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First-order relativistic conformal hydrodynamics in a general (hydrodynamic) frame is characterized by
a shear viscosity coefficient and two UV-regulator parameters. Within a certain range of these parameters,
the equilibrium is stable and propagation is causal. In this work we study the correlation functions of

fluctuations in this theory. We first compute hydrodynamic correlation functions in the linear response
regime. Then we use the linear response results to explore the analytical structure of response functions
beyond the linear response. A method is developed to numerically calculate the branch-cut structure from
the well-known Landau equations. We apply our method to the shear channel and find the branch cuts of
a certain response function, without computing the response function itself. We then solve the Landau

equations analytically and find the threshold singularities of the same response function. Using these

results, we achieve the leading singularity in momentum space, by which, we find the long-time tail of the

correlation function. The results turn out to be in complete agreement with the loop calculations in effective

field theory.

DOI: 10.1103/PhysRevD.109.036006

I. INTRODUCTION

It is well known that relativistic hydrodynamics beyond
zeroth order in derivatives can be constructed in various
ways, depending on how the fluid velocity and temperature
are defined when the system is not in equilibrium [1]. Any
particular choice of definition for these out of equilibrium
variables is called a choice of “frame.”’ In the famous
Eckart [2] and Landau-Lifshitz [3] frames, hydrodynamics
exhibits some nonphysical features: the thermal equilib-
rium is unstable [4], and the theory supports the propaga-
tion of superluminal modes [5].

Problems of instability and acausality are associated with
modes outside the range of validity of hydrodynamics, i.e.,
beyond the long wavelength low frequency limit. In other
words, the problem is due to the UV modes. To remedy
this, one way is to introduce extra dynamical degrees of
freedom into hydrodynamics, thereby modifying the
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behavior of the theory in the UV. This is actually the idea
of the Israel-Stewart theory [6,7]. Another way to deal with
this problem is to include the second-order derivative
corrections [8-10].> A more systematic way of dealing
with this problem is to find certain out of equilibrium
definitions for hydrodynamic variables, something other
than those used by Eckart or Landau-Lifshitz. This program
was touched on by [13,14], and built in [15,16]. These
theories ([15,16]) are sometimes referred to as Bemfica-
Disconzi-Noronha-Kovtun (BDNK) in the literature.

In this work, we study correlation functions in BDNK
theory. We first proceed to calculate the correlation func-
tions in the linear response regime. It is discussed in
Sec. III. We perform calculations separately for the sound
and shear channels. The pole structure of the correlation
function is found to be completely consistent with the linear
excitation spectrum found in [16]. Furthermore, our cal-
culations reveal an important feature of BDNK theory.

In practice, causal relativistic hydrodynamics can describe the
evolution of hot QCD matter formed in heavy ion collisions (see
[11,12] for a review).

The idea of relativistic hydrodynamics in general frames
[16-18] has been extended in several directions, by inclusion of
charge, magnetic field, and spin [19-25], and also has been
compared with other causal and stable frameworks [26-29]. See
also [30], a gauge theory perspective on stable theories of
hydrodynamics. See also [31,32] for more fundamental discus-
sions about stability and causality.

Published by the American Physical Society
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We find that the special form of the BDNK equation causes
the energy density correlator to develop a range of negative
values. This can happen at any fixed value of momentum
when we take a small frequency limit. However, this does
not happen when we take the small momentum limit at a
fixed frequency.

Apart from some numerical works (including [33,34]),
little is known about BDNK theory in the ‘“nonlinear”
regime. The second part of this work is devoted to study the
nonlinear fluctuations in BDNK theory. The main question
is how the interactions between hydrodynamic modes
affect the late-time behavior of the correlation functions.
In conventional hydrodynamics, this question has a well-
known answer. Nonlinear fluctuations lead to long-time
tails with fractional powers in the real space correlation
function [35,36]. This is actually due to the nonlinearity
that causes branch point singularities in the correlation
function [1,37,38]. In this work, we want to explore what
happens to the long-time tails in BDNK theory.

In a systematic approach, this can be explored within the
framework of the effective field theory of hydrodynamics.
However, we choose a different route here. We use the fact
that the two point correlation function of certain operators
in the nonlinear regime factorize if the distribution of
fluctuations is taken to be Gaussian [36]. In quantum field
theory (QFT), the factorized correlation function is in the
form of a Feynman integral, representing a simple loop
diagram with two lines, i.e., a bubble diagram. We then
follow the famous Landau method to find the singularities
of the Feynman integral. Instead of computing the integral
explicitly, Landau proposed a set of equations, the so-called
“Landau equations,” which are solved to specify the
threshold singularities of the Feynman integral.

Keeping in mind the ideas discussed in the previous
paragraph, we explore the analytic structure of the shear
stress response function in Sec. IV. For some cases in
effective field theory (EFT) of hydrodynamic interactions,
knowing the analytic structure of the hydrodynamic
response functions, including the threshold singularities
as well as the branch-cut structure, is sufficient to find
decay rates or cross sections without performing Feynman
integration in the formal way. This is discussed at the
beginning of Sec. IVB. In Sec. IVB 1, we develop a
method to numerically find the location of branch cuts.
To specify threshold singularities, we derive the associated
Landau equations and solve them analytically in Sec. IV B 2.
We show that our results are in complete agreement with
recent EFT results obtained from explicit loop calculations.

Based on these results, we will calculate the long-time
tail of shear stress correlation function in Sec. IV C.
We find that within the validity range of BDNK theory,
the long-time tail of the shear stress correlation function
in BDNK theory is consistent with the long-time tail of
the shear stress correlation function in conventional
hydrodynamics.

Finally, in Sec. V we end with a review of the results,
mentioning possible applications and discussing some
follow-up directions.

Note: Throughout this paper we will refer to “Landau” in
two contexts:

(1) “Landau-Lifshitz frame” (or Landau-Lifshitz hydro-
dynamics), which refers to some specific way of
defining the fluid four-velocity beyond zeroth order
in the derivative expansion.

(2) “Landau equations/conditions” refer to those
equations that allow finding the singularity of the
Feynman integral without explicitly performing the
integration.

It should be emphasized that the above two items have
nothing to do with each other.

II. FIRST-ORDER STABLE CONFORMAL
HYDRODYNAMICS

In an uncharged conformal fluid, the constitutive rela-
tions in the most general frame are determined by four
dimensionless numbers p, 7, 6 and 7 [16]. Specializing to
D = 4 dimensions, one writes

‘0, o, u’
u o, + 7 /13” )(7]"”—}—414”14”)

Pro,T

T = T3<pT+7z:

+ 013 [(u’ldﬁu” + )u + (u < u)}

—iiT3e™. (2.1)

Note that p = pT* is the equilibrium pressure and 5 = 7T°>
is the shear viscosity, both depending on the microscopic
of the fluid. Two new transport coefficients, 7 = 77> and
0 = OT? are responsible for regulating the theory in the
UV limit.

The stability and causality of the first-order hydrody-
namics have been discussed extensively in the literature,
over the past few years [15,16,18-22,24,26-29,33,34]. In
the case of conformal fluid in D = 4 dimensions, these
conditions are given by [15]

N
1—£—ﬁ>0, 7 > 4. (2.2)

T

To satisfy (2.2), it is sufficient to take @ > 47 and
7 > 47 [16]. These conditions ensure that in any equilib-
rium state specified by u# = y(1,vy) and T = T, linear-
ized evolution of (2.1) is always dissipative and in the light
cone. Let us denote that the relativistic hydrodynamics in a
general frame, i.e., (2.1), together with the conditions (2.2)
is usually referred to as the “stable first-order relativistic
hydrodynamics” theory.

036006-2



CORRELATION FUNCTIONS IN STABLE FIRST-ORDER ...

PHYS. REV. D 109, 036006 (2024)

III. CORRELATION FUNCTIONS
IN THE LINEAR REGIME

As mentioned in the Introduction, the focus of this work
is on correlation functions. In this section, we explore
the correlation functions in the linear regime. To this
end, we take 7 from (2.1) and linearize the hydrody-
namic equations, namely 9,7** = 0, around the equilib-
rium state specified by u* =y(1,vy) and T = constant.

|

oT 1

1 |- oT ol 1
0,7+7V-5V+7 [GV- (615V+VT> +37‘16,<OIT+V-5V>} =0.

3 12pT

The equations of momentum conservation, dﬂT/” =0, give

1

5T _ 6T 4
0,6V +V—+— {eat (a,av + V7> + ﬁV<6l7 +-V. 5v) —gﬁVZ(SV] =0.

T ' 4pT

The first two terms in each equation come from 7+ of order
zero, while the terms in brackets are associated with 7+
of order 1. It is well known, and evident in the above
equations, that the stable theory of hydrodynamics is
constructed in such a way that the zeroth order equations
emerge “with new transport coefficients @ and 7" at the first
order. If one proceeds to solve the equations perturbatively,
that is, order by order in the derivative expansion, the above
two coefficients will be washed out at the first order simply
because the zeroth order equations are used. However,
this differs from the concept of “stable relativistic hydro-
dynamics,” where the equations must be solved nonper-
turbatively.

A. How to calculate correlation functions?

In the hydrodynamics literature, response functions are
computed within the framework of the linear response
theory [1,39]. To find a general response function such as
Gr (1, k) we need to solve a differential equation of order 1.
This is because the conventional relativistic hydrodynamic
equations in an uncharged system, the Landau-Lifshitz
equations, are “parabolic.” The result can then be used to
find the correlation function via the fluctuation-dissipation
theorem.

However, in the “general frame” formalism [16], the
hydrodynamic equations are “hyperbolic.” Computing the
response function in this case requires an extension of
the standard method developed in [1,39] to second-order
time-differential equations. Here we choose a different
route; instead of computing the response function, we
choose to compute the correlation function directly. To this
end, we extend the Landau-Lifshitz method of computing
the correlation function [40,41] to relativistic systems. We
can then compute various correlation functions. With them,

The linearized equations then govern the coupled linear
evolution of év and 67, as follows.

In conventional hydrodynamic treatments, taking
vy # 0 is especially important to make the instabilities
of the equilibrium manifest [4]. However, in this work,
we restrict our study to the linearized equations when
Vo = 0.

The conservation of energy, 9,T"" = 0 gives

] (3.1)

oT 1
3.2

|

one can also use the fluctuation-dissipation theorem to find
the response functions. In this work, however, our focus is
on computing correlation functions. This is what we will do
in the next two subsections.

B. Correlation functions in longitudinal channel

An important aspect of the ‘“stable relativistic hydro-
dynamics” is that it allows us to treat fluid velocity and
temperature as the hydrodynamic variables, employing the
same concepts we know in thermodynamics and similar to
what is done in nonrelativistic fluid dynamics. Then this
suggests that in addition to the correlation functions of
conserved charges (or currents), the correlation function of
hydrodynamic variables, such as (v;(#,, x;)v;(#,,X,)), may
also have sensible description. It should be emphasized that
our main physical arguments in this paper will be made
based on the correlation function of conserved densities.
However, as we will explain below, each of the latter
correlators is a linear combination of former ones.

Keeping in mind the above discussion, we first compute
the correlation function of the hydrodynamic variables.
Considering 3¢, = (&, 8v;) = (&, sv+, 60l), the correla-
tion function of ¢, and ¢, is defined as

+o0 . X
it = [ [ doxeires

X (8ha (1, %)5¢5(0,0)). (3:3)

We also find it useful to define dimensionless quantities as

(3.4)
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As mentioned before, we extend the method developed in [40,41] to compute various correlation function <5¢a5¢b>mq
relativistic systems. Details can be found in Appendix A. For example, we find that*

oT 37 1 . /. .
(30 7>,,,q T D gy (1 W= 4) (4100, + 7))

37 1 . : .
+ Wm (—iq) (—l 6, o — 4> (4 + 1(9,7 + nn)m),

5T 37 1
—sly =L — ('9 m—4) 4—i(0 0
<T > 4T D(w, q) I\ (4 =0, )
37 1
+
4p°T* D*(w, q)

<5v| 57T>,,,q _ <57Tavn>_m_q. (3.6)

Now let us move on to calculating the energy density correlation function, namely Gr, 7, (W, q) = (T"T"),,,. Using (2.1),
one writes

(~ig) (—iﬂn w— 4) (4 +i(0, + 7,)w) |. (3.5)

As one would expect:

_ oT 6T
Gr,r,(m.q) = p*T® [9(”$m2 + 16) <77>m + ”37%‘1j<51}i5”j>mq
q
oT oT
- 3m,q; ((nqm + 4i)<—51)j> + (7,0 — 4i)<51)j —> ﬂ . (3.7)
T wq T /g

Then by using the corresponding correlation functions of the hydrodynamic variables (Appendix A), we find

G, , = O1Ta
“i Dy (w, )
+ 3w?(-2304x, + x,0,(462 - 3(n, — 47,0, — 8(x, — 2)m,)q*
+48(-2(n, — 2)m,0, + (m, — 4)6; + (7, — 8)7;)q?)
+ 9 (470,94 + 7,02 (n, (37, — 4)q* — 48) — 4x) (n,q° + 12)) — 270762, (3.8)

[+(z, — 4)m262q° + 96(n% — 4, + 8)0,q* + 2304(x, — 4)q?

with
Dy (w.q) =9r,0,w* 4 36i(6, + 7, )0° — 6(, (6, +2)q*> +24)w? — 12i(0, + 7, +4)q*w + (7, —4)0,9> +48)q*>. (3.9

Solving D; (w, q) = 0 gives the spectrum of modes associated with the longitudinal channel. This has been discussed in
detail in [16]. However, we illustrate the pole structure of correlation functions associated with the sound channel in Fig. 2.
As is seen, the correlation function develops a range of negative values in unstable frames. The situation shown in the
figure is for q = 1.5. The smaller the value of g2, the narrower the range of negative values around w = 0. Close to i = 0
we have

ST T
T

“Similar to (3.5), one can easily compute (2F2%¢

)wq and (6v,60,),,,. More details can be found in Appendix A. Note that in this
Appendix we take svll = 5v..
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FIG. 1. Energy density correlation function in the Landau-

Lifshitz frame (red), in an unstable frame (green), and in a stable
frame (blue).

B 6nT*(720,9° + 48(m, — 4))
0,(m, —4)q* + 48

}JLI(I)GT,,T,, (w,q) = (3.10)

As is clearly seen, in a stable frame (0,, 7, > 4),5 (3.10) is
negative for any value of qz.6 Of course, although Gr 1,
has such a negative value interval, it does not mean that the
correlation function of a Hermitian operator can become
negative, but that the relativistic hydrodynamics in the
general frame has special features that lead to this result.
Below, we explain what exactly these features are.

We can track this negativity by looking at (3.8). At small
o the first line is dominant; in a stable frame, the largest
negative contribution to Gy, 7, at small q then comes from

the last term: ~(—67T%q*) x 2304(x, — 4). The latter itself,

is coming from (3%9F),,, in (3.7). This temperature corre-

lator is calculated in Appendix A. There it is clearly seen
that the expression (7, —4) arises because the coefficient
of g2 in the second line of (B2) has the same factor. This is
precisely because the coefficient of V25v in the momentum
conservation equation (3.2) also has this factor.

We see that the specific form of the BDNK equations
used to solve the causality and stability problems leads
to the behavior observed in Fig. 1. More precisely, not
imposing the first derivative on shell condition, i.e. the
vanishing of the underlined expressions inside the brackets
in (3.1) and (3.2), is necessary to ensure the stability of the
equilibrium; however, according to the discussion in the
previous paragraph, there is also another result: it will cause
the energy density correlation function to be negative at the

>The sufficient conditions for stability and causality, discussed
earlier, take a simpler form when expressed in terms of dimen-
sionless coefficients: z, > 4 and 0, > 4.

However, for unstable frames (0, = 7, < 4), this negative
range may disappear depending on how small q is.

small frequency limit.” Interestingly, this feature does not
appear in the small momentum limit when the frequency is
held fixed.

Now, let us study the analytic structure of the correlation
functions. This can be done by finding the roots of
D, (w,w) =0 [see (3.9)]. The corresponding pole struc-
ture is shown in Fig. 2. As shown on the right panel of the
figure, there are eight pole singularities in the complex
plane at any particular value of q (indicated by a specific
color). Four of them located in the lower half plane
correspond to retarded correlators, while four located in
the upper half plane correspond to advanced correlators.
The momentum range in which the BDNK spectrum is
consistent with conventional relativistic hydrodynamics
(shown in the left figure) is identified by the dashed circle
in the right panel. We find that for 6, = 4 this is given by
q <0.5. We see that from the four modes of the BDNK
spectrum in the lower half plane two of the modes lie
outside this range, in agreement with [16].

C. Correlation functions in transverse channel

Among various correlation functions associated with this
channel, we choose to explicitly express Gy, 7, (w,q) =

ti

(T T”i>mq, i = x, y. To this end, we first use the energy
momentum tensor at linear order and write

GTriLTrfL (m’ q) - 5ijp2T8 (Q%mz + 16) <5vl¢5vh>\v¢
(3.11)

Note that we have set the equilibrium fluid velocity to
be u* = (1,0). Then by utilizing the correlation function
of the transverse components of the velocity, found in
Appendix A, we arrive at

21—1T4q2
G =6 (02W? + 16),
T, Ty, J |DT(m, q)|2 ( n + )

(3.12)
where Dy is the spectral function of the transverse (shear)
channel:

Dr(w, q) = 6,0* + 4iw — q*. (3.13)
Solving Dy (1w, q) = 0 gives the spectrum of modes asso-
ciated with the transverse (shear) channel. This has been
discussed in detail in [16]. However, we illustrate the pole
structure of correlation functions associated with this
channel in Fig. 3. In conventional hydrodynamics, there

"Note that if we impose on shell conditions on Egs. (3.1)
and (3.2), the two coefficients € and # will be washed out of the
equations. Therefore, we end up with the familiar equations in the
Landau-Lifshitz frame. This is equivalent to taking 6, = 7, = 0
in (3.10); obviously, limy,_, Gy, 7, (. q) = 247T*, which is a
positive number.
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Conventional Hydro

BDNK Theory
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FIG. 2. Correlation functions poles comparison between conventional relativistic hydrodynamics and BDNK theory (for
0, = =, = 4) in sound channel. Each colorful trajectory starting in red and ending in purple illustrates change in one single mode

when ¢ varies from 0 to 2. Lower half plane modes correspond to poles of retarded Green’s functions in sound channel, while the upper
half plane modes correspond to the poles of advanced Green’s functions. Conventional hydro Green’s functions have only two sound
modes in lower half plane while BDNK theory Green’s functions have two extra modes associated with the inclusion of two parameters
6 and 7. Note that to make comparison easier, we show a low-opacity version of the left panel plot on the right plot. The dashed circle
shows the momentum range where the BDNK spectrum is simply consistent with the conventional relativistic hydrodynamics spectrum,
ie. g < 0.5 when 6, = 4.

Conventional Hydro BDNK Theory

101 1.0
0.5r 0.5+ — 0000 © oo  —
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FIG. 3. Correlation functions poles comparison between conventional relativistic hydrodynamics and BDNK theory (for 8, = 4) in
shear channel. Each colorful trajectory starting in red and ending in purple illustrates change in one single mode when ¢ varies from 0
to 2. Lower half plane modes corresponds to poles of retarded Green’s functions in shear channel, while the upper half plane modes
corresponds to the poles of advanced Green’s functions. Conventional hydro Green’s functions have only one single shear modes in
lower half plane while BDNK theory Green’s functions have one more extra modes associated with the inclusion of the transport

coefficient 8.

is only one shear mode above and below the complex
plane, whereas in BDNK theory there is an additional mode
for each half plane.8 The latter is due to the inclusion of the
UV regulator 6, in the theory.

IV. CORRELATION FUNCTIONS BEYOND
THE LINEAR REGIME

Hydrodynamics is essentially a nonlinear theory. Non-
linearities manifest as the interactions between hydrody-
namic modes. A systematic approach for accounting for

This is in agreement with [16].

these interactions is to construct a hydrodynamic effective
field theory [43—46]. Then from this EFT, the corrected
correlation function can be found [37], showing a large
renormalization of the transport coefficients [47] as well as
the long-time tails [36].

These effects can also be explained by some general
hydrodynamic statements [48]. Let us recall that hydro-
dynamic variables are macroscopically averaged values of
densities over regions of size b, where b > ¢ ;.. Typically,
the microscopic length scale £, is of order of the corre-
lation length: £ ;. ~&. In other words, a hydrodynamic
fluctuation, such as dv, can be regarded as averaging over
(b/&)? independent correlation volumes. According to the
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central limit theorem, the distribution of such average will
approach a Gaussian as (b/£)? > 1. The distribution is
Gaussian, the non-Gaussian contribution is suppressed
by an additional factor of (b/£)~3, and knowledge of the
two-point function at the level of the linear response is
sufficient to find correlation functions beyond the linear
response [36].

Following the above logic, we would like to investigate
in this section the analytic structure of a certain correlation
function beyond the linear response regime. This includes
specifying the threshold singularity and branch-cut struc-
ture of the associated response function. We emphasize that
we do not construct an effective field theory for this, but
simply use the assumption that the fluctuation distribution
is Gaussian.

A. Correlation function of the shear stress
To reduce technical complexity, we restrict the analysis
to the correlation function of the shear stress, Gr,r, =
(Ty,T,y). The reason for this selection is as follows. At
linear order, the shear stress 7', vanishes; it just starts to
contribute in quadratic order:

= 4pT*6v, 60 (4.1)

v

so the correlation function GTUTXv =
(n.l. stands for nonlinear)

(T,,T,,) is given by

G (1.%) = w2 (60, (1. %)8v, (1. X)8v,(0, 0)50,(0, 0)).
(4.2)

with w = 4pT*. Since the distribution of fluctuations is
assumed to be Gaussian, the above correlation can be
factorized as

371,/
G (0.k) = w /dw/dk 30,00, (0 K)

x Ggy 50, (0 — ', k — k).

(4.3)

The two correlation functions in the integrand are those
already calculated in the linear response regime. It is now
clear why we chose to use shear stress: this is actually a
special case, and to study it the only information about the
linear response we need is the correlation function of
velocity in the “transverse channel” (see Appendix B).

Taking p = (w, k), the integrand can be written as

(Géf,}avx (P) + G5, (—p'>>

'

0] ®
x (Géz?&;xp —P) + Gy, (=P + p'>> . (44)

@

where (+4) represents the one-sided Fourier transformation
(see Appendix A for details). Of the four possible multi-
plicative terms, ® x @ and @ x ® do not contribute to the
integral. The reason is simply that, for each of them, all pole
singularities lie in only half of the complex @’ plane, either
in the upper half or in the lower half. Regarding

the remaining two terms, @ x @ only contributes to the
upper half plane structure of G(Tll )IT)U (p), the advanced
Green’s function. And finally this is the @ x ® term which
contributes to the lower half plane structure of G(“ >M (p).

Therefore, to find the analytic structure of the “response
function” of 7', i.e., G¥ r it is sufficient to consider the
Ty

following integral:

/ /d3k
/dm’/ &q N(w') N(w—w')
(27)3 Dp(w',q') Dy(w—w',q—q')

The expression D7 in the denominator is the spectral
function of the transverse channel that we already found
in the linear response regime [see (3.13)],

m m (o', k/)Gt(sZ)av).(w -’ k-k’)

(4.5)

Dr(w,q) = 0) = 6,w* + 4iw — q* = 0,

and it encodes the dispersion relations of the two gapped
modes associated with this channel:

Wy, = —gi (2 == w/4—9,7q2).

n

(4.6)

Note that we are considering fluctuations on top of an
equilibrium state with u* = (1,0).

Needless to say, the integral (4.5) is a kind of one-loop
integral that we usually deal with in quantum field theory:

(v’ q')
(o.a) /7
N
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It is convenient to use Feynman parameters to re-
write (4.5) as

dm/ d’i /
tn q / / / dal / da25 a +a2 - 1)

X

- m,7 q-— q/)]Z '
(4.7)

[ Dr(v', q ) + 052DT(

Then based on general complex analysis arguments, it is
possible to discuss the analytic properties of Z(w,q),
without performing the frequency/momentum integral.
This is basically the idea proposed by Landau in the
famous paper [49]. Here, our goal is to use the Landau
conditions/equations derived in [49] to find poles and
branch cuts of Z (i, q) in (4.7), which are actually the
singularities of Gf , ~as well,

B. Analytic structure of response functions from
“Landau conditions/equations”

A physical question is why we should be interested in
specifying the analytic structure of the response functions,
while we do not have access to their explicit expressions.
This can be discussed in the context of quantum field
theory. In QFT, the discontinuity of the general scattering
amplitude M can be found by using the Cutkosky
algorithm [50].” This is done by letting all internal lines
in a Feynman diagram go on shell. Knowledge of threshold
singularities and branch cuts is required at this point to
perform the final Feynman integration.'® From this, ImM
can be calculated. This might then be used to find some
specific decay rate or cross section via an “optical theo-
rem.” These processes can be performed in any order in
perturbation theory [50].

Our motivation for studying the analytic structure of
the hydrodynamic response function is actually based on
the discussion in the previous paragraph. In the context of
hydrodynamics, QFT processes can be important in a
variety of situations. In particular, scattering of phonon
and vortex excitations is extensively discussed in the
literature [51,52]. What we will do in the next two
subsections is to bring some QFT methods into the context
of stable first-order relativistic hydrodynamics for the first
time and explore the analytic structures. These methods are
not only useful in the case of BDNK theory, but also
simplify loop calculations in EFT of hydrodynamics.

We first develop field-theoretic methods to specify the
branch-cut structure of the shear stress response function,

Note that 7 (w,q) above is similar to M, although there
is not any asymptotic state in the shear channel to define scat-
terlng amplitude [51].

'9A threshold singularity is the branch point of the scattering
amplitude M. See Appendix C for more details.

Gf r_»in Sec. IV B 1. The threshold singularity of Gf 7

can be found by applying the Landau condition to Z (v, q)
(see Appendix C for a brief review). This is what will be
done in Sec. IV B 2. We leave the use of the results of the
QFT processes to future work.

1. Branch cuts from on shell conditions

In the case of the Feynman integral (4.5) all of the
kinematic dependence is encoded in the integrand. The
branch cuts of such an integral are uniquely specified
by where the integrand is singular on the integration
contour [53]. The latter is equivalent to requiring

Dr(w'.4') = 0.

Dyw—w.g+q)=0. (4.8)

These are actually on shell conditions coming from the
denomlnator of (4.5). Note that we have used f & q =

2dq' [, dcos® and performed the 1ntegrat10n over

0, which is the angle between vectors q and q'. Let us recall
that the only momentum dependence in (3.13) is a ¢?
term. Thus Dy(w —w', g+ ¢') depends on 6 through

q* + g% — 2qq’ cos 0. Among other things, integration over
0 gives a factor of
s 0=
In(Dz(w — W', ¢> + ¢ — 2qq’ cos 0)) me : 1 (4.9)
COSU=—

Singularity caused by this factor is what has been given in
the second equation in (4.8).

Our goal in this section is to solve the conditions (4.8).
Let us assume that the entire solution is identified by the
following equation:

s(w,q) = 0. (4.10)
For a given q, this equation represents a set of points in the
complex o plane: the set S. In the following, we introduce
a method to solve (4.8), not for the function s, but directly
for the set S,.

Clearly, the two equations in (4.8) are the on shell
conditions for the two lines of the loop when the internal
momenta are parallel (cos @ = £1). This simply means that
for a given external (v, q), each line of the loop carries one
of the two modes (4.6), in q'||q conditions. We then
conclude that the set S, must be given by

Sq:U U

qllaije{12}

{w;(a’) +mw;(q —a')}. (4.11)

To make things simpler, we take the external momentum
directed in one specific direction: q = (0,0, ¢). Then by
reparametrizing the momenta in the loop as
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FIG. 4. Illustration of the Sf]j ’satq = (0,0, ¢ = 0.5) in the lower half of the complex frequency plane. In each panel, we have shown
values of w;({+¢') +w;({ - ¢') for 150 different ¢’ values between 0 < ¢’ < 1.5.

(r0j, 3 — ')

Equation (4.11) takes the following form:

S,=U U {mi(%+q’>+mj<g—q'>}.
q'20i.je{1.2}

Regarding the evaluation of S, above, some comments are
in order:

(1) We perform the evaluation of S, in four separate
parts, Si; i, j €{1,2}, corresponding to the various
values the pair (i, j) may take.

(2) At a given g, for each part, e.g., (i,j) = (1,1), we
calculate yo;({ + ¢') + w;({ — ¢) in a large number
of non-negative values of ¢'.

(3) It turns out that for a particular (i, j), the points
w;(4+¢') +mw;(4 - ¢') form a curve with two cusp
points in the complex w plane.

(4.12)

(4) Depending on (i,j), the points corresponding to
w;(%+q')+mw;({—¢') are accumulated around
those associated with either ¢’ = 0 or ¢’ — .
As we will see below, the last two comments above point
to the branch-cut and branch point singularities of 7
(or equivalently G’TQWTW), respectively.

Specializing to 6, = 16 in (4.6), we have shown the four
parts of §;, for ¢ =0.5, in Fig. 4. In each panel, the
four comments below (4.12) can be clearly seen. Each
colored trajectory starts in purple at ¢’ = 0 and ends in
dark red at ¢’ = 1.5. We have checked that by taking
large values of ¢/, no significant features are added to
these plots.

The set of the four parts of S, depicted in Fig. 4 have
been shown in the top left panel of Fig. 5. This figure
actually shows the entire branch-cut structure of GIT?”T”’ as

the complete solution to (4.8). As it is seen, four branch
points have been induced: w;;: i, j = 1,2. Each of these
points actually corresponds to producing a pair of on shell
excitations ™ = ;(q) and Yo = w;(q), in the loop. We
show the latter in the next subsection by solving the Landau
loop equations analytically.

In the same regard, more recently, Ref. [42] announced
some analytical results on the structure of branch cuts in the

036006-9



NAVID ABBASI, ALI DAVODY, and SARA TAHERY

PHYS. REV. D 109, 036006 (2024)

0,=16, |q/ = 0.5

0.0
oy
-0.1
Imto oo weessse o s = o oseseses el
021 W12
-0.3
-0.4
022
-0.5
-04 -0.2 0.0 0.2 0.4
Rew
0,=16, |q| =1.25
0.0 - .
_01 b
-0.2f /\ /-\
Im to (S . e o commememnisns s " sem PR —
t g oo 2 HRIUT o2 -
-0.3f
_04F}
-0.5 . . : :
-0.6 -04 -0.2 0.0 0.2 0.4 0.6
Rew

Imtw -10f

Imtw -10f

la| = 0.5

0.0f

L

-05¢

-1.5¢

-2.0c

0.0f

-05¢

-1.5¢

-2.0c

Reto

FIG.5. Left panel: branch-cut structure of GITQX},TX}, , found from solving the on shell equations. Four branch point singularities o, ¥,;,
)5, and W, correspond to the four parts of S;, shown in Fig. 4. Right panel: branch-cut structure of GR,, found from explicit loop

calculations. The right panel plots are taken from [42].

theory of “UV-regulated nonlinear diffusion.” The on shell
condition in this theory is given by
2w’ +itw — ¢* =0, (4.13)
where 7 is the relaxation time. A comparison between this
equation and the on shell condition in our present case,

namely (3.13), shows that the two cases will be the same if
one takes

0, = 16inthispaper | vs | 7=4 | (4.14)

The (top) left panel of Fig. 5 has been already produced for
the value of 6, mentioned in (4.14). In the (top) right panel
of Fig. 5, we have shown the branch-cut structure of the
response function in Ref. [42], at 7 = 4, and for the same
value of q taken in the left panel. Note that this reference
shows the result in dimensionless frequency w = zw.
Therefore, for comparing it with the left panel, all numbers
on both of its axes must be divided by 4. Doing so, we
find that the two panels are in perfect agreement with
each other.

By increasing the value of q, w;; and ,, move closer
to each other and collide at q = 1. As the second case to

illustrate, we have considered q = 1.25. Repeating the
procedure used at q = 0.5, we solve Eq. (4.8) numerically,
by use of (4.12). The four Sy are shown in Fig. 6. The
entire branch-cut structure and threshold singularities are
given in the bottom left panel of Fig. 5. Again, we see that
the results are exactly in line with the most recent results of
Ref. [42] in the theory of UV-regulated nonlinear diffusion,
shown in the bottom right panel.

Let us emphasize that the left and right panels of Fig. 5
have been found through two different methods; the left
figures were obtained by developing a new numerical
method to solve the on shell equations. However, the right
panel results are the result of explicit loop calculations in
Ref. [42]. The branch-cut structure shown in the left panel
of Fig. 5 is the central result of this section.

2. Solving Landau equations

The on shell conditions (4.8) identify where singularities
can occur in the integrand. However, it is not sufficient for
these singularities to develop in the full integral because we
can deform the integral contour in a way that avoids these
singularities. The singularity of the integrand will be the
singularity of the integral, i.e., a branch point, if it cannot be
avoided by doing any contour deformation. One way to
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FIG. 6. Tllustration of the Sﬁlj ’sat q = (0,0, g = 1.25) in the lower half of the complex frequency plane. In each panel, we have shown
values of w;({ + ¢') +w;(4 — ¢') for 150 different ¢’ values between 0 < ¢’ < 1.5.

obtain these points is to have the integration contour
be pinched between the singularities of the integrand.
Such points are called “pinch singularities” (see the
Appendix C 1 for details).

Landau developed a method of finding pinched singular-
ities (among other singularities) of the integrand in pertur-
bation quantum field theory [49]. To briefly see how, let us
rewrite the denominator of the integrand in (4.7) as

A= [ D(w.q) + ;,D(w—w' . q-q)]>  (4.15)
We can always make a transformation in the variables o’ and
q’ to eliminate the terms linear with respect to the integral
variables: W’ = w'(w") and q' = q'(q”) where w’ (and q’)
differs from w” (and q”) by a constant. It is easy to find the
explicit form of the transformation; however, we only need
the final form of f:

f=o qa)+KW"? q%q), (4.16)
where
4(a% + a%) a
w,q, ;) =
(ﬂ( q ) 9,7((11 + (12) 9,7((11 + (Zz)
x (62w? + 8i,w — 0,4 —8)  (4.17)

K(h;)”z, q//2) _ (al + a2>(9nm//2 _ q//2)‘ (4.18)
We can make another change of variable ¢” — iq” to make
K positive definite:

K(YD/’Z, q//z;;ai) — (al + az)l’m//z + q//z‘ (4‘19)
Now if ¢ > 0 for all values of «;, performing w”- and
G"-integration does not develop any singularity. On the other
hand if for some values of @; we have ¢ < 0, the integral
becomes complex. In this case, for a given momentum g, the
nearest singularity of integral corresponds to values of (q)
where ¢ vanishes for some particular values of «; and is
positive at all other values of «;. In other words by treating ¢
as being a function of «;, the singularities correspond to the
vanishing of ¢(«;) at its minimum point'":

(4.20)

To simplify the second condition above, let us denote that
from (4.16) it is clear that

YIf the singularities in the complex region are meant, any
extremum of function ¢ should be considered [49].
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o) =1 . (4.21)

o'’ *9q”

Since W’ (and q') differs from " (and q”) by a constant, the
two conditions in (4.21) can also be written as

of of
= 0’ _— = 0
o’ oq’

(4.22)

Therefore ¢(a;) is the same as f when the above additional
conditions are imposed. Thus instead of differentiating ¢ in
the second equation in (4.20), we can differentiate f with
respect to a; and then impose the two conditions above.
We arrive at

op() _ of -0
aa,- 6&,» '

(4.23)

Applying this to (4.15), we get the two on shell conditions

D(w',q)=0, Dmw-w,q-q)=0| (424

Equations (4.22) and (4.24) are the Landau conditions/
equations for the BDNK theory, at 1-loop order.
Equation (4.22) are also called “Landau loop equations.”
In the Appendix C 1, we review the original equations
derived by Landau for the scalar field theory. Compared to
the on shell condition in the original derivation of Landau
[see (C3)], here our on shell condition is not a covariant
equation [see (3.13)].

Before solving the Landau equation, let us express that
any point (v, q) satisfying (4.22) and (4.24) is indeed
a pinched singularity of the integrand. We need to remem-
ber that when two curves are tangent, their normal vectors
at the point of intersection are parallel. In other words,
a linear combination of normal vectors vanishes. The
Eq. (4.22) are very similar to this case; they can be
written as

oD(w’, q') 0D(w — ', q—q)
T o @ o/ =0
oD(w.q)  oD(w—-w.q—q)
=0. 4.25
al aq/ + az aq/ ( )

We see that the gradient of on shell conditions (with respect
to loop momentum and frequency) is linearly dependent.
This shows that solving (4.24) and (4.25) is equivalent to
finding pinch singularities of the integrand on the integra-
tion contour.

Let us now proceed to solve the Landau loop equations:

0 —a; 2i
a—‘g:Oam’:af w2 A

1 25 (XQ‘I’(Z]H,,
of a
— =0 "= . 4.26
o0 0T = (4.26)

Substituting the above two expressions into the on shell
conditions, we arrive at

of ol .
%:O—>0:4—m(6’,’q2+(4—19,7YD)2),
(4.27a)
U g 0mae T (a0t (4 ibw)
oo, a _(a1+az)2(”q +(@=ifper).

(4.27b)

Now we perform the integration over a,, which replaces a,
with 1 — a;. We also omit the subscript of «;. From (4.27a),
we find the solution for «, i.e., a*, as

. 2
V00 + (4= i6,w)?

(4.28)

a

According to Ref. [49], the above a* may be associated
with the threshold singularity of the response function.
Substituting this value into the second on shell condition
(4.27b), we arrive at

~16-6,q> +8i6,0 + 622 + 4,/6,” + (4~ i6,w)* = 0.

(4.29)
This equation'” has four roots:
= (42 /16-0,). (4300
n
4i 1
w=—-—= —. 4.30b
0, laly/ 0, (4.30D)

It is easy to check that the two roots identified by (4.30a)
correspond to the threshold singularities ;; and w,, in
Fig. 5, while the roots given by (4.30b) correspond to m,
and w,; in the same figure. Note that the w;;’s shown in
Fig. 5 were all found numerically; now, here we see that
they can be expressed by two explicit analytic formu-
las (4.30a) and (4.30b).

"This kind of equation that constrains the external momenta
and frequencies to obey the Landau equations is called the
“Landau curve” [54].
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Let us now evaluate (4.28) at (4.30a) and (4.30b). One
finds

1
G =m=a ’at(4‘30a) =5 (4.31a)
a=1-a= a*’at(4.30b) — +o00. (4.31Db)

This simply tells us that w;; and ,, are normal thresholds,
ie., 0 < a* <1 [53], while w;, and ,; are second-type
singularities, because o is infinite [54] (see Appendix C
for more details on these two types of singularities).

Let us summarize. We first numerically specified the
branch-cut structure of the shear stress response function,
based on the formula (4.12). The results are given in the left
panel of Fig. 5. Then to find the threshold singularities
shown in the figure, i.e., W, ;: i, j € {1, 2}, we analytically
solved the well-known Landau equations. The four thresh-
old singularities found in (4.30a) and (4.30b), and the
branch-cut structure of Fig. 5 are exactly consistent with
the results of the loop calculations in Ref. [42].

As discussed at the beginning of Sec. IV B, knowledge
of the analytic structure is useful for discovering disconti-
nuities in scattering amplitudes in field theory. The latter
can then be used to find some specific decay rates or cross
sections. These field theory quantities are also calculated in
EFT of hydrodynamics [51,52]. However, to the best of our
knowledge, so far, no work has used the analytic structure
discussed in our paper to find such quantities in the context
of hydrodynamics. Our work is actually a first step in this
direction. We leave the explicit field theory calculations to
future work.

C. Long-time tails

In previous sections we elaborated on the analytic
structure of G’TQUTW(CU, k). The result is simple. In the
linear regime it is aﬁalytic in the entire lower half complex
 plane except for the location of two simple poles (4.6).
However, we showed that nonlinear effects significantly
affect this behavior. For example in the small q> « k? limit,
Gf 1 (w,k) found the complicated analytic structure
illustrated in the top panel of Fig. 5.

Our main goal in this section is to investigate the effect of
nonlinearities, in particular the analytic structure shown in
Fig. 5, on the late-time behavior of Gf ; (r,k) defined as

the following:

do .

Gf 1, (1K) = [ 52GH 1 (. K)el. (432)

We aim to do this without explicitly evaluating the above
Fourier integral. The reason is simply that we do not access
the closed form of G} ; (w,k); we only have some

information about its analytic properties. However we will

show that this information is sufficient to find the behavior
of GITQXVTXV(t, k) at late times.

To proceed, let us mention a few comments which will

guide us to track the path.

(1) Nonlinear effects cause long-time tails in correlation
functions. This behavior is directly related to the
presence of singularities in the momentum space
correlation functions [36].

(2) In BDNK theory, the shear stress correlation func-
tion has four branch point singularities (see top panel
of Fig. 5). One would expect at late times, i.e., times
larger than any specific timescale of the theory, the
branch point ,; to give the dominant contribution.
It can be simply understood by looking at e~*" in the
integrand; this factor is exponentially decaying in
the vicinity of each of the branch points. Clearly, the
decay associated with ,, ,; and w,, is much
faster than that of ;. This justifies why at late
times, we only need to consider the leading order
singularity at ¥o;;.

(3) How to find the leading order singularity around a
branch point? This question has also been answered
by Landau in [49] (see the next subsection).

Thus, what we are going to do is to first introduce Landau’s
method of finding leading singularity of the integral in
the vicinity of a branch point. Then we will apply it to
Gf 1 (w,k) of the BDNK theory near the branch point

;. Finally, we will evaluate (4.32) to find the long-
time tail.

1. Nature of singularities

Let us assume that the extremum value of ¢(v, q; ;)
in (4.16) is @(w, q;a*). It was shown by Landau that the
leading singularity of the integral is then given by [49]

~constant - (¢(Y, q; a*) )", (4.33)
where m is the number of independent integrations and n
is the number of internal lines in the corresponding
Feynman integral. In Appendix C2, we have evaluated
m in d-dimension in terms of n and V (V is the number
vertices in the diagram). For the simple bubble diagram
corresponding to (4.7), clearly n =2 and m =4+ 1. In
the latter, 4 refers to integration over v and q, while 1
corresponds to integration over one single independent .
As a result, near the threshold specified by the solution of
Landau equations, the integral corresponding to the bubble
diagram behaves as"

Gf . (w,q) =Z(w,q)~constant- (¢(w, Gat))s (4.34)

“The constant in front of (4.34) can be found by using the
discussion given in the end of Section 1.5 in [55].
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FIG. 7. Left panel: the dominant part of the analytic structure of G®(w, k) at late times. Right panel: changing the integral variable
from @ to @ and contour deformation. Note that iw;; = (1 —+/1 -6y :;—:)% is real valued.

In next subsection we will evaluate this expression in
BDNK theory and then use the result to find the long-time
tail behavior of the Gf 7 (.Kk).

2. Long-time tails in BDNK theory

The expression of @(w, q;a) for the shear stress in
BDNK theory was already found in (4.17). However, as
discussed before, Z(w, q) has four branch point singular-
ities y,;: i, j€{1,2}. The value of a* corresponding
to wy; is 1/2 [see (4.31a) and (4.31b)]. Using the latter,
we find

2]
poka =1/ =+ ik -il o

(4.35)

Note that we have used (3.4) to return all quantities to their
dimensionful versions (w = 4p). From now on, we will
represent the results in terms of dimensionful quantities.

Let us emphasize that a* = 1/2 corresponds to w,, as
well. In other words, setting ¢(w,k;a*=1/2)=0in (4.35)
gives the two branch points @;; and w,,. But we only need
to find the leading singularity near @;,. For this reason,
we change the variable as w = w;; + i®, and expand
p(w,k;a* =1/2) about @ = 0 to the first nonvanishing
order. We find

p@,k;a*=1/2)=4/1=6n (g) 2&) +O(@%). (4.36)

This through (4.34) specifies the leading singularity of the
Gf 1, (w,K) near ;. Substituting into (4.32), we then

. 14
arrive at

“The prefactor %/2 in (4.37) has two parts; w> comes from (4.5)
while 1/53/% comes from the “constant” sitting in front of (4.34).

i

C 1 k =75 —i{1- w
T , (t, ) ~ V;//z |:1 - 817( > :| > l(l ]_gn(k.)z)gt
Xy~ xy n w

—ico+imyy jda
x/ — Ve
+ico+iwy 2

(4.37)

The integration contour for this integral has been shown
in black in the right panel of Fig. 7. We deform the contour
across the branch cut of /@ (blue in figure). Then we find

R . K\2¢ _ (1o /e
GT.WTA'V(I’ k) ~ i 1 - 9’7 ; e w 0

e

0 di

x / 2° Discy/@e, (4.38)
oo 2TC

where Discf(z) = lim,_ f(z + i€) — f(z — i€). Perfor-

ming the above integral we find

k
GF  (1.k)~ wl/2 {1 — 0y (—

(4.39)

with y, = n/w. This is the central result of this subsection;
it can only be used to describe the decay of correlation
function at times larger than the “diffusion time.” As
mentioned earlier, the rate of transverse momentum dif-
fusion is given by the expression in front of 7 in the
exponential, that we call it I'. Then the diffusion time is
defined as
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FIG. 8. Long-time tail comparison between BDNK and the conventional first-order relativistic hydrodynamics for g: =1
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Both panels have been illustrated for times larger than the diffusion time of the transverse momentum, i.e., ¢ 2 tp. Left panel: fo
relatively small momenta, nonlinear effects in BDNK theory are consistent with the same effects in the conventional hydro. Right panel:
at large momentum, the nonlinear effects in BDNK theory lead to slower decay of the response function than those in

conventional hydro.

It is worth emphasizing that in the conventional hydro-
dynamics, @ = 0. In this case (4.39) becomes

e—%quzt

(r,0)*?

Gf 1, (1K) ~w!/? (4.41)

As one expects, there is a tail with fractional power together
with an exponentially decaying factor [56]. The decay of
the exponential factor is controlled by %;fnk2 which is
familiar from conventional hydro [56]. In another familiar
limit, we can reproduce the well-known result of [36] at
Zero momentum:

wl/2

(vy1)

GE ; (k=0)~ (4.42)

3/2°

This is the same as Eq. (42) in the mentioned reference.

In order to gain more insight about the difference
between BDNK theory and conventional hydrodynamics,
we proceed with illustrating behavior of Gf  (z,k) for

both cases in Fig. 8. In order to explain how we have
chosen the values of k in the figure, let us recall the
dispersion relations in the linear regime (4.6). As men-
tioned around Fig. 2, for 6, = 4, the range of validity of
BDNK theory is q < 0.5. In terms of dimensionful quan-
tities, it is written as [see (3.4)]

-1
k_1/m=
T8 \s

Motivated by the value of 7/s frequently used for quark

gluon plasma, we set? = ﬁ. Then (4.43) simply tells us that

we can use momenta within the range % < 5. For illustrative

(4.43)

purposes, we have taken two different values for X

7> one
from this range and another from outside of this range:
% = 0.5 and 3. The corresponding diffusion times can be
found from (4.40). It turns out that for BDNK theory
tpT =~ 100, 2.62, respectively. For conventional hydro, with
0 = 0, the corresponding values are found to be very close
to these values. So we take the same values of ¢,, namely
tpT =~ 100, 2.62, for the two corresponding conventional
hydro cases. Then for each choice of k, we show the decay
of correlation function within the range ¢ = 7.

As is seen in the figure,

(I) At a small value of % the BDNK results are
indistinguishable from the long-time tail caused
by nonlinear effects in conventional hydrodynamics.
Although the same result for the linear effects at
small momentum could be predicted, the current
result shows that at small momenta, even non-
linearities are not sensitive to UV physics. This
can also be checked by taking the small momentum
limit in (4.39)

. R 12 ¢ ik
lim GF 7 (t,k)~w

4.44
k/T—0 ( )

The result is the same as if § were zero [see (4.41)].
We see that 6 vanishes from the nonlinear results
corresponding to the small momentum limit.

At momenta outside the range of validity of BDNK
theory, the effect of UV regulator is significant. As
shown in the right panel of the figure, the decay of
correlation function in BDNK theory decays more
slowly than the correlation function in conventional
hydrodynamics. This is of course due to the action of
the UV regulator 6, which weakens diffusion of the

2
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transverse momentum. It can be simply understood by comparing @;; within two theories:

Conventional hydro:

inkz

=2 44
1 W ( 5)
) k\2\w
BDNK: o =—i|1=4/1=6n|— — (4.46)
w 0

We see that 6 pushes w;; in (4.45) away from the real axis
in the lower half complex @ plane. It should be noted that
this is just a mathematical result; the BDNK theory is not
supposed to give reliable results at large momenta."”

V. DISCUSSION AND OUTLOOK

This work focuses on correlation functions in BDNK
theory, especially in conformal systems. The first part of
this work focuses on the derivation of momentum space
correlation functions in the sound and shear channels. The
pole structure of the correlation functions is analyzed and
found to be consistent with the spectrum discovered by
studying the linearized BDNK equations in [16]. Our
calculations also reveal this feature of the theory that the
correlation function of the energy density develops a range
of negative values. It should be noted that this feature is not
the case in the small momentum limit, where we expect the
theory to be consistent with conventional hydrodynamics.

In order to gain insight about nonlinear fluctuations in
the theory we borrowed some methods from field theory to
find the structure of the correlation function outside the
linear response regime. By developing a numerical method
for solving the on shell conditions, we discovered the
branch-cut structure of the shear stress response function.
We also solved the Landau equations analytically to find
the threshold singularities of the same response function.
To the best of our knowledge, this is the first time these
ideas have been introduced and applied in a hydrodynamics
framework. It would be interesting to extend this analysis to
the sound channel, where one would hope to see a richer
structure of correlation functions.

To understand how the branch point singularities dis-
covered above affect the real-space correlation function, we
then investigated the late-time behavior of the stress tensor
correlation function. We calculated the long-time tail of this
correlation function. Consistent with conventional hydro-
dynamics [36], we found a tail with the fractional power
~t~3/2 with an exponential decay factor. Although the tail
~t73/2 does not exhibit any specific characteristics of
BDNK theory, the exponential decay factor depends on
the parameter @ of BDNK theory. However, it turns out that
in the small momentum limit the U regulator € vanishes
from the exponential decay factor; in other words, the U

'>We thank Pavel Kovtun for discussion on this point.

regulator does not affect the late-time hydrodynamic
evolution. It would be interesting to study the late-time
behavior of the correlation functions in nonequilibrium
settings [57-61].

Regarding the correlation functions in the nonlinear
regime, it would be very interesting to construct an effective
field theory corresponding to the stable first-order hydro-
dynamics. In this way, interactions between hydrodynamic
modes can be considered systematically. Some initial steps
in this direction have recently been taken in Ref. [42]. The
theory of UV-regulated nonlinear diffusion constructed in
Ref. [42] can be regarded as the effective field theory of
transverse channel velocity fluctuations. A more general
treatment requires including fluctuations of the temperature
as well as the longitudinal component of the fluid velocity.
We hope we turn to this issue in the future. In a more
systematic way, using the EFT ideas developed in [62], it
would be interesting to construct the Schwinger-Keldysh
EFT associated with the BDNK theory. See [63,64] for
related recent works.
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APPENDIX A: EQUILIBRIUM FLUCTUATIONS

The problem of finding the mean value of quantities in
equilibrium can be studied via finding the probability
distribution of their deviations from the associated mean
values [40]. In the simplest setting, quantities of interest are
energy density and momentum density. What we need then
is to exploit a fundamental property of entropy: the
probability of finding a subsystem at energy density &
and momentum density P is given in terms of the total
entropy of the system together with the medium, §;, and
also with its change in fluctuations:

W(E, P;) ~ &5 ~ ehSi ~e_fo/T, (Al)
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FIG. 9.
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I

llustration of equal-time correlation function of the temperature fluctuations (in one dimension). Left: position space; Right:

momentum space. Here b shows the size of the hydrodynamic cell, and A = 1/b is the UV cutoff of the hydrodynamic theory. In the
limit, b — 0, the blue functions in left and right become §(x) and 1, respectively. This corresponds to (A4a). The green curves in left and

right correspond to (A8a) and (A9a), respectively.

where R = AE —v- AP — TAS, with v and T being the
equilibrium (mean) values of the velocity and the temper-
ature of the system. AE, AP, and AS are the fluctuations of
energy density, momentum density and the entropy density.
Expanding the latter to second order in terms of the former
two ones, and using the fact that first derivatives vanish in
equilibrium, we find

23 () )

where 6 and A indicate the fluctuation in source and the
fluctuation in energy/momentum density, respectively. For
a fluid at rest, AE = ¢6T and AP = wdv. Therefore (A2)
becomes

(A2)

LB (A3)

c w
=3 [T—Z (6T)? + T (5v)2] .
From this one can immediately read the thermal fluctua-
tions in the system. As it is explicitly expressed in Ref. [40],
“calculation of correlation functions of fluctuations in a
fluid at rest calls for no special study: these are described
as the usual thermal fluctuations.” Therefore in a fluid at

rest, we find the “equal-time” correlation functions as the
following [41]"°:

(67 (x,)3T (x,)) = f—vcﬂxl “x))  (Ada)

'We would like to thank Lorenzo Gavassino for discussions
on these equations. According to our private correspondence, he
and his collaborators are preparing a work that is an improved
version of the entire discussion in this section. This way, they will
be able to mathematically circumvent the features observed in
Fig. 1. See also the discussion about “information current” in
Ref. [65] and the excellent discussion in Sec. II of Ref. [64].

(30,3130, (x2)) = 8,5 (xy = %), (Adb)

(6T (x)6v;(x,)) = 0. (Adc)
To gain a deeper understanding of the above correlation
functions, let us review the discussion at the beginning of
Sec. IV. We assume that the macroscopic fields change on a
scale of order L. Since the system is at rest, L must be
infinite; however, for future purposes, we treat it as finite
but very large compared to b, i.e. the hydrodynamic cell
size: L > b. The length b must also be much larger than
the microscopic length scale 1/T: b > 1/T. Therefore, we
have [48]

1
Emic ~ < b< L. (A5)

The above separation of scales clearly shows the “physical”
meaning of the equal-time correlation functions in (A4a)
and (A4b): whereas mathematically they are represented
by the Dirac delta function, which is expected to be zero for
any |x; —X,| #0, they are just zero for |x; —Xx,| = b.
When the two points are close enough and located within a
hydro cell, i.e. [x; — X,| < b, the two correlation functions
take constant values over the entire cell. See the blue
function in the left panel of Fig. 9. In the limit b — 0,
the mathematical results given by (A4a) and (A4b) are
recovered.

Before concluding this subsection, we would like to
emphasize that 67 (x) and 6v;(x) determine the fluctuations
in temperature and velocity near equilibrium. However,
as discussed in the Introduction, these quantities are
not well defined in nonequilibrium conditions. One might
think of choosing different definitions for them, similar to
the choice of frames in hydrodynamics. This may affect
the results presented in (A4a)—(A4c), and ultimately the
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hydrodynamic correlation functions in the next sub-
section.!” Below, we will elaborate on this in detail.

Let us investigate the behavior of equal-time correla-
tion functions under a general change in the definition of
out of equilibrium temperature and velocity, caused by
first-order derivative corrections. We consider the following
transformation:

o _ T
—
T T T

(A6)

where a; and a, are two dimensionless parameters.
Considering (AS5), the derivative terms in (A6) are of order
1/LT < 1.

Applying transformations (A6) to (A3), R takes the
following form in momentum space:

R 11 /¢ asw
/ / KH%]@)&T@T.(

w o al
- (? + 1T k2> 5y - 6v_k] (A7)
from which we find
T? 1
<5Tk5T—k> = _T s (ASa)
v+ (L‘VZT3) k2
o T 1
(6vjov! ) = 6;;— — (A8D)
W] + (‘LTV) k2
(5T 80’ ) = 0. (A8c)

In order to express the above result in a form similar to
(Ada) and (A4b), we now proceed to find the inverse
Fourier transform. We find:

> 1 1

oT oT —_ - 0 x|/ A
OT)IT0)) = (et e (a9
T 1 1
. . =5, —— il A
(B (x50, (02)) =iy e eI, (A%)
(6T (x)6v;(x5)) =0, (A9c)

where &, and &, are two microscopic length scales
defined as

""We would like to thank the anonymous referee for pointing
this out. Our following calculations and discussions are based on
the referee recommendation given by (A6).

1/2 w \1/2
&=a <w‘7/“> s H=a (cVT3> . (AlO)

Note that the transformation (A6) keeps the correlation
functions diagonal; i.e. the cross-correlator (67dv;) still
vanishes.

In conformal fluids, &, ~ a'—T’ Therefore, as it is shown
in the left panel of Fig. 9, for finite nonzero values of a;
and a218

(1) The exponential factors in (A9a) and (A9b) are of
order e~1*17%IT and vanish at distances |x; — X,| > b
consistent with (Ada) and (A4b) [41].

(2) At shorter distances, i.e. |X; —X,| < b, which is
actually beyond the regime of validity of hydro,
e~x1=xIT" is nonvanishing, but is not constant.

We see that applying the transformations (A6) regulates the
equilibrium correlation functions at distances smaller than
the hydro cell size; the Dirac delta functions in (A4a)
and (A4b) (taken as constant values within a cell) transform
to (A9a) and (A9b) that are actually exponentially decaying
functions within the cell."” It would be interesting to
investigate the effect of this regularization of equilibrium
correlation functions on the hydrodynamic correlation
functions.

APPENDIX B: HYDRODYNAMIC
FLUCTUATIONS

Now let us move on to study the “different-time”
correlation functions (6¢,(t,x)5¢,(0,0)). It is easy to
show that

(5babbs) o = (5bads)h) + (B1)

+ (5060) L)
where <6¢a5¢h)$§) is a one-sided Fourier transformation of
(6¢p,(1,%)6¢,,(0,0)), defined as (3.3), but with the time
integral taken from O to +o0 [40,41]. The strategy is to find
equations between one-sided Fourier transforms and then
to calculate correlation functions by use of (B1).

We also take the momentum to be directed in the z
direction ¢ = (0,0, ¢). This then allows us to calculate the
correlation functions in two channels. In the longitudinal
(sound) channel, the correlation functions of 6§7/T and
sl = ov, are involved. In the transverse (shear) channel,
only (sv+8v') needs to be computed.

1. Longitudinal channel

Multiplying the two equations (3.1) and the z component
of (3.2) by 6T(0, 0) from the right side, and averaging over

81t is easy to check that in the limit a;, a, — 0, (A9a) and
(A9b) reduce to (Ada) and (A4Db).

"We would like to thank Lorenzo Gavassino for privately
sharing his results containing an equation similar to (A9a).
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the local equilibrium, we find the equations of one-sided Fourier transformations as the following:

oT oT

iq+—

1 ST\ ) (4 —im,
—+—(9n+ﬂn)qm] <51} —> _ (4 = inyw)

/T 19 2+ 37,w? v
—! _E('1q+”ﬂ ) TT +

. 1 1 6T\ (+)
|:—lm + ng - E (71',7(3[2 + 39,7tn2)] <51}Z 7> + |:

12 °T 48p*T*

76T\
oT9 > ~0. (B2)

1
2 (9,7 + 77:,7>qm:| <??

Note that the right side of the first equation above is the consequence of using (A4a). When multiplying (3.1) and the z
component of (3.2) by 6v,(0,0), and repeating the above process, we arrive at

1 oT ()
|:—lm - E (9,7(]2 + 371',7YD2)} <751)z> + |:

1 1
{—im +5¢* - — (m,* + 39,7m2)] (Bv.6v,) ) + {

3 12

From these equations we find

with

=— g (im,m — 4)((z, — 4)q* + 12w + 30, ?)

() 37
> = iq(if,m — 4) (4- i(6, +ﬂ}7)m)

— (i, m — 4)(0,9* + 12iw + 37,W?)

ig 1
3 + T (6, + ﬂn)qm] (8v,6v,)F) =0

Dy (w,q) = 97,0,w* + 36i(0, + m,)0° — 6(7, (6, + 2)q* + 24)1?

- 12i(0, + m, + 4)q*w + ((z, — 4)6,9* + 48)q”.

Then it is easy to calculate the correlation functions by
using (B1). We do not represent those expressions here
explicitly.

2. Transverse channel
Owing to the rotational symmetry in the transverse
plane, we only need to consider the x component of (3.2).

Multiplying by 6v,(0,0), the one-sided Fourier transfor-
mation of (6v,(,x)év,(0,0)) is found to be

. . 2 _
(vi60)0) = 1 dr Wt 7 (0, - D
4p°T Dr(w, q)

i=x,Y,
(B6)

where Dy is given in the main text. Again, it is easy to
calculate (5v;6v;) by using (B1).

) g4 —-i
iq + % (6, + ﬂn)qm} <¥5vz> = %‘ (B3)
(B4a)
(B4b)
(B4c)
(B4d)
(B5)

[
APPENDIX C: LANDAU EQUATIONS

In this appendix we briefly review how to use the Landau
equations to find the singularities of a Feynman diagram.

1. Threshold singularities

Let us suppose an arbitrary Feynman diagram (in the
scalar theory) is represented by the following integral:

k'l B
ey = / Q) 2n) T AA, -

(C1)

where A; = ¢? + m? and g; is the four-momentum corre-
sponding to the given line in the diagram. In addition, B is a
polynomial of the four-vectors ¢;. Using the well-known
“Feynman parameters” method, one may write
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1 N / / /' doyday - - - da,6(a; + oy + -
n —
A1A2 0«'1A1 + azAz + - '(ZnAn)n

Landau argues that the singularities of the integral (C1)*

actually a solution to the following equations/conditions [49]:
(1) For each propagator i = 1,...,n

(C3)

¢ +m*=0 or a;=0.

(2) For each loop momentum integration variable k;:

0
%Zai(‘]% +m?) =0. (C4)
T

These conditions are referred to as the “Landau equations”
or “Landau conditions.” The first condition, (C3), is simply
the on shell condition for the internal momenta. These on
shell conditions identify where singularities can occur in
the integrand in a Feynman integral, which is a necessary
but not a sufficient condition for a singularity to develop in
the full integral [53]. The second one, given by (C4), is
called the “Landau loop equation.” We explain it below.

To understand (C4), let us denote that the singularity of
the integrand will be the singularity of the integral if it
cannot be avoided by doing any contour deformation. One
way to achieve this is that, by changing the external
momentum, the singularity of the integrand reaches the
endpoint of the integration; the latter is called “end-point
singularity” which is actually quite easy to identify.
Another possibility is that, for a given set of external
momenta, the contour of integration is pinched between
singularities of the integrand at some real value of the loop
momentum. Remember when two curves are tangent, their
normal vectors at the point of intersection are parallel.
Similarly, there will be a contour pinch when the gradients
of the on shell conditions (with respect to the independent
loop momenta) are linearly dependent. The latter singu-
larity is called “pinch singularity” [53,55].*'

It should be noted that solutions to the Landau equations
that require some Feynman parameters a; to be either
negative or complex do not correspond to singularities of
Z(p) that can be accessed with real on shell external
momenta [53]. The latter momenta define the physical
region. On the other hand, when Z(p) is multivalued, one
can be in the physical region on different Riemann sheets:

(1) The entire set of complex points accessible through

the analytic continuation of the physical region
defines the physical sheet. Singularities associated
with positive Feynman parameters («; > 0) are on

“These singularities include both normal (discussed in this
paper) and anomalous thresholds. For anomalous thresholds
see [66 67].

2See also [68,69].

+a,,—1)' ()

the physical sheet and are called normal threshold
singularities.

(2) Singularities associated with negative or complex
values of the Feynman parameters are not on the
physical sheet and are called pseudothreshold sin-
gularities.

The above singularities are all called first-type Landau
singularities. As we saw, for this class of singularities the
notion of threshold in the space of external variables is well-
defined. The Landau equations however can also describe
singularities at infinite loop momenta. Remember the fourth
comment below (4.12). We saw that the two singularities
m, and ,; were of this type. Sometimes they are referred
to as second-type singularities [55].

2. Nature of singularities

Let us combine (C1) and (C2):

dk ddl
7(p) = (n-1)! [ s
y /' day -+ - da,5(oy + - -1)
0 I ’

(C5)

where f = @jA; + - - - @,A,. Let us call the solutions to the
Landau-loop equations a*. Landau argues that leading
singularity of Z(p) is given by

~(f(p.a)m,

where m is the number of independent integrations in Z(p)
and n is the number of internal lines in the Feynman
diagram.

(1) The number of momentum integration in d dimen-
sion is dv where v is the number of independent
contour. Clearly, v =n—V + 1 with V being the
number of vertices in the diagram. Thus the number
of momentum integration in the d dimension
isdn—=V+1).

(2) There are n — 1 of « integrations.

Therefore, m, the total number of independent integrations
is given by

(Co)

m=dn-V+1)+(n-1). (C7)
Instead of the number of contours, it is more convenient
to represent it in terms of the number of vertices V. It then
reads as

~(f(p.a)) T DY (C8)
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