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Perturbative expansions, such as the well-known gradient series and the recently proposed slow-roll
expansion, have been recently used to investigate the emergence of hydrodynamic behavior in systems
undergoing Bjorken flow. In this paper we determine for the first time the large order behavior of these
perturbative expansions in relativistic hydrodynamics in the case of Gubser flow. While both series diverge,
the slow-roll series can provide a much better overall description of the system’s dynamics than the gradient
expansion when both series are truncated at low orders. The truncated slow-roll series can also describe the
attractor solution of Gubser flow as long as the system is sufficiently close to equilibrium near the origin
(i.e., p = 0) in dS; ® R. Differently than the case of Bjorken flow, here we show that the Gubser flow
attractor solution is not solely a function of the effective Knudsen number /6,0 ~ 75 tanh p. Our

results give further support to the idea that new resummed constitutive relations between dissipative

currents and the gradients of conserved quantities can emerge in systems far from equilibrium that are

beyond the regime of validity of the usual gradient expansion.

DOI: 10.1103/PhysRevD.99.116004

I. INTRODUCTION

Hydrodynamic behavior in a many-body system is
usually characterized by the existence of constitutive
relations between dissipative currents and gradients of
conserved quantities [1]. When the gradients are small
compared to the system’s corresponding microscopic
scales, i.e., when the Knudsen number is small, the system
is close to local equilibrium and, in principle, dissipative
corrections can be taken into account via a systematic
expansion in powers of the Knudsen number [1]. Such an
expansion, when truncated to first order, leads to the
famous nonrelativistic Navier-Stokes (NS) equations [2,3].

The relativistic generalization of these equations was
worked out by Eckart [4] and Landau [5] nearly a century
ago and, with the advent of the quark-gluon plasma formed
in ultrarelativistic heavy ion collisions, viscous relativistic
hydrodynamics has become the main tool to describe the
spacetime evolution of the hot and dense matter created in
these collisions [6,7]. This led to a number of new
theoretical approaches, e.g., [8-20] as well as computa-
tional/phenomenological developments [21-35] in viscous
relativistic hydrodynamics, which have built upon Israel
and Stewart’s seminal work [36-38] and extended it in a
number of ways (for a recent review, see [39]).

However, the extreme energy density and large spatial
gradients expected to occur in the initial stages of the
quark-gluon plasma formed in the collisions of large nuclei
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[26], together with the later measurement of large collective
behavior also in small collision systems [40], have con-
tributed in part to the question of whether hydrodynamic
behavior can also appear when gradients are not small and
more terms in the gradient series have to be taken into
account. Reference [41] initiated the study of the large
order behavior of the gradient series in the field, which was
shown to have zero radius of convergence in the case of a
strongly coupled N =4 supersymmetric Yang-Mills
plasma undergoing Bjorken expansion [42]. Other exam-
ples later followed involving strongly coupled systems with
different symmetries in the context of cosmology [43]
and also in kinetic theory [44,45] (for a review, see [46]). To
extract the properties and meaningfully handle these
divergent gradient series, powerful mathematical tech-
niques from resurgence theory (see, e.g., [47]) have been
used to resum the large order behavior of the series in
systems with a large degree of symmetry [18,43,45,48-51].

Now that it is known that the gradient series diverges and
that it is still meaningful to look for hydrodynamic behavior
even in situations where gradients are not necessarily small,
one may ask if a different mathematical representation,
which does not rely on the assumption of small gradients,
can be formulated to describe the hydrodynamic regime.
The first step in this direction was made in [18] with the
proposal that hydrodynamic behavior may be meaningfully
defined even far from equilibrium as long as a late time
“attractor” structure is present. In this context, NS already
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played the role of an attractor since the system, regardless
of its initial conditions, approaches this limit when suffi-
ciently close to equilibrium—the novelty of Ref. [18]’s
proposal is that this may occur in the far-from-equilibrium
regime as well. Several works have since then investigated
this in Bjorken flow [52-59] but the question of what
happens in systems with less symmetries still remains [55].

In Bjorken flow, an approximation to the attractor
solution was obtained [18] using a method analogous to
the slow-roll expansion developed in cosmology [60]. In
the context of hydrodynamics, a given order in the slow-roll
expansion contains derivative terms of all orders, which
suggests that such an expansion can be useful in the
formulation of hydrodynamics of far-from-equilibrium
systems. The large order behavior of the slow-roll expan-
sion was computed for the first time in [57] where it was
shown that this series also diverges in Bjorken flow. Since
this type of perturbative expansion is fairly recent in
hydrodynamic applications, it is useful to check different
types of systems and flow profiles where the slow-roll
expansion can be systematically implemented to obtain a
better understanding of its properties.

Divergent series are known to provide excellent
approximations to the solution of several mathematical
problems [61] and, thus, the fact that both series diverge
is not an issue per se. The relevant question is which
one of these divergent series provides the best approxi-
mation to the out-of-equilibrium dynamics of the system
under consideration after truncation. The detailed analy-
sis performed in [57] for Bjorken flow suggested that
the slow-roll expansion may lead to a better overall
description of the system’s dynamics for a wider range
of values of Knudsen number in comparison to the
gradient series.

In this work we investigate the fate of both series in a
simple system undergoing Gubser flow [62]. This type of
flow describes a relativistic fluid that is not only longitu-
dinally boost invariant but also undergoes a radially
symmetric expansion in the transverse plane. For simplic-
ity, we follow [18] and consider as our “microscopic”
theory the Israel-Stewart formulation of transient fluid
dynamics [36-38], whose properties in Gubser flow were
first studied in [63]. We explain how to systematically
construct the gradient and slow-roll perturbative series in
this type of flow and we compute the large order behavior
of both series for the first time in Gubser flow. Our results
strongly indicate that both series are divergent, as happened
for systems expanding following Bjorken flow. However,
when comparing low order truncations of both series, we
observe that the slow-roll expansion can provide a better
overall description of exact solutions in a wider range of
parameters in comparison to the gradient expansion. The
truncated slow-roll series can also describe the attractor
solution of Gubser flow as long as the shear stress tensor
approximately vanishes near the origin of the timelike

coordinate (i.e., p = 0) in dS3 ® R. Differently than the
case of Bjorken flow, we find that the Gubser flow attractor
solution is not solely a function of the effective Knudsen
number tz,/06,,06" ~ tgtanhp. Our results support the

idea that a new type of constitutive relations between
dissipative currents (e.g., the shear stress tensor) and the
gradients of conserved quantities can emerge in far-from-
equilibrium systems which are, thus, beyond the regime of
applicability of the gradient expansion.

This paper is organized as follows. In the next section we
define the equations of motion of the Israel-Stewart-like
theory considered in this paper while in Sec. III we define
what Gubser flow is. Sections IV and V are devoted to
explaining how to perform the same gradient series in two
different ways while in Sec. VI we discuss a complemen-
tary perturbative series in powers of the inverse relaxation
time. We develop the slow-roll expansion in Sec. VII and
investigate the hydrodynamic attractor of Gubser flow in
Sec. VIII. Our final remarks can be found in Sec. IX. The
Appendix gives yet another way to develop the gradient
series in Gubser flow.

Definitions: We use a mostly minus metric signature and
natural units, A = ¢ = kg = 1.

II. CONFORMAL ISRAEL-STEWART THEORY

Excluding the contribution from conserved charges, the
main fluid-dynamical equations are the continuity equa-
tions related to the conservation of energy and momentum,

VT =0, (1)

The field 7" introduced above is the energy-momentum
tensor, which is commonly decomposed in terms of the
local fluid velocity u* as

TW = eutu’ — AWP + g, (2)

where ¢ is the energy density, P is the thermodynamic
pressure and z* is the shear stress tensor. The fluid velocity
is constructed to be a normalized 4-vector, u,u* =1,
defined according to Landau’s picture [5], T"u, = eu*,
as an eigenvector of the energy-momentum tensor. Note
that we also introduced the projection operator transverse to
w', A, = g, — u,u, with g, being the spacetime metric.
In this paper, we only consider the dynamics of conformal
fluids [9] and, consequently, there is no bulk viscous
pressure and the equation of state of the fluid is given
by € = 3P (i.e., the trace of T** vanishes).

The conservation laws alone do not describe all the
degrees of freedom of 7. They must be complemented
by additional dynamical equations (or constitutive rela-
tions) that describe the time evolution of the shear stress
tensor. For this purpose, we employ the transient hydro-
dynamic equations derived by Israel and Stewart [36—38]
from kinetic theory (and later complemented by several
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authors [64—73]). In this framework, the shear stress tensor
satisfies the following relaxation-type equation,

TRAI;;DH‘Z/} + 0., O 4 T,,,,AZZ;Z‘”U[; — ZTRA’;;ﬂjfa;m
+ 7 = 2not”, (3)

where D = u#V, is the comoving covariant derivative,
® = V,u is the local expansion rate, 6, = A%Vauﬂ is
the shear tensor with A, = 1 (AZAD + AZA) —2A%A,),
@, = (A Vu, — AfV,u,)/2 is the vorticity tensor, 7 is
the shear viscosity, and 7 is the shear relaxation time.

The equations above may be derived from the Boltzmann
equation using the 14-moment approximation or the relaxa-
tion time approximation, as shown in Refs. [14,67,69].
For a massless gas in the 14-moment approximation, it
was demonstrated that &,, = 4/37x, 7, = 10/217; and
n = (e + P)zg/5. Since we are dealing with a conformal
fluid, the shear relaxation time must be inversely propor-
tional to the temperature

c
R = T (4)
where c is a constant that determines the magnitude of the
shear viscosity to entropy density ratio, /s = ¢/5. For the
sake of simplicity, we neglect the transport coefficient 7,
in this work. Furthermore, the nonlinear term that contains
the vorticity vanishes in the flow profile investigated in this
paper (see next section) and does not have to be considered
as well. This leads to the so-called (simplified) conformal

Israel-Stewart equations [63]

4 Vi n
H fy e B
Ay D + 371"”’@ + E— 2TR o, (5)

III. GUBSER FLOW

Following [62], we look for solutions of the hydro-
dynamic equations with SO(3) ® SU(1,1) ® Z, symmetry
in flat spacetime. This is more naturally implemented by
performing a Weyl transformation to dS; ® R spacetime
(where dS; stands for the three-dimensional de Sitter
spacetime [74]) and assuming that the fluid is homogeneous
in this curved geometry. This spacetime is described by the
line element [62]

ds*> = G dxtdx® = dp?
— (cosh? pd6?* + cosh? psin® 8d¢p? + di?). (6)
The nonzero Christoffel symbols of this metric are I7, =
cosh psinh p, I, ; = (sin@)* coshpsinhp, I, = FZ’¢ =tanhp,

Iy, = —sinfcosb, ng, = (tan 0)~! and its determinant is
/=g = sin@(cosh p)?. Since the system is homogeneous,

all fields depend only on the timelike variable p, without
displaying any dependence on 0, ¢, and 7. If we transform
back to Minkowski spacetime in hyperbolic coordinates
(z,r,¢.n), where the line element is ds*> = dz*> — dr* —
r’d¢p* — t*dn [62], this homogeneous system is mapped into
a longitudinally boost invariant fluid whose expansion in the
transverse plane is radially symmetric. In flat spacetime, this
type of fluid displays a more complex pattern of expansion in
comparison to the Bjorken solutions [42] considered in
previous works, e.g., [18,41,44,50,57] where no radial
expansion is allowed.

The assumption that the system is homogeneous in
dS; ®R leads to a trivial velocity field, »* = (1,0,0,0),
which automatically satisfies the momentum conservation
continuity equations. Nevertheless, in this curved space-
time, the fluid still has a nonzero expansion rate and shear
tensor, which are given by

0=V, u' =2tanhp, (7)
| 1
G,MI./ = E A”A,,(Vau/; + V/}M{l) - gAMDG (8)
. 1
= diag(0, goo. Gpp —29y) ¥ 5tanhp. )

where V,uy = O,uy — Fflﬂu , 1s the covariant derivative of
the flow velocity. As already stated, the vorticity tensor
vanishes for this flow profile, " = 0, and plays no role in
the results obtained in this paper. Since the shear tensor is
diagonal, the shear stress tensor will also be diagonal,
o = diag(0, 7%, z?®, z'M), as long as it is initially diago-
nal. The equation of motion for the energy density, €, then
becomes

de 8 1
u,V,T" = d_; + getanhp - 57:’7’7 tanhp = 0,

where we used that 7#6,, = 7" tanh p. The equations of
motion for 7#* are

drf 8 , 7 2n
dp+3ﬂ9 n p+TR 37 e (10)
dn? 8 A 2
V4 ¢ Vi n
d/) +3”¢ an p+TR 3TR an /) ( )
dmy 8 , b 4n
—— + —mytanhp + — = ———tanhp. 12
dp+37[" an p—l—T 32, anh p (12)

R

For the purposes of this paper, it is convenient to
reexpress these equations in terms of the temperature, 7'
(the system is conformal, &~ 7%), and a variable #
defined as
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n
Ty

et P

(13)

With this choice of variables, the simplified conformal hydro-
dynamical equations of Israel-Stewart theory become [63]

1dT 2 1

?_dp + = tanhp —gﬂtanhp =0, (14)
dr 4 4

or tanh p = — tanh 15
dp+rR+3” e "

These are the equations that we investigate throughout
this paper.

IV. GRADIENT EXPANSION

We develop our calculations following the procedure
outlined in Ref. [57]. We convert the original problem into
a perturbation theory problem by introducing a dimension-
less parameter € into the differential equation satisfied by #
as follows,

d T 4 4
ed—Z+%+§ﬂzetanhp:Eetanhp, (16)

where we already used that 7, = ¢/T. Now, in this problem
the shear stress tensor and the temperature are functions of
p and the new variable ¢, i.e., T = T(p, €) and 7 = z(p, €).
The parameter ¢ was introduced in every term which
contains a derivative or tanhp and, hence, it becomes a
book-keeping parameter to count orders or powers of
gradients. Thus, an expansion in powers of e naturally
leads to an expansion in powers of gradients. Note that
while in Bjorken scaling it was straightforward to deduce
that powers of gradients correspond to inverse powers of
the time coordinate 7 [57], here the situation is not that
simple and the corresponding terms are obtained from the
perturbative procedure itself.

Next, we look for a solution for 7 that can be represented
as a series in powers of e,

7~ m(p)e'. (17)

This reduces the problem to solving an infinite number
of simpler equations (in this case, algebraic equations),
which are given by recurrence relations. At the end of the
calculation, one sets € = 1 to recover the parameters of the
original problem. We note that such perturbative procedure
is only useful when the first few terms of the series contain
at least some basic properties of the exact solution, i.e., if a
low order truncation of the series can capture basic trends
of the solution. This does not necessarily mean that the
series must converge. As a matter of fact, in practice
convergent series quite often do not offer useful represen-
tations of functions since they may be slowly convergent

and require a great number of terms to provide a good
approximation in a given domain [61]. On the other hand,
truncations of divergent series are known to provide very
good approximations of certain functions (as in the case of
the error function).

Naturally, this procedure does not lead to a general
solution of Israel-Stewart theory since the equations
obtained in this type of perturbative approach do not
contain any free parameter associated with the initial
condition for z (the initial condition for the temperature
remains a free parameter, even in the perturbative problem).
In this sense, what is obtained with this approach is just one
solution for =z that cannot be adjusted to an arbitrary
boundary condition. However, this solution is expected
to have physical meaning, reflecting the long-time, slow
evolution of the system when all transient, initial-state
dynamics is lost and the system enters a universal,
hydrodynamical regime (assumed in this section to be
described by the gradient expansion).

We now continue the perturbative calculation, substitut-
ing the proposed series solutions in powers of € into the
equations of motion for z. One then obtains the following
result:

~dn, . =
c;d—pe" +T;ﬂn€"
et 4
§ ZOZ ,zzrme”J”"“tanhp:Ecetanhp. (18)

The problem in solving this equation, i.e., in collecting all
terms that are of the same power in e, is that the term
dr,/dp also has an e-dependence that must be considered
when grouping the terms. This can be taken into account
by noticing that the coefficient 7, depends on p through
two different variables, =, = z,(tanhp, T(p)) and, thus,
its derivative can be mathematically reexpressed in the
following way:

dr, Om,

dp_aPT

on,
or

dr

tanh p dp .

(19)

Above, the derivatives are taken as if tanh p and 7" were two
independent variables. It is the temperature derivative that
carries the e-dependence and, thus, using Eq. (14) we can
rewrite Eq. (18) as

=< (Or, 2 )
c €n+l
Z (ap 3 aT tanh p
c 00 00
+ t €n+m+1 + T Z ﬂn€n
3 n=0 m= tanhp n=0

4 4
+ 3¢ nz:; 7,m,,€" 7" tanh p — 15 € tanhp = 0. (20)
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Now that the terms are properly organized in powers of €
we can group together the terms that are of the same order
and obtain the set of recurrence relations that must be
solved to obtain z,. The zeroth order term must satisfy

Try =0, (21)
which describes a system that is in local equilibrium, as

expected. Collecting the terms that are of first order in € one
obtains

4
mi(p) =~z Trtanhp, (22)

15
which corresponds to relativistic NS theory. This expres-
sion also reflects the fact that the shear stress tensor in NS
theory is linear in the Knudsen number Ky ~ 7¢,/6,,6""
for Gubser flow. Finally, the terms that are of second order
or higher in €, (n > 2), satisfy the equations

T 4
1 = _gzﬂn—mﬂm tanhp
m=0

! tanh i Ta”"_m
—— T
3 P 2 m

or tanh p
2 on on
+ <—tanhp>T - -— . (23)
3 or tanh p ap T

Since we already know 7z, and 7, we can calculate all
the 7,,’s that follow. For the sake of completeness, we write
down below the answer up to third order,

4

4 1
7= 15 €Tk tanhp — s (e7g)? <1 - gtanh2 p)

8 3 ! 3 4
+E(€TR) <tanhp 15tanh p> +0O(e). (24)

Therefore, we can write the solution as a series in powers of
etg, with all of the temperature contribution to the shear
stress tensor contained in the relaxation time. Also, we note
that while the NS result depends solely on the combination
7 tanh p, the same is not true for the higher order terms in
the gradient expansion, which depend separately on 7
and tanh p.

These equations have the form that is traditionally
associated with a gradient expansion: the zeroth and first
order truncations obtained in this section correspond to
well-known results, ideal hydrodynamics and Navier-
Stokes theory, respectively. Both of these examples were
already studied extensively in the literature [62]. In the
Appendix we derive the gradient expansion using another
equivalent method.

We end this section with a comment about the meaning of
the gradient expansion used in this work. Hydrodynamics is

usually understood as an effective theory constructed via
the gradient expansion [1]. In the relativistic regime, the
energy-momentum tensor is expanded in a series of
gradients of the temperature, flow, and other macroscopic
quantities, and this series is characterized by transport
coefficients that can be determined by matching this long
wavelength description to the underlying microscopic
theory. In this language, Israel-Stewart theory can be
viewed as a particular example of second order hydro-
dynamics. Alternatively, the Israel-Stewart equations writ-
ten above (where the shear stress tensor is a dynamical
variable that obeys a differential equation) may be under-
stood as a particular resummation of the gradient expan-
sion that is correct to second order in gradients; see
Ref. [9]. Following Refs. [18,52], in this work the same
equations are used to define a simple “toy model”
microscopic theory for which coarse-grained descriptions
can be systematically derived using different approaches
such as, for instance, the gradient expansion and also the
slow-roll series discussed in Sec. VII.

V. GRADIENT EXPANSION—REVISITED

In the previous section we constructed the gradient
expansion solution of Israel-Stewart theory following a
perturbative scheme. We demonstrated that the result can
be expressed as an expansion in powers of ezg. In this
section we construct once again the gradient expansion
solution of Israel-Stewart theory, but now using the knowl-
edge that the temperature appears in the series only through
powers of the relaxation time, 7z ~ 1/T. Therefore, it is
more straightforward to simply assume an expansion of z
just in powers of 7y from the very beginning (the parameter
€ can also be included, as before, but it will not make any
difference),

n=0

The calculations become simpler this way (even though
less general) as they allow us to determine the large order
behavior of the gradient series. In order to avoid confusion
with the variables from the previous section, here we
change the notation of the expansion coefficients by adding
a hat, i.e., 7,. We note that the coordinates in the line
element in (6) are dimensionless' and so are all the
variables computed in dS3; @ R. Therefore, an expansion
in powers of 7p is again an expansion in terms of a
dimensionless parameter.

Replacing this expansion in the equation of motion for 7z
leads to

'Naturally, an energy scale (called ¢ in [62]) is introduced
when going from dS; @ R back to Minkowski. In this paper we
set this scale to unity.
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o0

Z + tanhp Z nth a, + i RaTh
n=0

n=0

4
+ - tanhpzz — )R, R,y :ErRtanhp.
n=0 m=

(26)

We see that the terms can be grouped together according to
their power of zp. If we collect all the terms of the same
order, we obtain the equations satisfied by each expansion
coefficient 7,,. We also note that this procedure of collect-
ing powers of 7, completely removes the temperature from
the perturbation theory problem. As expected, the zeroth
and first order coefficients satisfy

JATQ - O, (27)

X 4
#1(p) = {5 tanhp. (28)

The higher order coefficients obey the equations

N dr, n 2nt hod
—_— — an
Tnt1 d/) 3 Pz,
1 n
+ 5 tanh p m; (4=n—+m)rypity=0. (29)

More specifically, the second order coefficient is given by

dmy 2 4 4
mp) =— d—pl - gﬂ'l tanhp = T Etanh2 (30)

We note that the solutions obtained for z; and 7, are
exactly the same as the ones obtained in the previous
section, provided one multiplies each coefficient by the
appropriate power of the relaxation time and sets ¢ = 1 in
the results obtained in the previous section. However, the
procedure described in this section is much simpler to
implement than the one constructed in the previous section.
Nevertheless, it is important to remember that the formal-
ism constructed before is more general since it is not always
possible to rearrange the problem in terms of a simpler
(though equivalent) perturbative expansion. When dealing
with more general flow configurations or with more
complicated perturbative series (see Sec. VII), one must
follow the general procedure outlined in the previous
section.

When p — oo all derivatives of tanhp vanish and the
recurrence relations satisfied by 7, considerably simplify

2n 1<
Rt +?7}n +§Z(4_n+m)ﬁn—mﬁm =0. (31)
m=0

In this case, the coefficients 7, are just pure numbers that
satisfy recurrence relations that are very similar to those

0 20 40 60 80 100
n

FIG. 1. |z,|'/" as a function of n for p = 0.1 (red), p = 1 (bule),
and p = 10 (black).

obtained in the Bjorken case (see, e.g., [57]). In this case, it
is straightforward to see that when n > 1 this expression
leads to 7, ~ n! and, consequently, to a divergent series.

A. Divergence of the gradient expansion
in Gubser flow

With the expansion constructed above we are able to
determine the large order behavior of the gradient expan-
sion for arbitrary values of p. The recurrence relations
derived above were solved with Wolfram’s Mathematica,
up to n = 100, and plotted in Fig. I forp = 0.1, p = 1, and
p = 10. In Fig. 2, we also show the corresponding result
when p = 0 and p — o0. We do not plot results for negative
values of p since the modulus of each coefficient does not
depend on the sign of p. Both figures clearly display the
factorial growth of the coefficients of the series, indicating
that the gradient expansion has zero radius of convergence.
We also remark that the results vary very little when p is
changed.

It is interesting to see that when p = 0 (i.e., when the
shear tensor is 0) the gradient expansion still diverges.
Moreover, since the first order term in the expansion is

12 T T T T g
[ o°’l
L °®
10} o* ]
r ® p->c .0
[ o® ]
sk e p=0 .‘. ° 3
< [ ..o . ® ]
£ . . ®
— sl °® . ® h
< ..o R °
k o® °
—_ °® o ®
4r °® ° B
® L4
° °
°® L, °
oL o’ o ]
t s ° j
°
[ ..o‘
0 ‘, P T H T ST RS
0 10 20 30 40 50
n
FIG. 2. |x,|"/" as a function of n for p = 0 and p — co.
n

116004-6



HYDRODYNAMIC ATTRACTOR AND THE FATE OF ...

PHYS. REV. D 99, 116004 (2019)

n/s=1/(4x)

exact solution

n(p)

FIG. 3. Comparison between the exact result for z defined in
(13) obtained by solving Eqs. (14) and (15) and the gradient
expansion truncated at different orders. In this plotn/s = 1/(4x).

proportional to tanh p, this term vanishes when p = 0 and,
as a matter of fact, one can show that all odd terms in the
series vanish in this case. However, the coefficients 7,,(0)
do not vanish and these terms alone display factorial
growth.

B. Determining the domain of applicability of the
gradient expansion

As already mentioned, low order truncations of a
divergent expansion can still be used to provide reasonable
approximations for solutions of the theory, at least in some
domains. In Figs. 3 and 4 we compare several truncations of
this divergent series with exact solutions obtained by
numerically solving the Israel-Stewart equations (14) and
(15), for two values of n/s—n/s =1/(4n) and 1. The
initial conditions for the numerical problem where chosen
to be T(pg) = 0.0057 and z(p,) = 0.4, with p, = —30. We
remark that our results do not depend strongly on the value
chosen for 7z(py), but they do depend on the choice of
T(po).2 In this comparison, we take the exact temperature
profile T'(p) and insert it into the corresponding constitutive
relations obtained for 7 using the gradient expansion.

We find that, when the viscosity is small (/s = 1/4x),
the first and second order truncations of the gradient
expansion provide a good approximation to the exact
solution in a wide region around p = 0. We remark that
the best approximation to the exact solution, for this value
of viscosity, is obtained by truncating the expansion at
second order, as also happened when performing this
analysis assuming Bjorken flow [57]. However, the diver-
gent nature of the series is manifest by the fact that the

Tt is straightforward to see from the equations of motion for T
and 7 that rescaling the initial value of the temperature is
equivalent to changing the shear viscosity of the system. This
happens in such a way that reducing the initial temperature of the
system corresponds to effectively increasing the value of #/s.

n/s=1

——1

T

exact solution| 7
L

n(p)

FIG. 4. Comparison between the exact result for z defined in
(13) obtained by solving Eqs. (14) and (15) and the gradient
expansion truncated at different orders. In this plot #/s = 1.

eighth order truncation is significantly worse than the lower
orders, indicating that the optimal truncation of the series is
indeed at a lower order.

Meanwhile, for a larger value of viscosity, /s = 1, none
of the different truncations of the gradient series is able to
provide a reasonable description of the exact solution. In
fact, in this case one even finds that z(0) deviates
significantly from O in the exact solution—a result that
is very hard to describe using the gradient expansion, since
it implies that the NS limit is not approached at all even
when p = 0. In general, our results suggest that truncations
of the gradient expansion can provide a good description of
solutions of Israel-Stewart theory around p = 0, though
how far in p this occurs (or if this occurs at all) clearly
depends on the value of 7/s.

Furthermore, we remark that the gradient expansion
cannot describe the quantitative and qualitative behavior
of the solution when |p| is very large. In fact, it is known
from [63] that the exact solution for z in Israel-Stewart
theory asymptotes to a constant when |p| > 1—a result
that can never be obtained within a gradient expansion.
However, this is not the limit where one would expect the
gradient expansion to be useful since in this case all powers
of tanh p become of the same order. In fact, in this regime a
complementary perturbative expansion must be developed,
which is the subject of the next section.

VI. EXPANSION IN POWERS OF THE
INVERSE RELAXATION TIME

Previously, we showed that the gradient expansion in
Israel-Stewart theory undergoing Gubser flow corresponds
to a series in powers of the relaxation time. The large order
behavior of this expansion, investigated for the first time in
the last section, suggests that it has a zero radius of
convergence. From the nature of the equations, it is obvious
that if a series in powers of 7 is possible, then a series in
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powers of 1/7 should also be possible, though its regime
of applicability should be complementary to the former.
Such a series is interesting in its own way and here we study
the properties of this other type of perturbative expansion.
‘We note that in Sec. 4.2.1 of Ref. [75] a similar series to the
one studied in this section was investigated.

Let us now consider again the Israel-Stewart equations
and develop an expansion of 7 in powers of 73!,

= i 7R (32)

n=0

Again, we change our notation for the expansion coefficient
to 7, in order to avoid confusion with the variables
employed in the previous sections. Substituting this ansatz
into the simplified Israel-Stewart equation for z (15)
leads to

(o)

Z Sz ——tanherR ni,

n= n=0 n=0

4
tanhpZZTRn+m (n+4),7,, — Tstanhp = 0.

n=0 m=

(33)

We now follow the same procedure as before and collect
the terms that are of the same order in the inverse relaxation
time. At zeroth order we find the following differential
equation of motion for 7:

dmy 4
e

tanh p.
a3 anh p

4
tanhp = 5

This equation corresponds to the cold plasma limit solution
first found and studied in Ref. [63], whose analytical
solution is

7o(p)

= gtanh {\/?3 (gln coshp — Sb)] ,

where b is a free parameter that is fixed by the initial
condition chosen for z. Approximating z by this zeroth
order solution, one then obtains the following solution for

the temperature,
574
osh!/4 [% <§lncoshp - 5b>} ,

where a is a free parameter that fixes the initial temperature.
The equation satisfied by the first order coefficient is

exp (5b/2)

Tolp) = (cosh p)?/3

A7 2
% YR+ <3ﬁ0 - §> Fitanhp = 0. (34)

This equation does not have a simple analytical solution but
it can be easily solved numerically. Finally, the equation of
motion for 7%,, n > 1, is
dz,
dp

" —mt4
+ tanh pzuﬁn_mﬁm —0.
m=0

- 2n -
+ 7, = <? tanh p> 7,

3

One can see that this type of expansion is qualitatively
different than the gradient expansion as it requires solving a
differential equation at every order, which makes it harder
to determine its large order behavior. In fact, this introduces
back into the problem the initial condition for z, which now
can be taken into account by the Oth order term of the
expansion. Moreover, differently than the gradient expan-
sion, we note that in this case there is no approximate
constitutive relation between the shear stress tensor and the
hydrodynamic variables.

As this series is defined by powers of the inverse
relaxation time, if one keeps the initial condition for the
temperature fixed, the regime of applicability of the series
is controlled by how large #/s is. In Fig. 5 we set /s =
100 and compare the exact solution of the Israel-Stewart
equations with the same initial conditions as before to
different truncations of this new series in powers of the
inverse relaxation time. One can see that the Oth order term
already correctly describes the asymptotic regime at very
large |p|, though the agreement worsens for 0 < p < 10.
The inclusion of higher order terms improves the agree-
ment near p ~ 0 though for 5 < p < 10 not even the 4th
order truncation can describe the numerical solution.

We finish this section with the remark that in flow
situations with less symmetry, the type of series developed
in this section basically requires solving a problem as hard

n/s=100
1.0 [ T T T T T T T T T T T T T T T T T T T ]
: exact solution : ]
08 F : 1

06 fF

04f

n(p)

FIG. 5. Comparison between the exact result for 7 defined in
(13) obtained by solving Eqs. (14) and (15) and the series in
inverse powers of the relaxation truncated at different orders.
In this plot /s = 100.
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as the original problem (coupled, nonlinear partial differ-
ential equations for the shear stress tensor) at each order.
Therefore, we expect its use in practical applications to be
more limited than the more easily implementable gradient
expansion. In the next section we develop a perturbative
expansion that can describe not only the p ~ 0 regime but
also the asymptotic values of the solution when p — .

VII. SLOW-ROLL EXPANSION

The slow-roll expansion was first used in the context of
hydrodynamics in [18] in the case of Bjorken flow. The
systematic implementation of this series in that problem
was discussed in [54] and later in [57]. The slow-roll
expansion in Gubser flow is defined by the following
perturbative problem

d 4 4
ecC v ot §c7r2 tanhp = 5¢ tanhp,  (35)

dp

where now the book-keeping parameter ¢ multiplies only
the derivative term of the equation. As before, we look for
perturbative solutions of the form

<. (07, 2 7,
c P
;( 8/) T 3 or tanh p
(o]
4
+TY e 3¢
n=0

The zeroth order solution is the Gubser flow generali-
zation of the well-known result first derived for Bjorken
flow in [18],

4 4
gﬁ%rR tanhp 4+ 7 = ETR tanh p,

34 \/9 + % (4zp tanh p)?

_j: —
= % (p) 8zg tanh p

(39)

We remark that the Oth order term of the slow-roll
expansion for Israel-Stewart theory shown above was first
computed in [75]. Out of the two possible solutions
obtained above, we chose the one that asymptotes to the
Navier-Stokes solution in the limit p — 0; i.e., we consider
only the solution 7j. In fact, one may expand (39) in
powers of 7 to find

4 4
7§ (p) = —tgtanhp — —— (g tanh p)® + O(z3).

15 675 (40)

Thus, we see that the Oth order term in the slow-roll
expansion recovers the NS result (i.e., it matches the

n+1 E N\ = aﬁ-”
)e +3tanhp;n;ﬂmfm

[oe] (o] 4
E E TpTy€" " tanh p = — c tanh p.
-~ 15

(36)

and, at the end of the calculation, set € = 1, recovering, in
principle, a solution of the original equation of motion.
Replacing this expansion into Eq. (35), we obtain the
following set of relations:

Z el +TZJT,,€ +- CZZ”"”*"EHM tanh p

n=0 m=0

4
= —ctanhp.

35 (37)

As before, we write the derivative of 7, as

dr, Om, dT

dp_aPT

on,
oT

’

tanh p dp

which allows us to properly collect all powers of € and leads
to the following equations,

n+m+1

tanh p

(38)

gradient expansion truncated at 1st order). However, it is
important to notice that the higher order terms generated by
Taylor expanding 7z differ from the higher order terms
present in the gradient expansion.

Also, it is interesting to notice that the Oth order slow-roll
term 7] is solely a function of the Knudsen number
tgtanhp ~ 15 /6,,0" for Gubser flow, as also happened
with the first order truncation of the gradient expansion (NS
theory). A similar situation was found in Bjorken flow,
where the zeroth-order truncation of the slow—roll expan-
sion was shown to depend solely on the combination 7'z,
the inverse Knudsen number for this flow configuration
[18]. In Bjorken flow this feature persisted to all orders in
the slow-roll expansion [57] though here we see that this
does not hold for the slow-roll expansion in Gubser flow
(the same was observed for the gradient expansion in
Gubser flow in Sec. IV). As a matter of fact, we explicitly
show in the following that the higher order terms of the
slow-roll series in Gubser flow are functions of both 7 and
tanh p, separately.

Using Eq. (39), higher order solutions are obtained by
solving the recurrence relation
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om,| 2T ox T " OF,_ T 4t
— ——tanh p—~ +—=tanhp » 7,—2" + =1 =Y Fpilomiytanhp =0, (41)
opl; 3 OT |, 3 ,;) "OT |, ¢ " 3,;) *

which can be simplified to

_ _ n _
<i + §7_z'aL tanh p) Tpy1 = — %tanh PTR oz, _ oz, + ltanh/) Z TR O
TR 3 3 8TR tanh p 8,0 TR 3 m=0 TR ltanhp
4"
_gzﬁ'nJrl—mﬁ-m tanhp' (42)
m=1

|
Solving this recurrence relation, one can determine the first ~ though the series still appears to diverge, in this case
order solution to be |7,,|'/"*1) only grows linearly with n (the same qualitative
result appears for other values of 7z and also when p is
71(p) = 1575 [(1+ 7])(zgtanhp)? — 31%] (43) negative). Therefore, in Israel-Stewart theory both the
T tanh p 45 + 64 (g tanh p)? gradient and the slow-roll expansions generally diverge
in Gubser flow, just as it occurred in Bjorken flow [57].

This result clearly demonstrates that 7; depends on both 75

and tanh p, separately, a fact that remains true for all higher

order coefficients of the slow-roll expansion. p-0
Furthermore, expanding now the truncated series at 1st T 1

order (i.e., 7 — 7} + 7;) in powers of 7y leads to 200001 ° ]

B 4 4 1 S 15000 @ 15=01 ]
= —rtptanhp — — 2( 1 —=tanh? + [ r=0 ]

#(0) = g swtanp = ¢ (5?1 -yt : s .
16 = L ]
— > (zgtanhp)® + O(c4), (44) K . !
225 o]
~ . 5000 |- o o
which shows that the 1st order truncation of the slow-roll [ o ® °o® ]
series is able to recover the result obtained from the [ s ° : eeo® °* ]
gradient expansion truncated at 2nd order; see (24). In e eeeesd LRE. T —s

general, a Taylor expansion of the slow-roll expansion n

truncated at the Nth term reduces to the correct expression
for the gradient expansion truncated at order N + 1. In this FIG. 6. Large order behavior of the slow-roll series when p — 0
sense, the slow-roll expansion can be seen as a type of and 7z = 0.1, 1.
reorganization of the gradient series that contains an infinite

resummation of gradients at a given order.

A. Divergence of the slow-roll series in Gubser flow 10}

Now we solve Eq. (42) numerically to determine the
behavior of the slow-roll series at higher orders. In Fig. 6
we show how the coefficients of the series change with n
when p — 0 and for the following values of relaxation
time, 7z = 0.1, 1. This plot indicates that, in this limit, the
magnitude of the terms grows larger than n! when n is [ b o o o
large.” To illustrate the fact that the large order behavior of 2 i ° ]
the slow-roll series now depends on two parameters (i.e., p : e %000 ° ]
and 7p), we show in Fig. 7 what happens when p = 1. Even L °°

® z=1 °
® =10 [}

|”n| 1l(n+1)

o
['e
r@®
®
|

*We checked that |z,| does not grow larger (n!)* where a <
1.3 in the range considered (this result is robust with respect to the ~ FIG. 7. Large order behavior of the slow-roll series when p = 1
choice of values for 7). and 7z = 1, 10.
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n/s=1/(4n)

FIG. 8. Comparison between the exact solution of Israel-
Stewart (IS) equations and different truncations of the slow-roll
series in Gubser flow for 1/s = 1/(4x).

The only exception occurs when |p| — 0. Since the tem-
perature vanishes in this limit one must also take 7 — oo,
which implies that 73 — +signp/ V/5 and Eq. (42) gives
7,>0 = 0. This shows that the slow-roll expansion in fact
converges in this limit to iz(ﬂf. As discussed in [63], solutions
of the Israel-Stewart equation for the shear stress tensor
(15) do display the same behavior and, thus, one can see
that the slow-roll series necessarily converges to solutions
of the Israel-Stewart equation when [p| — .

B. Determining the domain of applicability
of the slow-roll expansion

In Figs. 8—11 we investigate how different truncations of
the slow-roll series for z fare in comparison to the same
exact solution of the Israel-Stewart equations used in
previous sections. These exact solutions were constructed
using the same initial condition for 7 and z employed in
the previous sections. We can see in Fig. 8 that, for

n/s=1/(4n)

—— T

05 T

04 f

03 f

~ . ]
Q t exact solution 1
E o2f .
e A — N=0 1
o1f L e N=1 ]
Y - N=2 ]
0.0 ¢ ]

1 1 1 1 1 1 1

0 2 4 6 8 10 12 14

FIG. 9. Detailed comparison when p > 0 between the exact
solution of the IS equations and the low order truncations of the
slow-roll series in Gubser flow for /s = 1/(4x).

n(p)

-10 -5 0 5 10 15

FIG. 10. Comparison between the exact solution of IS equa-
tions and different truncations of the slow-roll series in Gubser
flow for /s = 1.

n/s = 1/(4x), the Oth order truncation deviates only
slightly from the exact solution though the 1st order
truncation of the slow-roll expansion gives a reasonably
accurate description of the solution for p > —5. We also
show the results for the 7th order truncation, which are
found to display oscillatory behavior compatible with the
divergent character of the series when p is finite (when
|p| = oo, however, the series converges and this is why the
oscillations do not appear in that regime). Figure 9 shows
that the agreement with the exact solution improves at 2nd
order for p > 0.

Figures 10 and 11 show that the agreement between the
truncated slow-roll series and the exact solution consid-
erably worsens when 7/s = 1 (the same occurred in the
gradient expansion investigated in Sec. V). As already
mentioned, in this case 7(0) deviates considerably from 0
in the exact solution and the Oth order approximation of the
slow-roll series is not accurate even at p = 0. This affects
the overall ability of the truncated series to describe the

o5 F———m

n(p)

FIG. 11. Detailed comparison when p > 0 between the exact
solution of the IS equations and the low order truncations of the
slow-roll series in Gubser flow for 7/s = 1.
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FIG. 12. Comparison between the exact solution of IS equa-
tions undergoing Gubser flow for /s = 1/(4x) and the N =1
and N =2 truncations of the slow-roll and gradient series,
respectively.

solution and one can see in Fig. 10 that oscillations now
appear already at 2nd order. Figure 11 shows the results
for the p > 0 region in detail. Even though the higher
order truncations become closer to the exact solution, the
agreement is generally poor in comparison to what was
found in Fig. 9, where /s = 1/(4x). Overall, since T has a
maximum at p =0 in Israel-Stewart theory [63], the
relaxation time has a minimum at the same location and
we find that the slow-roll series is not a good proxy for the
exact solutions when 7z(0) = 1, which occurs in this
example when 7/s = 1.

C. Comparison between the
perturbative expansions

We mentioned before that a Taylor series in powers of 7y
of the Nth order truncation of the slow-roll expansion
reduces to the result obtained from the (N + 1)th order

n/s=1/(4n)
0.5 L e L L
04 F
03 F ]
F exact solution ]
~ 02¢ ]
SN A N T LT slow-roll N=1 ]
h=t E 1
O1E AT e gradient N=2 7
0.0 ¢ ]
01 f :
Iy > J) S S B P R T E R S B i
0 2 4 6 8 10 12 14
o)
FIG. 13. Detailed comparison when p > 0 between the exact

solution of IS equations undergoing Gubser flow for 5/s =
1/(4x) and the N = 1 and N = 2 truncations of the slow-roll and
gradient series, respectively.

n/s=1

—

— T

0.4

0.2

exact solution |

o) 4
% T N A ——— slow~roll N=11
-------- gradient N=2 ]
—02f -
—04 _ P 1

C n 1 n n A. 1 n : n 1 n n n n 1 n n n n
-10 -5 0 5 10 15

FIG. 14. Comparison between the exact solution of IS equations
undergoing Gubser flow for /s =1 and the N =1 and N =2
truncations of the slow-roll and gradient series, respectively.

truncation of the gradient series. In order to assess how
these two perturbative series fare in comparison to the exact
solution of Israel-Stewart equations, we plot in Fig. 12 the
2nd order gradient expansion result and the N = 1 trunca-
tion of the slow-roll series for 7/s = 1/(4x). One can see
that the N =1 slow-roll expansion indeed matches the
N =2 gradient series result as long as the latter still
provides a good approximation to the exact solution
(approximately when —3 < p < 3). However, outside this
regime the gradient series fails to describe the solution
while the slow-roll result nicely continues to provide a very
good description of the system’s dynamics towards larger
values of p. A detailed comparison between the truncated
series and the numerical result when p > 0 can be found in
Fig. 13. The Ist order slow-roll series is much more
accurate in this regime than the gradient expansion, which
fails around p ~ 3.

Figure 14 shows that, when 7/s = 1, both expansions
have difficulties in describing the behavior of the exact
solution, as expected from the results of the previous
sections. However, we remark that the 1st order truncation
of the slow-roll series still behaves much better than the 2nd
order gradient expansion. In general, perturbative series
such as the gradient or the slow-roll expansions can only be
accurate if their lowest order terms are not too far from the
exact solution. This is the case when /s = 1/(4x), since
7(0) is very small and can be well approximated by the
Navier-Stokes solution. The same does not happen when
n/s = 1, in which case the solution for z(0) considerably
deviates from O.

VIII. ATTRACTOR SOLUTION IN GUBSER FLOW

In this section we investigate the attractor solution of
Israel-Stewart equations for a system expanding according
to Gubser flow, which was first studied in Ref. [75]. In this
work, we interpret the attractor solution as a resummed
slow-roll expansion. The analysis presented in this section
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FIG. 15. Attractor solution of IS equations undergoing Gubser
flow (solid red) compared to other solutions of the equations
(dashed black curves) for /s = 1/(4x).

aims to explore two fundamental aspects of the attractor: its
possible functional dependence on the Knudsen number
and its approximate description using the slow-roll series
truncated at higher orders.

In the previous section, we found that the slow-roll series
converges when [p| - oo and we can use this fact to
numerically construct a resummed version of the slow-roll
solution. We found that there are two possible convergent
solutions for 7 when |p| = oo: 1/4/5 and —1/+/5. It is
natural to expect that one of these boundary conditions
leads to the exact solution related to the slow-roll expan-
sion. In practice, we observe that the vast majority of
solutions (if not all of them) of Israel-Stewart theory
actually converge to 1/v/5 when p — —oo (for p — oo,
all known numerical solutions of Israel-Stewart theory also
converge to 1/+/5). So far, the only case in which we are
able to obtain a solution that is equal to —1/ \/§ when
p — —oo, is when we give exactly this boundary condition
at a very small value of p. Any small deviation from —1/v/5
makes the solution tend to 1/ \/5 when we decrease the
value of p. This behavior suggests that the boundary
condition z(—c0) = —1/+/5 defines a unique solution of
the equation and that such a unique solution can be
identified as the resummed result for the slow-roll series.
On the other hand, the other boundary condition at
p=—co, n(—o0)=1/+/5, is satisfied by an infinite
number of solutions and cannot be used to define any
specific solutions of the equations.

This is illustrated in Figs. 15 and 16 for two vastly
different values of #/s. In these plots, the solid red curve
depicts the solution of Israel-Stewart equations assuming
T(-30) =9.222 x 10~% and z(—-30) = —1/+/5. The dashed
curves are computed keeping the initial condition for the
temperature fixed while considering very small variations
of 7(—30), of at most 1% around —1/+/5. We see that any
small variation of the value of 7 at p = —30 makes the

n/s=1000
ree~ ]
0.4 F AN .
A — m=-15 ]
RRRN
02rV 11 ]
gt
_ Vi
S gof ity 1
ry 1 1
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—o2fitint ]
Fadtyand
\‘\\\“\
,\‘\\‘\ j
_04: \\\“\s\\ j
-40 -30 -20 -10 0 10 20
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FIG. 16. Attractor solution of IS equations undergoing Gubser
flow (solid red) compared to other solutions of the equations
(dashed black curves) for the very large value of 1/s = 1000.

solution converge to 1/+/5 when p is decreased. This only
does not happen when we fix 7 to be exactly —1/+/5 (red
curve). Furthermore, one can see that all the solutions
converge extremely rapidly to the solution where

lim, ,_,7(p) = -1/ /5. This solution, represented here
by the solid red curve in these plots, corresponds to the
hydrodynamic attractor solution first discussed in [18] in
Bjorken flow, which was later investigated in more detail
in [54].

Comparing Figs. 15 and 16 we see that the profile of
the attractor depends on the value of #/s, becoming closer
to a step function as #/s is increased even further. Such
a behavior is very hard to describe using the slow-roll
series, as one can see in Fig. 17. In this figure we com-
pare the attractor solutions (solid red) with truncations of
the slow-roll series. For n/s = 1/(4x) we used the 2nd
order truncation while for the extremely large value of
n/s = 1000 we only took the Oth order term in the series.
When #5/s is small, the truncated slow-roll series provides

0.4Ff , ]
[ Attractor n/s=1000 |
E 1
02r =----- Slow-roll ! 1
- i
I ]
3 0-0f 1 k!
3 n/s = 1/(4x) h
E 1
-02r H 1
[ ]
I
» J
-04 | ]
-40 -30 -20 -10 0 10 20
L0
FIG. 17. Comparison between the attractor solutions of IS

equations undergoing Gubser flow, for /s =1/(4x) and
n/s = 1000, and the corresponding approximations using the
slow-roll series (dashed).
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FIG. 18. Comparison between the attractor solutions of IS
equations undergoing Gubser flow, computed using different
initial conditions for the temperature, and the corresponding
approximations using the slow-roll series (dashed). In this plot

n/s = 1/(4r).

an excellent description of the attractor while for very large
values of 7/s this perturbative approach provides a poor
description, even though still qualitatively accurate, of the
attractor away from the asymptotic regime, as expected.

Now we explore a different feature, so far exclusive to
Gubser flow, which is the fact that the attractor solution
per se depends on the temperature. This can be seen in
Fig. 18 where we now fix z(—30) = —1//5 (attractor
solutions) and consider three very different values for the
initial temperature T(—30) = 9.222 x 1078, T(-30) =
9.222 x 1071°, and T(-30) =9.222 x 1072 and /s =
1/(4z). These variations in initial temperature lead to very
different values for the temperature at p = 0 in the attractor
solutions. One obtains three different profiles for the
attractor, which are also compared to their corresponding
slow-roll series truncated at 2nd order for the first two
solutions and at Oth order for the last one. Even though #/s
is small, by significantly decreasing the initial value of the
temperature one can again recover the large 7x(0) regime
where the slow-roll series does not work well.

Finally, in Fig. 19 we explore another key difference
between the Gubser flow attractor and the Bjorken flow
attractor. In this figure we picked two of the attractor
solutions discussed above where 7'(0) = 0.2 and 7(0)> 1,
with /s = 1/(4x), and plotted them against the Knudsen
number combination 7y tanh p. The fact that these curves
are different show that, in contrast to the Bjorken flow case,
the attractor solution of Israel-Stewart equations under-
going Gubser flow is not solely a function of 7 tanh p, even
though the Oth order truncation of the slow-roll series is.
This illustrates that characterizing attractor solutions by the
Oth order slow-roll series can be misleading as this special
solution of Israel-Stewart equations (the attractor) displays
a more complex dependence on p than the simplest
truncated series. Since already the 1st order truncation of
the slow-roll series depends on both 7 and tanh p, we see

Attractors

0.4f

TO) >>1

0.2} ) |
~ t 7 1
S 0.0 e 1
N [ / T(0)=0.2 ]
—0.2} ]
~0.4 ]
-5 0 5 10

rrtanh p

FIG. 19. Attractor solutions of IS equations undergoing Gubser
flow, computed using different initial conditions for the temper-
ature, vs the Knudsen numberlike quantity 7 tanh p. The fact that
these curves are distinct imply that in Gubser flow the attractor
solution of IS theory is not just a simple function of 7 tanh p.
Rather, the attractor depends on both 7 and tanh p, separately. In
this plot /s = 1/(4n).

that higher order truncations of the slow-roll series are
better suited to properly characterize the attractor.

IX. CONCLUSIONS

In this paper we developed a perturbative scheme to
construct asymptotic solutions, such as the gradient and
slow-roll expansions, of Israel-Stewart theory undergoing
Gubser flow. We then determine for the first time the large
order behavior of these perturbative expansions in the case
of Gubser flow. We demonstrated numerically that the
expansion coefficients in both cases grow factorially,
indicating that these series have a zero radius of conver-
gence. Even though these series appear to diverge, their low
order truncations can still offer a reasonable description of
exact solutions of Israel-Stewart theory near the origin of
the Gubser coordinate system. However, we emphasize that
such agreement is only possible when the relaxation time is
sufficiently small at p = 0, i.e., 7z(p = 0) < 1.

When comparing both asymptotic solutions, we found
that the slow-roll expansion provides a much better overall
description of exact solutions of Israel-Stewart, when
truncated at low orders. In particular, a truncated slow-roll
expansion can even describe qualitative and, often, quanti-
tative, aspects of exact solutions when p — co—a region in
which gradients cannot be considered small. This suggests
the existence of nontrivial constitutive relations satisfied by
the shear stress tensor that are valid even when gradients are
large (i.e., the far-from-equilibrium regime).

We also demonstrated that the slow-roll series converges
to 1/+/5 when |p| — oo and used this fact to numerically
construct a resummed version of the slow-roll expansion.
We showed numerically that such a solution displays the
basic properties expected of an attractor, with solutions
obtained using different initial conditions always converg-
ing to such a resummed solution. Differently than the case
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of Bjorken flow, we found that the Gubser flow attractor
solution cannot be expressed just as a function of the
effective Knudsen number ~z7j tanh p. Instead, it depends
on the relaxation time and tanh p separately, suggesting the
existence of a class of attractor solutions and not just a
single universal function. Nevertheless, we emphasize that
when the relaxation time is sufficiently small at p = 0,
7x(0) < 1, the attractor can be approximately expressed as
a function of 7 tanh p. Furthermore, the truncated slow-roll
series can also describe the attractor solution of Gubser
flow as long as the system is sufficiently close to equilib-
rium near the origin (i.e., p = 0).

Finally, our results give further support to the idea that
new resummed constitutive relations between dissipative
currents and the gradients of conserved quantities can
emerge in systems far from equilibrium that are beyond
the regime of validity of the usual gradient expansion.
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APPENDIX: YET ANOTHER IMPLEMENTATION
OF THE GRADIENT EXPANSION

In this Appendix we consider a possible solution for T
and 7z that is represented as a series in powers of e,

T~ T, (e (A1)
n=0

T~ i ﬂn(p)en (A2)
n=0

Substituting the proposed series solutions in powers of ¢
into the equations of motion for z and 7 one obtains the
following set of coupled equations:

o0 2 (9
HZ:; 0,T,e" + 3 ; T,€" tanh p

1 [ (&)
-3 > >z e ™ tanhp =0, (A3)
n=0 m=0
DS ETNS o) ettt
n=0 n=0 m=0
+ 4 c f: zoo: 7, 7,e" " tanh p = hd cetanhp. (A4)
3 n=0 m=0 o 15

We now group together the terms that are of the same power
in €, obtaining the set of recurrence relations that must be
solved to obtain 7, and x,. The terms that are of zeroth
order in ¢ satisfy

0,Ty + % Tytanhp — %HOTO tanhp = 0, (A5)
7Ty =0, (A6)
leading to the solution
d,Ty + % Tytanhp = 0, (A7)
7o = 0. (A8)

Note that the equations above are exactly the same as those
of an ideal fluid and, consequently, the lowest order
truncation of the series leads to ideal hydrodynamics, as
expected.

Collecting the terms that are of first order in €, one
obtains

2 1
d,T) + 3 T, tanhp — §7Z1T0 tanhp = 0, (A9)
4c
T = 157, tanh p, (A10)
leading to the following equation for 7';:
2 4
9,7y + 3Ty tanhp = étanth. (A11)

Furthermore, the terms that are of second order or higher in
€, (n > 2), satisfy the equations

2 ] n
a,T, + 3 T, tanhp — 3 Z T,_mrntanhp =0, (Al12)
m=0

n
Capﬂn + TOﬂn+1 + E Tmﬂn—m+1

m=1

4 n
+ ?C Zl Ty, tanh p = 0.

m=

(A13)

The equations/solutions obtained above have a rather
disturbing feature. So far, it was not possible to derive a
constitutive equation for z that is expressed solely in terms
of T and tanhp (gradients of velocity), as would be
expected in a gradient expansion. Instead, the solution
appears in terms of the temperature expansion coefficients,
T,. Nevertheless, we later demonstrate that this solution,
truncated up to a given order in €, can be resumed and
reexpressed solely in terms of the full temperature 7.
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For the first order truncation, this procedure is rather
obvious: one simply takes the 1/7, dependence, that
appears in the solution for z;, and reexpresses it as
1/To ~ 1/T + O(e). Therefore, neglecting terms of second
order or higher in €, we have that

4
n=ny+em + O(e?) = ﬁtanhp + O(e?).

5T (A14)

Similarly, the equation of motion for the temperature up to
second order, T + €T, can be written as

2 4
0,(Ty + €Ty) + 3 (To + €Ty ) tanhp = 4—§€tanh2p,

(A15)
and, consequently, we have that
2 4c 2 2
8pT—|—§Ttanhp :Eetanh p+ O(e). (A16)

If we set ¢ = 1, the equation above becomes the Navier-
Stokes equation under Gubser flow. This equation can be
solved analytically, as was shown in Ref. [62], even though
this solution displays unphysical features such as negative
temperatures when p — —oo.

Next, we obtain the second and third order solutions and
show that these can also be expressed in terms of the full
temperature (up to the corresponding order). The second
order equations (for T, and x,) are

2 1 1
apTQ +§T2 tanhp —§ﬂ2T0 tanhp —gﬂ']Tl tanhp = O,

(A17)

cO,my +mTy+m T =0. (A18)
Using the solutions/equations already obtained for 7, T,
and T, we find the constitutive equation satisfied by z,,

4¢2

T, 1
—— | —1 ——tanh —tanh?p |. Al
15T(2)< - tan p+3 an p> (A19)

Ty =

One can see that 7, depends separately on Ty and 7’|, while
the equation of motion for 7, is coupled to Ty, Ty, 7y,
and 7,.

The third order equations are

2 1 1
0,T3 + 5 T tanhp — 3 T,z tanhp — 3 T 7, tanhp

3
1
— 5 T0ﬂ3 tanhp = 0, (AZO)
4 2
Capﬂ'Q +7Z3T0+7[2T1 +7T1T2+§C7Z1 tanhsz. (AZI)

Using all the equations obtained for the lower order
coefficients, the constitutive equation satisfied by 73 can
be simplified to

4C2 Tl Tl l
— 2 211+ anhp — - tanh?
3 15T3T0( + tamhp -3 tanhcp

4C3 T] 2 ]T] 2
22 (214 Ztanhp — ~~Ltanh? p — —tanh’p .
+15T8<c+3anp T e

(A23)

The second and third order coefficients, 7z, and 73, are
complicated and contain terms that have mixed contribu-
tions from T, T4, and T5.

We now reexpress all these contributions solely in
terms of 7. In order to perform this task, one should first
note that

4TR T] TZ T%
T = 15 <1 +€7+€27+€2F tanhp + O(e%),
(A24)
4 1 T
Ty = _ET% (1 —gtanth—f——ltanhp)
8T, 1
15T€TR<1_§tanh2p+_tanhp> o)
(A25)
473 2 2 T, 1
Ty =15 [3t nhp—gtanh3p+— <1 —gtanthﬂ
4TR T2
——"Ztanhp A2
15 7 tanhp (A26)
472 1 T, T,
MR (1~ annz o+ Dannp ) 2 . (A27
+15< Jtan p+ctanp)T+O(€) (A27)

All that was done above was to rewrite T in terms of 7', up
to a given order in e¢. Combining all these expressions,
7 =en +€*m + 3my + O(e*), one can verify that all
contributions including 7'; and T, cancel each other and
only the dependence on the full temperature is left. The
resumed answer is

4 4 1
= 1SR tanh p — G (e7g)? <1 - gtanh2 p) (A28)

1
485 (etg)? (tanh P13 tanh? p) +0(e*).  (A29)

Therefore, we are able to rewrite the previous series as a
power series in €7y, with all the temperature contributions
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contained in the powers of the relaxation time. Note that the
equation of motion for the (full) temperature can also be
written in the form

2 1
d,T + 3 Ttanhp = gﬂ,’T tanh p + O(e*). (A30)

Finally, following this scheme we obtain equations of
motion for the temperature that are complemented by
constitutive equations for the shear stress tensor. These
equations have the form that is traditionally associated with
a gradient expansion, as discussed in the main text.
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