
where
. OxtY 4, ox* ox¥ B
P = (a)?l/)p and g;w( )a~aﬁ — = Nap» (424)

where p° = p/(—=ii- p) = 1. In (4.23), one must keep in
mind that the angular integral is characterizing the direction
of the flat space momentum variables, p*. A key conclusion
of this analysis, see (4.23) and (4.24), is that the conserved
currents we define contain the information of all moments
of B(x, p)~! distribution and thus knowing all conserved
currents in spacetime formally contains the same informa-
tion as fA(x, p).

A comment on covariance and normalization is due.
Notice first that the conservation of the currents is inde-
pendent of its normalization. In particular, N* in Eq. (4.10)
and 7" in (4.17) are normalized to give the particle number
and energy density at each point respectively. On the other
hand, notice also that we are dealing with a single quantity

(4.20)

with units, f(x, p), so that there is also a single covariant
quantity that can be defined for any given dimension,
essentially

.. A i P
FHv--Hm (X) ~ de_2ﬂ (425)

(X, ﬁ)d—2+m ’
with p# defined in (4.24). Above, we have built for m = 1
in Eq. (4.10) the particle number density N*. However, to
make contact with our analysis in Sec. III we would rather
work with another density normalized to provide the Rényi-
0 in Eq. (3.4). The current of interest is

ﬂt:i#/dg L:}S(Z)
~ ndlvol(S%72) d_z/)’(x, P! 8
—/dZﬁMJ”(x), (4.26)
)

so that for unitary timelike 72 we recover (3.13). The above
equations for a general metric are defined according
to (4.24).

We conclude that the present analysis gives an infinite
tower of symmetric traceless conserved currents (4.23) that
contains the same information as the £’s. In what follows
we compute explicitly some of these currents.

D. Examples

In this subsection, we would like to construct some
explicit realizations of the conserved currents J# and T
discussed in the previous subsections.

1. Multi-intervals

The local temperatures at ¢t = 0 for QFTs in d = 2 for N
intervals were reviewed in Sec. III B and are

p(x) =2z (ZN: L i . I_XD_I, (4.27)

i=1

where there is no momentum parameter since the two
possible directions have the same ET at = 0. The
extension to t#0 in d =2 is particularly easy as the
dQ,_, collapses into a sum over the two rays x + ¢, i.e.
B (x,t) = p(x F t) and vol(S°) = 2; see footnote 5. Thus
the current can be computed as
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o p;f N out
J(x,1) = — = , 4.28
0 =7 (e o) —me 4
where p; = {1, %1},
p(x. 1) = /By (x. ) (x, 1), (4.29)
and we have defined a velocity u”, u> = —1, given by

"o 2_14 B-(x.1) Bi(x.1)
Y72 [\/ NCO \/ﬂ_(x, z)]
[ |p_(x,1) B Bo(x,1)
"7 [\/ﬁ+(x, 1) \/ﬂ_(x, t)] (4.30)

The stress-energy tensor can also be built in a similar
fashion, yielding

+ 4+
o Pu Pvu
T,xt)=—
;w(x ) 2n2< +(x,t)2+

Pubv
p-(x.1)?

P
> = ?(214#”” +,7/w)7
(4.31)

where P = ¢/pB(x,t)>. Notice that the system has the
current and stress tensor of a perfect fluid with fluid
velocity u, pressure P, and energy density p = P. We
will see that the perfect fluid structure only holds in cases
where a Killing vector is present.

2. Rindler

For Rindler, the local temperatures on the ¢ = 0 slice are
given by

B(x,p) =2nx, (4.32)

where x is the coordinate orthogonal to the boundary. For
concreteness, we evaluate the currents for d = 3, since the
general d result is a straightforward generalization.
Given the initial data at r = 0, the Lorentizian eikonal
equations (2.28) tell us how to propagate that data to r > 0.
Given a point (¢, x) with 0 < 7 < x, and a direction p, the
local temperature f(x, ¢, p) can be obtained by propagating
backward this data to the r = 0 surface, namely
B(x,t, p) = 2x(x — tcos ), (4.33)
where the direction of p(6) = {1, cos,sinf} is given by
the angle @ between the momentum spacial direction p and
x. We find

2z HH
62/ do u ~\2
2zn~ Jo p(x.t,p)

_ (56 t L X )ﬂ __ o
PR\ V2= VxE—£)  (pr)*

JH =

with g = 22Vx> — 2, u* a velocity, and

2r
. / do
mn- Jo

For general dimensions, the expressions can be readily
generalized to

PP o
ﬂ(xv t’ﬁ)3 (nﬂR)3

T = Butu” + ).

(4.34)

(03 O
) — YTy T — % _(duu’ + ),
Nk (a2 (1)

(d—=1)J¥ = u,T", (4.35)
where u is completed with trivial entries in all dimensions
other than {7, x}.

3. ET given by a conformal Killing vector

The previous examples are all cases where the ET can be
defined in terms of a conformal Killing vector, £. As
reviewed in Sec. IIF, in such cases, the modular
Hamiltonian adopts the simple local form (2.32) which
leads to the closed formula (2.34) for the temperature vector
T#. From these results, the general formulas for the
conserved currents (4.23) can be integrated exactly. For
instance, for J¥ and T"* we have

o 1 ~ D c &
. — = :
nd-1 VOl(Sd_z)/ d—2 (_ﬁ.f)d—l nd-1 (_62)%’
(4.36)
o (d-1) / S
=2 " [ ad,, L
nvol(s72) | T (=p - &)
o d 1
-2 ney g ), 437
el G (437
where we used the relation B(x, p) = —p - £ which follows

from (2.34), (2.31), and (3.10). This pair of current energy-
momentum tensor has the form of a perfect fluid with
velocity vector u* and density p = P given by

(4.38)

Similar formulas can be obtained for the higher index
generalizations (4.23), which can be alternatively derived
from general considerations. For instance (4.36), (4.37) are
the only vector and two-index traceless symmetric tensors
that can be built out of & and #*” with the appropriate
scaling dimension up to an overall dimensionless factor.
For the three-index tensor following this prescription
one gets
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FHvp — i 1
( 52)d+4
[é"é‘”ép @ e R,

(4.39)

where the coefficient c3 can be fixed from (4.23) to be

d+2

ey = f(3) <ﬂ> vol(S4-2).

The general formula (4.23), which in this context takes the
form

(4.40)

o S (M) P
T _nd—2+m/de ZW’ (4.41)
provides useful relations between the currents. For
instance,

1 f(m)

My M Hm—1
éﬂm‘]m - J

nm m—1

follows easily from it. This equation gives a recursive way
to obtain all the lower index currents from the higher ones.
Another interesting relation

(4.42)

n(d+m—3) f(m
d f(m)

vm‘]l’;z:]ﬂn — )(v 5)]/41/42 ‘Hn

(4.43)

connects the covariant derivative of J,_; and J,,. This
equation follows from (4.41) and (2.35). Contracting
indices, one gets a relation between the conservation of
J,—1 and the zero trace condition of J,,. Finally, one can
construct higher index currents from the lower ones; this is
the converse of (4.42) as

where «,, is determined from the zero trace condition, and
¢, from (4.41)

K =

_d+n21(;11—2)’ A <ff(m) )

d+m-3 (m—1)
(4.45)

Formula (4.44) provides an explicit construction of all the
associated conserved currents.

4. Strip

We now present a final example of this formalism in
which a conformal Killing vector is not present. The ET for
the strip were found in [2] for any dimension. Here we
present a simplified analytic expression for the ET; we
repeat here (3.62) for reference,

#(1=2|x|) for sin@ > 1—2|x|
ﬁ(X,P) = %cffles;fgf for sinf < 1 — 2|x\ '

These are the ET at + = 0 for a strip whose walls sit at
x = +1/2. Notice the |sind| in the denominator. Notice
also that 1 — | sin 8| # 0 is the domain where the expression
is valid. We will work once again with d = 3, where a
single angle 6€(0,27) parametrizes the ET. We will
present results for the currents at # = 0. This will already
reveal that not all systems described in this fashion meet the
structure of an ideal fluid. A complete analytic expression
for t # 0 seems to be out of reach.
For J, in d = 3 we get

1 ¢
]/rf,ll“'/’lm—l/"m — m o MU
n(-&) Tt =0) =2 / ao—7> 4.46
( ) 27n? J, Bx, p)? (4.46)
X Jf,”:]_ Him— lgﬂm — ngo' Him— zgﬂm 1Hm :| s
(4.44) " Wwhich for 0 < x < 1/2 and £ = 0 yields
|
2x3cos™! (1 — 2x) 2x<1—(1—|—x) (1—x)x>
J! 0 —tanh™!(2
(x. ﬂ3x3n2 ( (1—-2x)? (1 —4x?%) anh™(2x)
+tanh™ ( > (- 6x° ) tanh™! <M>>
Vi—x/) (1-4x2)32 VIi—xV1-4x2))
J(xt=0) = —0)=0. (4.47)
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The solution is symmetric in x — —x. This analytic
expression does not hold beyond |x| > 1/2. The spatial
pieces J¥(x,t=0) and J7(x,r=0) are zero by time
reflection symmetry. The conservation of the current is
guaranteed by definition.

A numerical analysis of T, in d = 3 reveals that the
stress tensor no longer has the form of an ideal fluid, i.e.

2r HH Y
o (x) =2 / dgﬂp_l’
0

— ) = Diag{p. P,. P, }.
.P)

t=0,
(4.48)

where P, and P, with P, > P, are the longitudinal and
perpendicular pressures with respect to x respectively, and
p is the energy density. For higher dimensions, the stress
tensor is seen to remain diagonal, extended with identical
P, on all dimensions orthogonal to x. The tracelesness of
T+ imposes p = P, + (d —2)P, . This is often called an
anisotropic fluid. Albeit anisotropic fluids can still be
modeled by a combination of noninteracting perfect fluids,
see e.g. [18], we actually expect that for general (less
symmetric) regions the tower of conserved currents cannot
be interpreted as any particular family of fluid equations.
The description of the system in terms of the tower of
Lorentzian conserved currents is still valid for any region.

V. SUMMARY AND CONCLUSIONS

Entanglement temperatures [1,2] are generalizations of
Unruh temperatures associated with a point and a particular
direction in a subsystem, and generated by entanglement
with the rest of the global state. In [1,2], the ET were
defined from the leading term in the relative entropy
between the state in a subsystem excited with a high-
energy and localized unitary and the state without the
excitation; see Eq. (1.1). These entanglement temperatures
follow from the solutions of a nonlinear differential geo-
metric problem involving complex vectors in Euclidean
space. Analytic solutions of these equations, however, are
in general out of reach at present, except for some highly
symmetric examples. On the other hand, ET appear to be
highly universal quantities. In particular, these were shown
to be the same for fermions and bosons, massive or
massless [2].

In this work, we have continued the study of ET. In
particular, we find that there are an infinite number of ways
of parametrizing the Euclidean solutions to the eikonal
equations that define the local temperatures. We find no
apparent preference for any representative of the family,
since they all give place to the same ET. By considering
deformations to free theories, we conclude that ET depend
only on the conformal class determined by the metric, the
region, and the UV conformal fixed point. All free UV
fixed points share the same ET for a fixed geometry. For a
general nonfree UV fixed point, where a particlelike

description of the UV physics is absent, we still lack a
robust framework to compute ET. In this sense, it would be
interesting to understand if there is a simple way to
compute these temperatures for holographic theories. It
is possible that ET arising from the eikonal equations could
be completely universal, and valid even for interact-
ing CFTs.

We have also studied the real-time propagation of the ET,
which follows lightlike geodesics and travels without
interacting with each other at different times. In other
words, the ET follow a ballistic propagation as a conse-
quence of their “eikonal” nature. A temperature covariant
vector T# can be defined as a lightlike vector. Taking a
high-energy excitation with lightlike momentum p*, such
that p# and T* are parallel, the proportionality factor
between these vectors is precisely the relative entropy of
the excitation with respect to the vacuum. On the other
hand, the Lorentzian problem by itself does not give
enough information to uniquely determine the ET, it only
determines their ballistic propagation. To find the initial
condition for the problem we still rely on solutions to the
Euclidean version of the problem. An example of local
temperatures for a Vaidya metric was presented, in which
the black hole temperature is recovered, and shown to
change according to the considered subsystem.

Our main result in this work is the relationship between
the ET and the limit of large modular temperature in the
subsystem. This is described by the n — 0 limit of the
Rényi entropies, Rényi-0 for short. This connection is
nontrivial, in the sense that the original definition for ET are
associated with highly energetic and localized excitations
and not as quantities obtained from high-temperature
systems. The Rényi-O is obtained as an average of the
ET in momenta and spacetime presented in (3.13). The
Renyi entropies in the n — 0 limit are then computed as
functions of the ET. This gives a universality for the Renyi-
0 entropies. They are proportional to a geometric factor
depending on the region and are computable from the ET.
We reproduce several known results for this limit of the
Renyi entropies by computing them in terms of ET.

Finally, using this high-temperature gas perspective, we
review the derivation of the free relativistic Boltzmann
equation and show its natural connection with ET for
theories with a free UV fixed point. The ballistic propa-
gation of the ET in turn implies the conservation of an
infinite tower of currents, defined as all possible weighted
averages (moments in the sense of a distribution function)
of the ET of the system, (4.17). This is to say that the full
tower of conserved currents contains in principle the same
information as the ET. We explicitly built the tower of
currents for a couple of examples. In the presence of a
Killing vector in the geometry, the system of currents can
be rewritten as the equations of a perfect fluid.
Furthermore, given a single current in a scenario with a
Killing vector, one can rebuild the full tower by symmetry
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arguments as shown in Sec. IV D 3. This description fails
for less symmetric systems.

It would be very interesting to recast the (highly non-
linear) problem of finding the ET for a given region into a
(hopefully simpler) problem of finding an adequate set of
conserved currents in Euclidean spacetime. To this end, one
could propose a Wick rotation of the Lorentzian tower of
currents (4.17), which should have vanishing divergence.
A set of boundary conditions near the boundaries of the
system and at infinity can also be extrapolated from the
ones of the ET. However, much like a fluid, unless an
adequate number of relations between currents or con-
straints are imposed (the constitutive equations) the system
would not be well posed on itself. We would like to explore
this problem further in the future.

Another interesting perspective is the description of the
large modular temperature limit for nonfree CFTs. In this
case, we do not expect a connection with ET because the
large modular temperature produces high-energy excita-
tions that are now interacting. Instead, we expect to have a
description in terms of a more general relativistic fluid. In
this language, the free case corresponds to a free Boltzmann
fluid. It would be interesting to understand the nature of
these fluids for different CFTs.
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APPENDIX: CANONICAL TRANSFORMATIONS
OF EIKONAL SOLUTIONS FOR
RINDLER SPACE

Consider the case of d =3 for simplicity. A simple
solution for the eikonal equations for the case of half-space
follows from rotation and translation invariance along the
z axis [2]

a=0+ i(kz +VI1-kr? - arctanh(\/ 1- k2r2>>,

(A1)

where r, 0 are polar coordinates on the plane x°, x!, and

x® = 7. The real parameter k € (—co0, c0) gives the different
solutions. Each solution has a compact range r < |k|~! in
the plane perpendicular to the z axis. However, choosing
different k the ET for any point in the x° = 0 plane can be
computed in any direction B, with

Va = (Ag.iB).  x°=0. (A2)
It follows the well-known result that f = 2z/Ay = 2xr,
independently of direction. This is evident in this case
because A = VRea = V6, that does not depend on k that
sets the direction of B.

Now we make the canonical transformation induced by
the function f(k) = iLk. By writing & = a + iLk, the
equation da/dk = 0 becomes

V- 2P
Ltz=——— Dk =4/ +(L+2)2

where the + sign is the opposite of the sign of (L + z).
Replacing this back in & we get the new solutions

(A3)

L+z

This new set of solutions now has a range in the full space
but gives place to the same entanglement temperatures.

a=0+ iarctanh<

). (A4)

More explicitly the vectors A and B obtained from this new
family are given by

A:

S |

= 1 (L+2)F rz
P :Fr(\/r2+(L+z)2 \/r2+(L+z)2>'
(AS)
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