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Abstract. This paper examines the holographic computation of bulk and shear vis-
cosity ratios in strongly coupled thermal plasmas using the AdS/BCFT correspon-
dence within Horndeski gravity. We demonstrate that this framework leads to non-zero
viscosity-to-entropy ratios ((/S and 7/S) at low temperatures, indicating a break in
conformal symmetry. At high temperatures, these ratios approach zero, recovering the
expected conformal behavior of quark-gluon plasma. Our findings provide new insights
into the hydrodynamic properties of strongly coupled plasmas and offer a more nuanced
understanding of QCD-like theories in holographic models.
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1 Introduction

In recent years, the macroscopic properties of strongly coupled matter have been widely dis-
cussed and still have open problems/questions due to the need for non-perturbative methods
[1-4]. A system that is still the scene of great discussion both from a theoretical and exper-
imental point of view is the quark-gluon plasma (QGP) [5-12], which is produced in heavy
ion collisions at the Relativistic Heavy Ion Collider (RHIC) and the Large Hadron Collider
(LHC); the reason for this is due to the fact that experimentalists [1,2] during this collision
find a small bulk viscosity suggesting that this strongly coupled system is closer to "a fluid
than a plasma.”

Many investigations into holographic transport coefficients, such as shear and bulk vis-
cosities, have been carried out during the last years; these techniques only require the de-
pendence of the leading frequency on an appropriate Green’s function in the low-frequency
limit. Thus, using Einstein gravity coupled with a scalar field, which mimics the QCD
equation of state, a slight violation of the lower bound on the ratio of shear and bulk vis-
cosities was observed both in Einstein gravity models [4,12-15] and beyond [16-20]. Recent
investigations have shown that the bulk viscosity () can undergo an increase near a critical
temperature of Quantum Chromodynamics (QCD); this regime is where confinement occurs
and chiral symmetry breaking sets in [4,13].

Investigations by [14,15] showed that Einstein gravity coupled with a scalar field increases
the bulk viscosity near a critical temperature (T.). However, this increase is not as significant
as expected for the pure Yang-Mills theory [3,4]. On the other hand, numerical results
presented by [14] led to the interpretation that (/S diverges in the holographic scenario in
the two-derivative supergravity approximation; the entropy density S has an extremum as
a function of temperature.
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Figure 1: The figure shows schematically the relationship between the shear viscosity (n)
and the absorption of the graviton h;s (left side) and between the bulk viscosity (¢) and the
absorption of a mixture of the graviton h;; and the scalar ¢.

In this work we will present a talk about the techniques used to calculate the shear and
bulk viscosities in gravity duals of Einstein [3,4,10,12-15] and Horndeski [16-20] at finite
temperature involving a single scalar. Recent investigations [16-20], in modified gravity
scenarios, the entropy viscosity relations 7/S and (/S can be extracted using Kubo’s for-
mula. In both the Anti-de Sitter/Conformal Field Theory (AdS/BCFT) correspondence
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and Anti-de Sitter/Boundary Conformal Field Theory (AdS/BCFT) correspondence sce-
narios [16-21], we can use the strategy, illustrated in Fig 1; we start with a static, infinite
thermal background, linearize the equations of motion around it, and solve these linearized
equations in some appropriate approximation. This approximation is the long-wavelength,
low-frequency one where we have the hydrodynamic effects.

2 AdS/CFT versus AdS/BCFT

We now know that the AdS/CFT correspondence postulates the equivalence between a cer-
tain gravitational theory and a non-gravitational theory of lower dimension [22,23]. Once
established, this theory has led to new fields of research in recent years, ranging from holo-
graphic superconductors to applications in condensed matter systems [24-26]. Through the
AdS/CFT correspondence, we know that IR divergences in the gravity side correspond to
the UV divergences in CFT boundary theory. This relation is the IR-UV connection; see
Figure 2.

UV-CFT
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Figure 2: Organized scheme of CFT space [27].

One of the most notable applications of the AdS/CFT correspondence has been describ-
ing strongly coupled systems nonperturbatively [6]. Thus, this duality in a supersymmetric
extension of the 4-dimensional Yang-Mills theory; although this is different from real QCD,
it has provided some macroscopic properties at finite temperature that are close to those of
real QCD [13-15]. One of the most important applications found in recent years has been
the ratio between shear viscosity and entropy density (n/S) [10,11]. This is very close to
the result expected for the quark-gluon plasma observed in heavy ion collisions. Beyond
the shear viscosity/entropy density ratio, another ratio is the bulk viscosity/entropy den-
sity ratio (¢/S) of this liquid is extremely low, which indicates that the plasma has the
nature of a liquid and not a gas [6]. A new way to probe these relations is by extending
the AdS/BCFT correspondence with Horndeski gravity where it is possible to obtain small
values of n/S, and ¢/S [18,20]. This new duality [28-31] is an extension of the AdS/CFT
correspondence [22], defining in the CFT a boundary in d-dimensional variety M for an
asymptotically d + 1-dimensional AdS space N such that ON = M U Q, where Q is a
d-dimensional manifold satisfying 0Q N M = P (Figure 3).

The corrections due to the extension of the AdS/CFT correspondence with Horndeski
gravity provided exciting results regarding the Hawking-Page phase transition, the response
of materials in paramagnetic/ferromagnetic transition to an external field, as well as magne-
tized plasma [18,20,32]. Thus, this lecture aims to revisit these results that agree with exper-
iments and well-known results in the literature. Thus, Horndeski gravity in the AdS/BCFT
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Figure 3: AdS/CFT correspondence in the presence of boundary hypersurface Q.

scenario is a reasonable extension, since it conjectures scalar-tensor theories whose dynamics
and solution space are relevant to the holographic duals at the boundary; Horndeski gravity
has been shown in recent years to be reasonable for this purpose [33-38].

3 Bulk viscosity and shear viscosity: from Einstein grav-
ity to Horndeski gravity

From a theoretical point of view, the zero expected value of the energy-momentum stress
tensor ((T'*,)) reveals that the bulk viscosity is zero, describing a fluid according to [6].
However, this only occurs in the Einstein gravity scenario; when we extend this scenario

to Horndeski gravity, the expected value (T,) is not zero [18,20,32]. The action of the
Horndeski gravity is given by

Shulk = / d®x/—g (kLu + KL + Lonat) (1)
N

Ly

(R 28) ~ S(0gp — 7 Cpu) VH69"6, (2)

Here, for Ly, we have that R = g""R,,, G, and A represent the scalar curvature, the
Einstein tensor, and the cosmological constant respectively, while that ¢ = ¢(r) is a scalar
field, a, and ~ are coupling constants where k = 1/(167Gy ), with G is the Newton Grav-
itational constant. Under this scenario, to establish the AdS;/BCFT, correspondence, we
need to construct the terms of the boundary. Following the Refs. [18,32], these expressions
are given by

Sperr = 25/
Q

d* 2N/ =hLpgry + 2 / d*a/=hLomar + 25 / d*av/=hLe + 52,  (3)
Q ct
with
Loary = (K =)= 1(V,0Vuon'n’ — (VO)K = 1V, 6V,0K",  (4)
Lo = cg+aR+ CQRinij + 63R2 + by (61¢81¢)2 “+ e (5)

For the Lagrangian Lygry, K = huﬂ Vgn, corresponds to the extrinsic curvature where
K = h"YK,,, is the trace, h,, is the induced metric while that n* is an outward pointing
unit normal vector to the boundary of the hypersurface Q). Additionally, ¥ is the boundary
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tension on Q and S%_, is the matter action on Q. L represents the boundary counterterms,
which do not influence the bulk dynamics and hence will be disregarded. The expected value

of the energy-momentum stress tensor ((I'*,)) is given by

(T*,)=€¢—3p=40+TS. (6)
where the entropy for a five-dimensional black hole
L? dr?
2 _ 2 2 2 2
ds TQ(f(r)dt +dz” + dy* + dw +f(r))’ (7)
P\
fr)=1- () ; (8)
Th
is given by [20]:
L2V ( 5)
Sbhulk = —=—(1—->], 9
bulk 130y 1 9)
G = L*Ayg - &\ (EL%0(0) q(6") _ L?sec(0))Ayq (EL%(9) q(0)
P T oy 4 5r 3y, Gn 5r2 2 |-
(10)
The meaning behind this overall entropy (10) aligns with the Bekenstein-Hawking expression
A
Sy = —— 11
bt = 4= (1)

where, in this case, the total area A reads

LV 3 ) &\ (EL%(0)  q0)
4 = 21"2 (14>+4LAyQ<14>< 57"2 3rh>

— 4L%sec(0)Ayo <£L;f}2f9/) - q(§/)> , (12)

allowing us to obtain new contribution terms. For the sake of completeness, for the entropy
S, we have that the information storage (delimited via the area A) increases as the magnitude

e a+ A
() =

For the above configurations, (T'® ) is a non-zero expected value, suggesting the existence
of residual information that does not cancel out at low temperatures as presented in [32].
The impact of this residual information in the form of entropy [18,20,32] for our results in
QCD-like models are described by (/S and n/S

increases, as long as £ < 0.

¢ V3 [a+qA (13)
S 24rF\ a—A’
n 1 3o+ vA (14)

S~ anF\ a—qA”
Fe144 (g L) (4nT)® — q(0) <7TT>) _ (Sec(m <_5L2b(al) (nT)% — CI(QI)) :

T 5
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Figure 4: Trace of the scaled energy-momentum tensor as a function of the temperature
considering the following values k = 1/4, A = —1, a = 8/3 with v = 0.1 (solid line), v = 0.2
(dashed line), v = 0.3 (dot-dashed line), and v = 0.4 (thick line).

0.06 o
0.008 -
0.05¢

0.006 0.04F

w0 1 =19 o0t

0004
002}

0.002f
0.01F

0.000 ¢ 0.00 [,

Figure 5: Left panel: the behavior of (/S with respect to T. Right panel: The behavior
of n/S v/s T. For both situations, we consider « = 8/3, A = —1, v =1 (pink curve), v =2
(red dot dashed curve) and v = 2.5 (green thick curve) [20].

Thus, as shown in Fig 5 (/S and n/S behave like (T* ) Fig 4; they cancel each other
out in the high-temperature region and are nonzero for low temperatures. In this way, the
fluid achieves conformal behavior at high temperatures. The hydrodynamic pressures of the
components of the holographic stress tensor in the Horndeski gravity scenario [20]. These
components of the stress-energy tensor exhibit conformal hydrodynamic behavior near the
boundary, that is, a region of high temperatures.

4 Final remarks

In this work, we explore aspects of the QGP quark-gluon plasma in a five-dimensional
scenario using the AdS/BCFT within Horndeski gravity coupled to a single scalar, which
contains the minimum amount of freedom necessary to match an equation of state with a
family of black holes. This solution is the gravitational dual of a strongly coupled Yang-Mills
plasma in BCFTy, i.e., (3 4+ 1)-dimensions, with temperature T'. We focus on studying the
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quantities ¢/S, n/S where S is the entropy density in the quark-gluon plasma is essential
for several reasons [4,12-14]. As we know, the quark-gluon plasma is a state of matter
that existed in the early universe, which is recreated in heavy ion collision experiments
[39,40]. The bulk viscosity/entropy density ratio is responsible for the equilibrium of a fluid
subject to small expansion or compression; the shear viscosity/entropy density ratio n/S is
a quantity that is associated with energy dissipation due to the relative movement of the
fluid layers [41,42].

Through total entropy S, these transport coefficients are essential to understanding the
dynamics of the quark-gluon plasma and can be used to extract information about its prop-
erties. Thus, studying such transport coefficients allows us to derive an agreement between
our theoretical results, which have similar behaviors to the experimental results of the QCD.
For example, at high temperatures, the quark-gluon plasma exhibits a conformal behavior;
that is, the quantities /S, n/S in this regime tend to zero. However, we will show that at
low temperatures, the effects of anisotropy can be captured by the residual entropy [18,32],
making the break of conformal symmetry evident. Furthermore, this anisotropic effect is
also observed by the transverse and longitudinal components of the pressures exhibited by
this plasma regime as they become evident within the Horndeski gravity scenario in the pres-
ence of a magnetic field [20]. In this case, we have agreement with the phenomenologically
expected results [43].
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