PHYSICAL REVIEW D 106, 074029 (2022)

Role of slow out-of-equilibrium modes on the dynamic structure factor
near the QCD critical point

Golam Sarwar®,"” Md Hasanujjaman 2" and Jan-e Alam>**
1Theory Division, Physical Research Laboratory, Navrangpura, Ahmedabad 380 009, India
2Department of Physics, Darjeeling Government College, Darjeeling 734101, India
Variable Energy Cyclotron Centre, 1/AF Bidhan Nagar, Kolkata 700064, India
*Homi Bhabha National Institute, Training School Complex, Mumbai 400085, India

® (Received 16 May 2022; accepted 6 October 2022; published 31 October 2022)

The role of slow out-of-equilibrium modes (OEMs), introduced to extend the validity of hydrodynamics
near the QCD critical point on the power spectrum of dynamical density fluctuations has been studied. We
have used the equation of motion of slow modes for the situation when the extensive nature of
thermodynamics is not altered due to the introduction of the OEM. We find that the extensivity condition
puts an extra constraint on the coupling of OEM with the 4-divergence of velocity. The dynamic structure
factor [S,,(k,®)] in the presence of the OEM shows four Lorentzian peaks asymmetrically positioned
about w(frequency) = 0, whereas it shows three well-known Lorentzian peaks in the absence of the OEM.
We find that the asymmetric peaks originate due to the coupling of the OEM with the hydrodynamic modes.
It is also shown that the OEM has smaller effects on S,,,(k, @) evaluated within the scope of the first-order
hydrodynamics (relativistic Navier-Stokes). The width of the Rayleigh peak is reduced in the presence of
OEM, indicating the reduction of the decay rate of the fluctuations connected to the slowing down, a well-

known characteristic of the critical end point.
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I. INTRODUCTION

One of the outstanding issues in Relativistic Heavy Ion
Collision experiments (RHIC-E) is to detect the critical end
point (CEP) located at some critical baryonic chemical
potential (u.) and critical temperature (7,.) in the QCD
phase diagram. The existence of the CEP in QCD was
suggested in Refs. [1-5] based on the effective field
theoretic models and by lattice QCD simulations [6,7].
The experimental search for the CEP has been taken up
through the beam energy scan program at the Relativistic
Heavy Ion Collider [8]. The search for the CEP will
continue in future experiments at the Facility for Anti-
Proton and Ion Research and Nuclotron-Based Ion Collider
Facility [9]. The exact location of the CEP is not known
from the first principle because of the difficulties associated
with the sign problem of the spin-half Dirac particle (quark)
in lattice QCD calculations [10]. Some of the QCD based
effective models such as Nambu-Jona-Lasinio and
Polyakov loop extended Nambu-Jona-Lasinio predict the
location of the CEP [2,5,11,12], but the results are
dependent on the parameters of the models. However,
the prediction of the location of the CEP is not the only
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problem. Even if the location of the CEP is predicted
accurately, its experimental detection is extremely chal-
lenging because the measured quantities are affected by all
the temperatures and densities through which the system
passes: from the initial to the thermal freeze-out states, not
only from the single point at (u., T'.) of the phase diagram.

The space-time evolution of the fireball is studied by
solving relativistic hydrodynamic equations controlling the
conservation of the density of conserved quantities (energy,
momentum, and net-baryon number). The hydrodynamics
is used to describe the slowly evolving modes of the
macroscopic system, while the faster nonhydrodynamic
modes are set by the collision dynamics at the microscopic
level. The time required to achieve local equilibrium is
much shorter than the time required to attain global
equilibrium. This separation of timescale is required for
the applicability of hydrodynamics. The hydrodynamic
modeling has been used to study the evolution of the
fireball created in relativistic nuclear collisions with the
inclusion of the CEP [13-16], although strictly speaking, it
breaks down near the CEP [17] due to the divergence of the
correlation length and enhanced fluctuations [18-20]. At
the CEP, the correlation length diverges, resulting in the
divergence of the timescale for local equilibration, which
leads to the break down of the hydrodynamics. In other
words, if the system encounters the CEP, then the corre-
lation length (&) diverges, and the relaxation time which
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evolves as ~& also diverges, leading to critical slowing
down [21-23]. Consequently, the system stays away from
local thermal equilibrium, and the first-order (Navier-
Stokes [24]) or the second-order [25] hydrodynamical
model may become inapplicable. However, hydrodynamics
can still be applied for systems far away from equilibrium
by including the higher-order gradients of hydrodynamic
fields. This is a very active field of contemporary research
but beyond the scope of present work (we refer to Ref. [26]
and references therein for details). The evolution of the
order parameters for chiral (¢ field) and deconfinement
(Polyakov loop) phase transitions have been investigated
by using the Langevin equation in the thermal background
of quark and antiquark fluid near the CEP observing large
wave length fluctuations and slowing down [27,28].

It has been shown in Ref. [17] that the validity of the
hydrodynamics can be extended near CEP by introducing
a slowly evolving scalar nonhydrodynamic field or the
slow OEM, ¢, which is subsequently incorporated in the
definition of the entropy along with other hydrodynamical
variables. The slow OEMs are not treated separately
[17,29], as they are coupled with hydrodynamic modes.

It is important to point out here that the description of
far-from-equilibrium conformal systems may converge to
hydrodynamic evolution [30-34]. However, this may not
be possible for general nonconformal systems [35,36] as
the gradient expansion is not always convergent [37]. The
above-mentioned gradient expansion of the hydrodynamic
field may not be suitable for systems with large fluctuations
near the CEP where the OEMs relax slowly. Instead, a
separate treatment of these modes will allow us to avoid the
problem of convergence of gradient expansion of hydro-
dynamic fields. The presence of slow modes and its
coupling with different hydrodynamic fields allow the
study of the fluctuations of large magnitudes near the
CEP. In the present work, the role of ¢ on S,,,,(k, @) will be
studied using relativistic causal dissipative hydrodynamics
proposed by Israel and Stewart (IS) [25]. The dispersion
relations for the hydrodynamic modes are governed by
the set of hydrodynamic equations, and the extensivity of
thermodynamics restricts the coupling of slow modes with
gradients of other hydrodynamic fields.

The fluctuations near the CEP in condensed matter
system has been studied extensively. Specifically, the
dynamic spectral structure [S,,(k,®)] has been investi-
gated both experimentally and theoretically and found to be
crucially dependent on the values of the various transport
coefficients of the fluid [22,38,39]. According to the
Onsager’s hypothesis [40], the progression of thermally
excited fluctuations is governed by the transport coeffi-
cients of the medium. The light and neutron scatterings
experiments have been performed to investigate the proper-
ties of fluctuations experimentally in condensed matter
physics. The spectrum of scattered light contains three
identifiable peaks of Lorentzian distribution, a Rayleigh (R)

peak [41], at angular frequency, @ = 0, and two Brillouin
(B) peaks located symmetrically in the opposite side of the
R peak, experimentally detected by Fleury and Boon [42].
The R peak arises due to the entropy or temperature
fluctuations at constant pressure, whereas B peaks arise
from the pressure fluctuations at constant entropy. The
width of the R peak is connected to the thermal conduc-
tivity (), isobaric specific heat (Cp), and the mass density
of the fluid (p) as x/(pCp) [22]. Therefore, if the order of
divergence for k is weaker than Cp, then a narrow R peak
appears. Since the width represents the decay rate of the
fluctuation, a narrow width will indicate the slower decay
of fluctuation. The two B peaks are positioned at v = +c,k
with respect to the frequency of the incident light, where c;
is the speed of sound and k is the wave vector. The finite
width of the B peak provides information about the
values of transport coefficients such as shear and bulk
viscosities. The ratio of intensities of R peak to B peak is
Iz/2lp =Cp/Cy—1=Ky/Kg—1, called the Landau-
Placzek ratio, where Ky and Kg are isothermal and
adiabatic compressibilities, respectively. As some of the
transport coefficients and response functions change dras-
tically, the study of the structure factor is very useful to
understand the behavior of the fluid near the CEP where the
B peaks tend to vanish, giving rise to severe modification
in S, (k, ®).

In QCD, however, no external probe exists to measure
such a drastic change in S,,(k,w). Nevertheless, it is a
well-known feature of the critical phenomena that the
behavior of a large class of systems near the CEP are
independent of the dynamical details. Since the CEP in
QCD belongs to same universality class, O(4) [1,4], as that
of liquid-gas critical point, the role of such slow modes can
be tested in liquid-gas system, and the knowledge gained
can be very helpful to guide the theoretical modelling
relevant to the CEP of QCD. In this context, the qualitative
and quantitative effects of the slow modes on various
physical quantities should be studied. In the present work,
the effects of the slow modes on the spectral structure of the
density fluctuations near the CEP [43,44] or more specifi-
cally the role of the slow modes on the Rayleigh and
Brillouin peaks of S, (k, w) have been investigated. The
static and dynamic structure factors have been estimated for
QCD matter near CEP with stochastic diffusion dynamics
of net baryon number in Refs. [45—47].

By definition of the critical point the quantity,
(0P/0V ) critical poine @PProaches zero, leading to the diver-
gence of the isothermal compressibility [k7 ~ (0V/0P);]
and hence resulting in a large fluctuation in density, as

(6n)? o« k7). This large fluctuation may reflect on exper-
imental observables. Thermal fluctuations can cause
entropy production, leading to fluctuation in multiplicity;
however, their ensemble average is unaffected [48]. These
fluctuations may not influence the lower flow harmonics
but affect their correlation. Recently, CMS collaborations
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have measured higher flow harmonics, which again carry a
strong signature of thermal fluctuations [49], indicating that
the measurement of fluctuations in multiplicity and higher
harmonics as a function of collision energy at various
rapidity bins may provide signal of CEP (see Ref. [50] for a
recent review). An enhancement of event-by-event fluc-
tuation in net proton due to the CEP has been observed in
Ref. [51]. The explicit dependence of the correlation of the
multiplicity fluctuation on the hydrodynamic properties
(speed of sound and shear viscosity) of the fluid in rapidity
space has been shown in Ref. [52] within the scope of
longitudinally expanding system with boost invariance
[53]. It will be interesting to study the same correlation
with the inclusion of the CEP (as both the viscosity and
speed of sound get affected by the CEP) by using full
(3 + 1)-dimensional expansion within the ambit of relativ-
istic second-order viscous hydrodynamics. The effects of
out-of-equilibrium dynamics and space-time inhomogene-
ity on the kurtosis of net baryon and ¢ field containing the
signal of CEP have been studied in Refs. [54].

The present paper is organized as follows. In the next
section, i.e., in Sec. II, the expression for S, (k, @) will be
derived by including the variable, ¢, representing the
nonhydrodynamic mode. In Sec. III, the results are pre-
sented, and Sec. IV is devoted to a summary and discussion.

II. HYDRODYNAMICS WITH
OUT-OF-EQUILIBRIUM MODES

The evolution of fluid near the CEP within the scope of
fluid dynamics can be extended by introducing an extra
slow degree of freedom representing the soft mode [17].
For this purpose, we use the IS hydrodynamical model [25]
in Eckart frame [55] to study the effects of this slow degree
of freedom. The signature metric for the Minkowski space
time is taken as ¢* = (—1,1,1,1). The fluid velocity
field, u*, is normalized as u*u, = —1.

The energy-momentum and charge (net baryon number
here) conservation equations are, respectively,

0,T" =0 (1)
and
9,J" =0, (2)
where
T = ew'u’ + (P + IT)A™ + W'u” + u'h* + o (3)
is the energy-momentum tensor and
J' = nut + n# (4)

is the baryonic current. In Eq. (3), ¢* = h* —n*(e + P)/n
is the heat flux; Ah* is the vector dissipation or dis-
sipative energy flow; wu* is the flow velocity, with

u,W' =u,m" =0; n is the conserved charge number
density (net baryon density for RHIC-E); n* is dissipative
current density; € is energy density; P is the pressure; I1 is
the scalar dissipation or the bulk stress; 7z#* is the tensor
dissipation or shear stress tensor; and A* = g* + u*u” is
the projection operator, such that A**u, = 0. In the Eckart
frame, n* = 0, which leads to ¢* = h*.

The evolution can be studied by solving the hydro-
dynamic equations [Egs. (1) and (2)] with the appropriate
initial conditions and equation of state. However, the
solution of these equations become invalid near the CEP.
To extend the validity of the hydrodynamics near the CEP, a
scalar field, ¢, is introduced in the following way, and the
resulting model is referred as hydro+ [17]. In hydro+
formalism, the partial equilibrium entropy gets separate
contribution from the slow mode ¢. The change in entropy
density due to the introduction of the scalar field, ¢, is
given by

ds, = p.de —a,dn — nd, (5)

where 7 is the “energy cost” for the addition of ¢ to the
system and hence z can be called as the chemical potential
corresponding to ¢. Here, a, = pu, /T, where T is the
temperature and g is the chemical potential. The relax-
ation equation for additional scalar soft mode, ¢, is
introduced as [17]

D¢ = —F, + A0, (6)

where 0 = 0,u* and D = u"0,. Forms of F;, and A can be
obtained by imposing the second law of thermodynamics,
which states

d,s" >0, (7)
where s* is the entropy four current and is defined as
sh = su' 4+ Ast. (8)

The role of the nonhydrodynamic mode on the extensivity
condition has not been considered earlier to the best of our
knowledge. In the present work, we find that the extensivity
condition is important for determining the form of A. For
notational simplicity, we drop the subscript “+” from here
onward and write the following relations as obtained from
the extensivity condition discussed in Appendix A, in the
presence of ¢ as

BdP = —(e + P)df + nda + ¢dr, (9)
s =p(e+ P —un)—np. (10)
The equation for the soft mode, Eq. (6), is already of

relaxation type in its form; therefore, the coupling of
slowly evolving soft modes at first order is adequate to

074029-3



SARWAR, HASANUJJAMAN, and ALAM

PHYS. REV. D 106, 074029 (2022)

maintain causality. The coupling with the soft mode in first
order can be achieved as

d,8" = (Fy = bo,q" )z — q"0,(p + br) — p(0,u,) AT
+0,(As" + B + brg) + 5,0, (11)

where b represents the coupling strength between the slow
mode and the heat flux, which is expected to modify the
spectral function. The §,, is given by

Sy =s—p(e+P)+upn+ nA,. (12)

d,s* > 0 can be satisfied with redefinition of 7, ¢*, AT*,
and s#; therefore, we have

As* = —fBq" — brg" (13)

and

¢" = —«T [Du” - % A9, (B + bﬂ)] ; (14)

Fy=yn—bo, [KTDL{” —%A’"’ay(ﬂ + bﬂ)] . (15)

where the proportionality constants x > 0 and y > 0 are,
respectively, thermal conductivity and the relaxation rate of
slow modes. Along with the above expression of fluxes,
one also needs S, = c6, with ¢ > 0 being a constant to
satisfy the relation d,s* > 0. However, since S, contains
local thermodynamic quantities at zeroth order in the
derivative, it cannot be a function of the four divergence
of fluid velocity, 8. In other words, the relation S, = c6
with nonzero ¢ will make the local equilibrium entropy
density in the fluid rest frame a function of the dissipative
gradient of the fluid velocity which is frame dependent.
In that case, the local equilibrium entropy will be frame
dependent, but the frame dependence of entropy is contra-
dictory to its definition as a frame-independent quantity.
So ¢ should be zero, implying S, = 0.

Comparison of Egs. (10) and (12) gives Ay = ¢ for
S, = 0. Therefore, the modified expressions of fluxes in
the second-order IS theory with the coupling to soft modes
read as

= _ég[aﬂuﬂ + BoDII — &y0,,4"],
q" = —xTA"[B0,(T + bx) + Du,
+ B1Dgq, — @y0,11 — &,0,77),
Y = =2n[ARPR,u; + PD — & A, (16)

with constants of proportionality # > 0, { > 0, where # and
¢ are the shear and bulk viscous coefficients, respectively,

and AMPE=1[AM AY* 4 AP A2 AP*]. The quantities
dy and d are coupling coefficients, and f, f,, and 3, are
relaxation coefficients. The relations of 3, f;, and f, with
the relaxation time scales are given by (see Refs. [56,57]
for details):

= CﬂO’ Tp = 2’7ﬁ2 (17)

The coupling coefficients, which couple the heat flux to
the bulk pressure (I, [ry,) and the heat flux to the shear
tensor ([, I,), are related to the relaxation lengths by the
following relations:

7, = kTP,

ln=xTay, l,=xTay, Ilq="2na,.

(18)

The expressions for relaxation and coupling coefficients are
taken from Ref. [44].

ll'[q ={ay, q

A. Linearized equations and the dynamic
structure factor

Next, we linearize the hydrodynamic equations for
small deviations from equilibrium field quantities and solve
in frequency (w)-wave vector (k) space to obtain the
Sk, w). We assume Q= Q)+ 35Q, where Q, Q,
and §Q represent general hydrodynamic variables, their
average values, and fluctuations, respectively (for pedagogi-
cal approach on hydrodynamic fluctuation, we refer to
Ref. [58]). Qy = O is its average value for dissipative degrees
of freedom and ufy = (—1,0,0,0) and éu* = (0,6u). The
expressions for I, g* and 7z# given in Eq. (16) have been
substituted in Eq. (3) to obtained 7** and subsequently
Egs. (1) and (2) have been solved under linear approximation
in (w,k) space. In the linearized domain, the equations of
motion for different space-time components of the energy-
momentum tensor and baryonic charge current obtained
from Egs. (1) and (4) read as

96
0:—6—f—(eo+P0)v-5u—v-5q,

J . . . Jd . . ,
0= —(60 = Po)aéul - 0’(5P + 51_[) —+ Eéq’ - 6]-1_["’,

(19a)

(19b)
0= -2 50— nyV - o (19c)
= ——o0on—n . s
ot 0
1 0 -
0= 811+ 2 L[V 6u + fo - 811~ GV - 5q). (19d)
) . Jd . . J . .
0 = 5ql + K'T()vléT + K'T() Eéu’ + KT()ﬁl E(SC]’
- K'T()a()vién - K'Toal Vjﬂ'ij, (196)

y y P
0= 07/ + 208" (3,61, ~210,8q,,) + 2nfr=-0n'. (19F)
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KZ
an V2> Cyr0¢
K

3]
0=—-——06¢ — T3
ot ¢ <7+ 0

K2, K
- T§—5 - 2| V2| Cr,6T
e (e e

Tn

K,. 0 ‘
- <}/ + T3 Tqv2> Cpnbn — ToK 5 (Vou')

+ ¢vi5ui7 (19g)
where K, = bk and
Cur = on ith A= (T,n,q) (20)
Arx oA R W1 = , n, .

We get a system of linear equations in @ —k space
(Appendix B) by taking the Fourier transformation of the
above sets of equations. The Fourier transform of §Q(r, 1)
denoted by 80 (k, w) is defined as

50k, ) = / ® Br / ¥ diemi®rtoNs0(r ), (21)
—o0 0
and the Fourier transform of 5Q(r, t) at r = 0 is given by

50k, 1 = 0) = /°° d3r/°° e kr50(r 1 =0).  (22)
—0 0

The set of relevant equations, Egs. (B3)-(B13), is
given in Appendix B and can be written in the matrix
form as

M&Q = A, (23)

where M is an 11 x 11 matrix representing the coefficients
of the column vector comprising the quantities
51’!, 5T, 5MH, 6“L9 5H, 6qH’5QJ-’ 5”””’ 5”“l’ 677LL’ and 5¢
For notational simplicity, the tilde sign on the functions
will be ignored from here onward for all the Fourier
transformed quantities, but this will not cause any con-
fusion as the @ and k explicitly appear as the arguments of
the relevant quantities.

The solution of the set of linear equations can be
written as

5Q =M"A. (24)

In the present work, we are interested in evaluating
the two-point correlation of density fluctuation. The
solution of the set of equations represented by
Eq. (24) leads to the following expression for density
fluctuation (6n):

on(k,w) = (—e,M7p; —My)én(k, 1 =0) + er(—My; )T (k. = 0) + (—e,M7; —M3)dp(k,t = 0)
+ (egMyy — ikToMy3Kk ., + M) Py — ToyMyd )Suy (k. t = 0)

1
+ (=B ToxMyd = My)dq) (k. 1 =0) + 3 Mg fodm (k.1 = 0) - 2nMi; oy (k. t = 0)

= 2Mig oy 1 (k.1 = 0) + (eoMig + Mg Py — ToxMy)ou (k.1 = 0)
+ (—ﬂlTO)(Ml_llo — M1_91)5QL(k» t=0)— ZﬂMl_lllﬂz&tHL(k, t=0), (25)

where ¢, = % and x = n,T, ¢.
Now, we define the correlation of density fluctuations
[22], &', (k, @) as follows:

S ik, w) = (6n(k, w)én(k,0)). (26)

&'k, @) can be calculated by substituting the expression
for on given by Eq. (25) in Eq. (26).

The correlation between two independent thermody-
namic variables, say, Q; and Q;, vanishes; i.e., we have

(6Qi(k.0)3Q;(k.1=0)) =0, i#j.  (27)

Therefore, the terms like < éuH(SqH >, etc., will not
contribute to S, (k, ®),

Sk, 0) = = KZ—;) Mz ~ Mrﬂ}
x (on(k,1 = 0)3n(k,1 = 0)).  (28)

It may be noted that the elements M, and M,; provide
nonzero contributions to S}, and contributions for all other
elements are zero because of the condition imposed by
Eq. (27). The final expression for the S,,(k,w) can be
obtained as

Sin (k. @)
(6n(k,t =0)én(k,t = 0))

—_ [(3—2) (e Ml—ﬂ] . (29)

Snn <k’ w) =
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This is the correlation in density fluctuation or the
power spectrum with the inclusion of the extra degree of
freedom, ¢.

III. RESULTS AND DISCUSSION

The aim of this work is to find out the spectral structure
of density fluctuation within the scope of relativistic causal
hydrodynamics with its validity extended near the CEP by
introducing a scalar field as discussed above. The effect of
the CEP is taken into consideration through an equation
of state (EOS), containing the critical point. The EOS is
constructed from the universality hypothesis, which sug-
gests that the CEP of the QCD belongs to same universality
class as the three-dimensional (3D) Ising model. We do not
repeat the discussion on the construction of the EOS here
but refer to the appropriate literature [16,44,59,60] for
details. The behavior of various transport coefficients and
response functions plays a crucial role in determining the
structure factor in the presence of the CEP. The scaling
behavior of various transport coefficients and thermody-
namic functions near the CEP has been taken into account
by using the following relations [61-63]:

koTo (OP\2
=l =l =" (3

ny O_T n
T 0P\ 2 oP )
A=—2"(—) Ir" a,=xo(==] |r]7
n0h0C0 oT n oT n
n = nolr|"P L= GolrlT, Kk = Kolr[™, (30)

where r = (T = T,.)/T. is the reduced temperature and «,
Y, a¢, and a, are the critical exponents. Here, @ = 0.11 and
y' = 1.2. We take the values a; = vd —a = 1.78 (here,
d =3, v=0.63), and a, = 0.63. The partial derivative,
(%)n, has been evaluated by using the EOS for consistency.

Snn (k,(l.))

8000 o
3000] a
60002
,§l\ “0 10260.0280.0300.0320.0340.0360.0380.040
3 w00 T
z AN
%
2000
0 —J —

0.0
w [fm™]

-04 -02 0.2 0.4

FIG. 1.

The critical behaviors of the second-order coupling and
relaxation coefficients of the IS hydrodynamics have also
been taken into account here (see Ref. [44] for details). To
discern the effect of the scalar field ¢ on S, (k, @), first we
discuss the profile of S,,,(k, ) in the absence of ¢ for two
scenarios: when the system is (i) away from the CEP and
(i1) near the CEP. For the first, it is well known that in the
absence of ¢ the S,,(k,w) has three well-known peaks.
These are the R peak located at @ = 0 (due to entropy
fluctuation at constant pressure) and the B peaks located
symmetrically on either side of the R peak (due to pressure
fluctuation at constant entropy). For the second, the
S,n(k, w) shows a single peak at @ = 0, and the B peaks
vanish due to vanishing of sound speed in systems near
the CEP [44].

This profile of S,,(k,w) is different from the one
discussed above when the field ¢ is introduced. The
locations of the four peaks of S, (k, ») for different values
of w are obtained from the dispersion relation provided in
the Appendix C. In Fig. 1(a), the variation of S,,,, (k, @) with
@ for nonzero ¢ is shown for k = 0.1 fm~' when the
system is away from the CEP. The S, (k, ) admits four
peaks in the presence of ¢. It is interesting to note that there
is no elastic peak (R peak) at @ = 0. The two away side
peaks are identified as the B peaks corresponding to the
Stokes (left side) and the anti-Stokes components (right
side) located asymmetrically on either side of the origin
with unequal peak heights. The asymmetry in the B peaks
may arise due to the local inhomogeneity present in the
system. The B peaks arise from propagating sound modes
associated with pressure fluctuations at constant entropy. In
condensed matter physics, the asymmetry of the B peaks is
understood from the fact that two sound modes with
different w values, +ck, originate from different temper-
ature zones [64,65]. The other two peaks (closer to @ = 0)
are present even with vanishing speed of sound in the

14 000¢f

12000} (b)
10000}
8000}
6000}
4000}
2000} J_J
of L
-04 -02 00 0.2 0.4
w [fm™]

(a) Variation of S,,(k, w) with @ for k = 0.1 fm™" and n/s = {/s = xT/s = 1/4x, when the system is away from CEP

(r = 0.2). The peaks are appearing as very narrow due to the scale chosen along x axis, and the change in the x-axis scale makes the
width visible (see the inset for the R peak). (b) The system is close to the CEP (r = 0.01). The results are obtained with the equation of
state containing the CEP and the transport coefficients, and the thermodynamic response function and the relaxation coefficients are
estimated from the scaling behavior.

074029-6



ROLE OF SLOW OUT-OF-EQUILIBRIUM MODES ON THE ...

PHYS. REV. D 106, 074029 (2022)

0.0
w[fm—l] 0.5

FIG. 2. Variation of S, (k, w) with w and k for r = 0.2, i..,
when the system is away from CEP.

neighborhood of the CEP [as shown in Fig. 1(b)], arising
due to the coupling of ¢ with ¢g*. The coupling of ¢ with the
hydrodynamical fields has resulted in one extra peak and
the shifting of the R peak from @ = 0. The peak appears at
o = 0 for static thermal fluctuations (without time varia-
tion) on the magnitude of the fluctuations. Their appear-
ance at nonzero  represents the variation in the magnitude
of the fluctuation with time. So, the appearance of these
peaks at w # 0 (instead of at @ = 0) is due to the time
varying thermal fluctuations. The time variation in thermal
fluctuation is due to the coupling of the heat flux to slow
nonequilibrium modes. The slow nonequilibrium modes
have much slower dynamic evolution rate, so thermal
fluctuations become time dependent instead of being time
independent. A nonrelativistic fluid system placed in a
stationary temperature gradient showed asymmetry
between Stokes and anti-Stokes components, and the
asymmetry is maximum when k||VT and vanishes with
kLVT. The asymmetry present in Rayleigh component is
exactly opposite to the Brillouin components. In the
vicinity of the CEP (right panel), the S,,(k,») shows

2000}
1500¢
3
= 1000¢
g
“ 500¢ ]
O_JQJM_Jg
-04 -02 0.0 0.2 0.4
w [fm™']
FIG. 3. Variation of S,,(k,®) with @ for k= 0.1 fm~! and

r=0.2, i.e., when the system is away from CEP for K, = 0.
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-1.0 -0.5 0.0 0.5 1.0

w [fm™]

FIG. 4. Variation of S,,(k, ) with @ for k = 0.1 fm~' and
r = 0.2, i.e., the system is away from CEP but with higher value
of (%). The asymmetry in the B peaks is clearly visible.

two peaks closer to @ = 0 as the B peaks disappear due to
the absorption of sound at the CEP.

In Fig. 2, the structure factor in the w-k plane is plotted
when the system is away from CEP. The structure of
S, (k, ) with nonzero ¢ is quite different from the case
when ¢ = 0. In case of ¢ = 0, there will be a R peak and
two B peaks with diminishing heights with the increase of k
values. However, with ¢ # 0, there are peaks appear at
nonzero @ and k values due to the coupling of ¢ with other
hydrodynamic fields. The structure of S,,,,(k, @) with R and
B peaks can be reproduced when the coupling of 7z (the
chemical potential corresponding to the variable ¢) with
flux g is set to zero (Fig. 3).

The quantity, 0P/d¢, is connected to the fluctuation

of ¢ as (Ag)? «x ¢~'(0P/dg)~" in analogy with (An)? «
n~'(oP/on)~" where n~'(dP/on)”' is the isothermal
compressibility. The quantity, (dP/d¢), represents the
effect of slow modes on the local pressure, which accounts
for the effect of slow modes in the speed of sound in the
system (Appendix C). The asymmetry in S, (k,w) with
respect to @ increases with increase in (0P/d¢). This is
distinctly visible in Fig. 4 in comparison to results
displayed in Fig. 1(a).

Figure 5 displays the structure factor with increased ¢
value. The height of the peaks get enhanced significantly
for higher values of ¢. The introduction of slow modes is
intended to account for the higher-order gradients (required
for system far away from equilibrium) which become
relevant at hydrodynamic scales. On the other the hand,
nonequilibrium fluxes at lower order are also present. The
nonequilibrium modes of different orders should be taken
into account through slow modes for onset of large
fluctuations. For relatively higher fluctuations, even sec-
ond-order gradients would be accounted through the slow
mode, leaving only first-order gradients relevant for fast
nonequilibrium modes. On the other hand, for relatively
lower fluctuations, the nonhydrodynamic modes at second
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FIG. 5. Variation of S,,(k,w) with @ for k = 0.1 fm~! and

r =0.2; i.e., the system is away from CEP with increased ¢
modes in the system, which increases the thermal fluctuation.

order will be of fast modes, and the interplay of these
nonhydrodynamic modes with the slow modes may be
understood through the comparison of results with slow
modes for first-order theory (where contribution from
higher-order derivatives to fast dissipative modes are
negligible) and a second-order theory. Moreover, for (non-
relativistic) condensed matter systems where contribution
from second-order gradients and couplings can be negli-
gible, it is interesting to know what effect will be there for
the slow modes.

In Fig. 6, the structure factor for second-order hydro-
dynamics has been compared with first-order hydrody-
namics (relativistic Navier-Stokes). Interestingly, the
structure factor for first-order hydrodynamics admits an
R peak at the origin and two symmetric B peaks located on
the opposite sides of the R peak. The effects of ¢ seems to
be inconsequential in terms of the arising of extra peaks in
the first-order theory. The extra peaks do not appear
because of the vanishing of the coupling and relaxation
coefficients in the first-order hydrodynamics. However, the

8000 —— Second-order
...... First—order
6000
3
% 4000
%)
2000 ; L
. e
—0.4 -0.2 0.0 0.2 0.4

w [fm™!]

FIG. 6. Variation of S,,(k, ) with @ for k = 0.1 fm~' and
r = 0.2. The results for second-order and first-order theories of
hydrodynamics are compared here.

effect of slow modes in first-order theory is seen in the
difference of B-peak heights.

Equations (3) (expression of the energy-momentum
tensor) and (16) indicate that the coupling of ¢ enters
the system through ¢*. The first-order theory can be
obtained from second-order theory by setting the coupling
coefficients (d, and &) and relaxation coefficients (5, 3,
and f,) to zero in Eq. (16). Therefore, the only term
through which the coupling of ¢ enters the first-order
hydrodynamics (Navier-Stokes) is given by the first term
of ¢* in Eq. (16), that is, ¢* = —«kTA*[$d,(T + bx)). It is
interesting to note that the incorporation of ¢ has just
shifted the temperature from 7 to T + bz through its
chemical potential z. This term does not introduce any
o dependence; therefore, the presence of ¢ in first-order
hydrodynamics will not introduce an extra peak.

Until now, it is evident that the extra peaks are origi-
nating from coupling of heat flux with the scalar field in
second-order theory. However, it is not clear whether the
coupling with the longitudinal or transverse modes or both
is responsible for these peaks in second-order theory. We
verify it by taking only longitudinal modes of second-order
theory. The w dependence of S, (k, ) derived from the
longitudinal dispersion relation with and without ¢ has
been depicted in Fig. 7. We find that the elastic (w = 0) R
peak is recovered. The widths of the R peak and B peaks are
small due to the introduction of the ¢ field (blue dashed
line) and closer to the R peak compared to the case when
¢ =0. The rate of decay of the thermal fluctuation
reflected through the width of the R peak becomes smaller
due to the introduction of the field ¢; that is, the decay of
the fluctuation becomes slower in the presence of ¢.

The comparison of this result with that displayed in
Fig. 1(a) indicates that the extra peak appearing in Fig. 1(a)
is due to the coupling of the transverse modes with ¢. It is
interesting to note that the extra peak in the dynamic
structure factor is caused by the transverse mode in the

350 T T T

300} —— Without ¢—mode i
------ With ¢—mode

0.0 0.1 0.2

w [fm™]

0
-0.2 -0.1

FIG. 7. Variation of S,,(k,®) with @ for k = 0.1 fm~' and
r = 0.2 with (dotted line) and without (solid) the ¢ mode, when
the longitudinal modes are only considered.
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second-order causal hydrodynamics. However, it may
create confusion whether the absence of extra peaks at
¢ # 0 is due to the longitudinal modes only or because of
first-order hydrodynamics. This can be resolved from the
observation that the height asymmetry is different for these
two scenarios.

IV. SUMMARY AND DISCUSSIONS

It has been shown in Ref. [17] that the validity of second-
order hydrodynamics can be extended near the CEP by
introducing an extra slow degree of freedom. Here, we
have derived the equation of slow modes for the situa-
tion when the extensive nature of thermodynamics is not
altered due to the introduction of slow modes. We find that
the extensivity condition puts an extra constraint on the
coupling of scalar slow modes with the four divergence of
velocity. The role of this extra out-of-equilibrium mode on
the spectral properties of dynamical density fluctuations
near the QCD critical point has been investigated. The
dynamical spectral structure [S,,,(k, ®)] in the presence of
the out-of equilibrium modes admits four Lorentzian peaks,
whereas the dynamic structure factor without slow modes
admits three Lorentzian peaks. We find that the asymmetric
extra peaks originate due to the coupling of the out-of-
equilibrium modes with the hydrodynamic modes. It is also
shown that the first-order hydrodynamics is marginally
affected by the extra variable introduced to broaden the
scope of hydrodynamics. The presence of scalar field
introduces the extra peaks in the dynamic structure factor
due to the presence of the transverse modes in the causal
theory of hydrodynamics. These effects of slow modes on
the dynamic structure factor may help in the experimental
investigation of the role of slow modes near the O(4)
critical points in condensed matter systems. Consequently,
by virtue of universality class, the acquired knowledge on
the role of slow modes from experiments on the critical
point may be useful in estimating the effect of the CEP
through modeling the hydrodynamic evolution of system
formed in heavy ion collisions near the QCD critical point.
The field representing the OEM, ¢, plays a crucial role.
It reduces the width of the distribution representing the
thermal fluctuation, which increases the decay time of the
fluctuation.
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APPENDIX A: EXTENSIVITY CONDITION

The infinitesimal change in the total entropy for revers-
ible process of a system of volume V, conserved number
N(= nV), slow mode ®(= ¢V), and E(= €V) at temper-
ature 7" and chemical potential y is

dS = (E+PdV — uN)/T — zd®. (Al)
This will give
as| 1 os| P
OE|yv.o T Vi ke T
a8 oS
=o=2E 2 =20 (ay)
ON|gyo T 0|y N T
The total entropy S satisfies the following relation:
S(AE,AV,AN,A®) = AS(E,V,N, ®). (A3)
Differentiation with respect to 4 yields
oS oS
S=EFE— +N——
OAE| 1y v o OAN|3E.4v 10
oS oS
+V_—— e (A4)
OAV ;N aE.10 0A®R| )y 1v e
Putting 4 = 1 and dividing by V, we get
s = ple+ P —pun) -z, (AS)

where S = sV is the entropy density. Equations (A5) and (5)
give
dP = sdT + ndu + ¢d(Tr). (A6)

APPENDIX B: THE SYSTEM OF LINEAR
EQUATIONS DERIVED FOR THE
PERTURBATIONS IN @ -k SPACE

The linearized system of equations obtained by using the
Fourier-Laplace transformation of the perturbative quan-
tities (generically denoted by 6Q) as

50k, ) = / " B /  die=i®rtoNs0(r 1) (B1)
—© 0
and

6Q(k,t =0) = / ” dre7®15Q(r,t =0). (B2)
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The system of equations for the perturbations in hydrodynamic and nonhydrodynamic (¢) field in @ — k space is given
below:

iwde(k, w) + ikdq) (k, ®) + ik(ey + Py)ou)(k, ) = =de(k,t = 0), (B3)

io(ey + Py)ou(k, @) — ik6P(k, ) — ikéll(k, ®) + iwdq (k, ) — ikém (k, w)

= (60 + PO)(SMHU{, t= 0) - 56]H(k, = 0), (B4)

—iw(ey + Py)ou, (k,w) — iwdq | (k,w) — ikézzLH(k, ) = (€9 + Py)du, (k,t =0) —8q, (k,t =0), (B5)
iwdn(k, w) + iknyou) (k, ) = —én(k,t = 0), (B6)

(1 + iw%CﬂO) STI(k, ) + ik%g“éuu (k. ) — ik%CaOcSqH(k, ) = — %C[;’()&H(k, 1= 0), (B7)

(1 + ioKTop) )5q (k, ) + ikeTodu (k, @) + ikl — CryK ;; T3ST(k, @) — ikT2K 1y C pudp(k, )
— ikcToagdll(k, ) — ikTGK ;. C, 6n(k, ) — ik Ty, 57 (k. o)
= —kToou)(k,t = 0) — pxTyoq) (k,t = 0), (B3)

(1 + la)ﬂlkTO)(SqJ_(k, a)) + iKTO(a)(SuJ_(k, a)) - k&l(sﬂJ_H<k, (1))) = —KT()[&MJ_(k, 0) _ﬁl&h_(k’ r= O)} (B9)

i 4 4
(1 + 2iwnp,)om (k, o) + lkgnéuu(k, ) — géqH(k, w) = =2np,om (k. t = 0), (B10)
. L4 L4
(1 + 2ionp,)om, | (k, ) — lk§’75uu(k7 w) + lk§’1(1156]|\(k7 w) = =2npr0m, | (k,t = 0), (B11)
(14 2ionp,)onm | (k, @) + iknou, (k, w) — ikdq, (k, @) = =2np,0m (k. t = 0), (B12)

Kyn K,, 1
<iw + Cyy (}' - T? : k2>>6¢(k, o) + {}' - K, (Tg Ij - Cr> kZ}CT,,(ST(k, w)

KZ
+ <y -7} k2> Cpron(k, w) — ik(¢p — iwT oK ;)5 (k, w)
K

K2
=- (1 + ik—%& TOC(/,,,> 5p(k,t = 0) — ikToK ,.6u) (k. t = 0), (B13)
K

”and “_L” stand for projection along and perpendicular to k, respectively. After expressing de and dp as

2 9 a
de = (aTi) on + (a—;> ST + (i) 5. (B14)

oP oP oP
5P = <£> n + <ﬁ> 5T + <@> 5, (B15)

the equations can be arranged to have the matrix from with matrix

where subscripts “

MsQ = A (B16)

with
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on —én(k,t = 0)
ST —e,on(k,t = 0) —ey6¢(k,t =0) — erdT (k. t = 0)
5¢ —6¢p(k,t = 0) — ikToou (k,t = 0)k,,
6”“ (€0+P0)5MH(IC,IZO) _5qH(k’t:0)
aq)| —xP1Todq)(k,t = 0) — Toxdu(k, t = 0)
so=| or | A= ~1poCon(k.1 = 0) (B17)
o =2pnom (k.1 = 0)
5”LL —Zﬁzi’]éﬂll (k, = O)
ouy (€0 + Po)du, (k.t =0) —5q, (k.1 =0)
04, —xP1Todq (k.1 =0) = Toydu, (k,t=0)
om||L ~2Bnén| L(k,t = 0)
and
L, 0
M = , (B13)
o 7,
where
i® 0 0 ikng 0 0 0 0
iwe, iwer iwey ikwg —ik 0
CorB(k)  Cr,B(k)+k*kgy CyB(k)+iw ikDy(w) 0 0 0
—ikP, —ikPy —~ikP, —iww, i —ik —ik 0
En=1 CikT2Corken ik(x—~T2Crskes) ~ikT2Cpuke iToyw 1+ifiToyo —grdy —gra 0 | B19)
0 0 0 i —lickay 1+%iflw 0 0
0 0 0 e dinka, 0 K(w) 0
0 0 0 —3ink Sinkay 0 0 K(w)
where B(k) = (y —155%) | K(w) = 1+ 2ifanw, wy = (co + Po). Dy(w) = ~(§ — iTowres) xr = ikToz, and T, is
given by
—iw(eg + Py) im —ik
T, = iToyw 1 +ipToyw —ikToya, |- (B20)
ink —inka, 1 4+ 2iprnw
The solution can be written as
5Q =M"A. (B21)
The solution for fluctuations in net charge (baryon) density is given by
sn(k, w) = (—e,Mp; — M7 )on(k,t = 0) + e (—M} )T (k. t = 0) + (—e,Mp} — M3 )5¢(k, 1 = 0)
+ (€0M1_41 - ikT0Ml_3)1Kq” + MI_ASPO - TO)(MISI)5M||(k, t= O)
1
+ (=B ToxMyd —My)dq) (k. 1 = 0) + 3 Mg fodm (k. t = 0) = 2nMiz fodm (k. 1 = 0)
= 2Mig fom s 1 (k.1 = 0) + (eoMig + Mig P — ToxMy)du, (k.t = 0)
(P TaxMirly — M )oq. (k. 1 = 0) — M}, faom 1 (k. = 0). (B22)

074029-11



SARWAR, HASANUJJAMAN, and ALAM PHYS. REV. D 106, 074029 (2022)

The elements M, and M;; can be expressed explicitly as , (9P
function of frequency and wave vector; thermodynamic s\ e o/n
quantities temperature, pressure, etc.; and coupling between

various hydrodynamic quantities and ¢. The expressions for = $dT + ndu + ddn
[—e,M7, — M7]] (both for K, # 0 and K, = 0) are given Tds + pdn + ndd
in the supplemental material [66]. = A/B,
APPENDIX C: SPEED OF SOUND .
AND THE ROOTS OF o (k) where A and B are given by

In this appendix, we provide the expressions for the speed
of sound and the roots of w(k) with the inclusion of out-of- A=s+nF + ¢g,
equilibrium mode ¢. The speed of sound (c;) is given by
|

as ds as on on
o), o), D), () o)
T u. a,u T.n on T.u oar . aﬂ T.n

0 0 0 0
+ug (—") 4T (—S> Y TF <—s) TG <—S> ,
or Tu or o o), or Ty

[(5) =5GP + GPIE) — > ()]
25— G)r ’
(@) -@)+ B2 -2 (@)
g= s d_n) _ @) :
n \ou/T /T

where

f:

(€2)

(Cs)

The four roots of w (w;, w,, and w3, and w,) indicating the location of peaks in the structure factor obtained from the

dispersion relation are given below:

- —(60 + Po)z + ieo + lPO I’]k2 —(60 + Po)z

1= + + O,
: 2Ty (€9 + Pp)? (k%)
= VTP iy Py _ kYTt P
2Tox (eg + Py)? ’
w3 = 1{Costr ~ Cracy) + ik [BT24C prerk,n — 3TEPCrr€ K on + 3y e
’ 3er 9¢r (e +p0) 07 ¢pntTqn 0P TCpKyn X PEy

- 3T(2)C,,,,€Tn01<qﬂ + 3T(2)CT,[€nn0Kqﬂ —3ye ng — 3eyPok g, — 3€0€4k g — 3T o€y Py,

+ 3ToerPykyp + Cer + 4ner 4+ 3Ty Pr] + O(k%),

_iy(Cyrer — Crrey) 43€¢PT - d_)erpqs + erngP, — €,noPr + €oPr + PoPr
Wy = + k
3er er(eo + Po)
N ik?
9er (o + Po)
+ 3T(2)CT,,enn0Kq,, = 3yeang — 3€4Pok g — 3€0€yKyr — 3To€y Prkys + 3Toer P yk gy
+ Cep + 4ner + 3Ty Pr] + O(K).

[((B3T3PC puerkye — 3TEPCra€ykyn + 3xdey — 3TEC nErn0K 4y
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The width of the Brillouin peaks can be identified as

[y = =9¢r(€y + Po)BT3PC prerkyn — 3TGHCra€ 4K yn + 3xPey — 3TEC p€rn0K s
+ 3T(2)CT,[enn0Kq,, = 3yeung — 3€4Pok gy — 3€0€yKyn — 3To€y Prkys + 3Toer P yk gy

+ Cer +4dner + 3Toy Pr).

The speed of sound obtained from the dispersion relation is given by

Cy

We have used the following notation in Egs. (C8)—(C11):

(C10)
2_€Tn0Pn_ennOPT+€0PT+POPT+¢3€¢PT_$€TP¢ (Cll)
er(eo + Po) ‘
0X
X, = | — . Cl12
! (ay) (€12)
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