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Abstract

One of the fundamental problems in subatomic physics is the determination of properties of matter
at extreme temperatures, densities and electromagnetic fields. The modern ultrarelativistic heavy-
ion experiments are able to study such states (the quark-gluon plasma) and indicate that the physics
at extreme conditions differs drastically from what is known from the conventional observations.
Also the theoretical methods developed mostly within the perturbative framework face various
conceptual problems and need to be replaced by a nonperturbative approach. In this thesis we
study the physics of the strongly-coupled quark-gluon plasma in external magnetic fields as well as
general electromagnetic and topological properties of the QCD and QCD-like systems. We develop
and apply various nonperturbative techniques, based on e.g. gauge-gravity correspondence, lattice
QCD simulations, relativistic hydrodynamics and condensed-matter-inspired models. The thesis
is mainly based on our papers [1-15], with corrections and additional comments.

Zusammenfassung

Eines der fundamentalen Probleme subatomarer Physik ist die Bestimmung der Eigenschaften von
Materie bei extremen Temperaturen, Dichten und elektromagnetischen Feldern. Moderne Exper-
imente mit ultrarelativistischen Schwerionen sind in der Lage Zustdnde, wie das Quark-Gluon
Plasma, unter diesen Verhéltnissen zu untersuchen und zeigen, dass sich die Physik unter solch
extremen Bedingungen drastisch vom Verhalten unter gewohnlichen Bedingungen unterscheidet.
Weiterhin sind theoretische Modelle, die auf Storungstheorie basieren, unter solchen Umstanden
nicht anwendbar und miissen durch nichtperturbative Methoden ersetzt werden. In dieser Ar-
beit untersuchen wir daher die Physik des stark gekoppelten Quark-Gluon Plasmas in externen
magnetischen Feldern sowie elektromagnetische und topologische Eigenschaften von QCD und
QCD-ahnlichen Systemen. Hierzu entwickeln und verwenden wir verschiedene nichtperturbative
Methoden, die unter anderem auf der Gauge-Gravity-Korrespondenz, Gitter-QCD Simulationen,
relativistischer Hydrodynamik und Festkorper-inspirierten Modellen basieren. Diese Arbeit basiert
auf unseren Veroffentlichungen [1-15] und enthélt Korrekturen sowie zusétzliche Kommentare.
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Chapter 1

Introduction and overview

The modern nuclear experiments at the Relativistic Heavy Ion Collider (RHIC, BNL) and the
Large Hadron Collider (LHC, CERN) provide us with the possibility to explore new high-energy
forms of matter, such as the so-called quark-gluon plasma (QGP), which can be produced in
ultrarelativistic heavy-ion collisions and consists of interacting quarks and gluons out of nucleons
and mesons [16-18]. Each of the collision events begins from an intense heating in the volume
occupied by the overlap of the nuclei, as a large fraction of their kinetic energy is converted into a
high-temperature system of quarks, antiquarks and gluons. The time between the first contact of
the nuclei and the formation of QGP is called 77, the formation time. The temperature of QGP is
estimated to be more extreme as any of the known examples in the present universe and exceeds
the critical temperature T, ~ 170 MeV of the deconfinement transition. In Ref. [19] assuming
the formation time 7; = 0.2fm/c the initial temperatures are estimated to be Ty ~ 330 MeV for
Vs = 200 GeV per nucleon pair central Au-Au collisions at RHIC T ~ 610 MeV for /s = 2.76 TeV
central Pb-Pb collisions at LHC!. Suppression of T(15) mesons in /s = 2.76 TeV Pb-Pb collisions
[21,22] according to the quarkonia thermometry [23] leads to the conclusion that the temperatures
T > 2T, have been indeed reached at LHC.

At the next stage, the system, presumably a liquid of quarks and gluons, immediately expands
and cools down, passing through the critical temperature 7, at which QGP condenses into a gas of
hadrons. As expansion continues, the system reaches the “freeze-out” density, at which the hadrons
no longer interact with each other and stream into detectors. Typical time and temperature scales
for the RHIC and LHC collisions are shown in Table 1.0.1.

An important property extensively used in many of the phenomenological models of QGP
(including our ones) is that the matter content of QGP interacts collectively and forms hydrody-
namic flows. This idea goes back to the works of Landau [24] and Bjorken [25] and can be studied
experimentally by the analysis of the particle distribution in the transverse (to beam) plane,

av 1w
d®p 27 prdprdy

1—|—2ivn cos[n(p — \I!Rp)]> ) (1.0.1)

n=1

where E is the energy of the particle with momentum p and transfer momentum pp, ¢ is the
azimuthal angle, y the rapidity and Wgp the reaction plane angle. The coefficients v, are the
Fourier components of the distribution, characterizing the flows. In particular, vs is the so-called
elliptic flow coefficient [26], which is caused by the difference between pressure gradients in the
initial state (see Fig. 1.3 for a schematic shape and density evolution).

1See also Ref. [19] for the time evolution of temperature and [20] for direct photon measurements by PHENIX
collaboration.
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(a)

Figure 1.1: (a) Geometry of the electromagnetic fields, plotted in Fig. 1.2, (b) Isosurfaces of
the topological charge density (chirality) ¢(z) = +£107* in QCD vacuum for a fixed time slice,
corresponding to the 16* lattice in Chapter 10. Colors represent positive (red) and negative (blue)
values, respectively. For the animation, see [27].

From a theoretical point of view, hydrodynamics corresponds to the long-wave approximation,
Ag > I, where Ap is of the order of a wavelength of hydrodynamic excitations and [ is a typical
distance between the microscopic constituents. Hydrodynamic equations reflect the symmetries of
the underlying field theory, since they are nothing but the conservation laws. In general, the fluid
fluctuations are damped down on distances of order [ and do not propagate further, while the only
exceptional ones, which are supported by the conservation laws, will survive over a distance Ay and
larger, and contribute to the hydrodynamics. The constitutive equations are usually represented in
form of a gradient expansion, i.e. in a number of derivatives of the velocity u, and thermodynamic
quantities. In the case of approximately conserved quantities (e.g. in the case of dissipation or
anomalies) one can still capture the slow variations of the quantities in the gradient expansion and
use the hydrodynamic framework (see Chapter 5).

Another important issue is the presence of a strong magnetic field (e(B)) = eB ~ m?2), gen-
erated by the nuclei themselves in a non-central collision [28,29]. Such a strong field may change
the critical temperature of the chiral transition, several electromagnetic properties of QCD and
also give rise to new phenomenological effects potentially measurable experimentally. In order to
estimate the magnitude of the magnetic field, one should use the retarded Liénard-Wiechert po-
tentials, since we deal with the ultrarelativistic kinematics. This is done in the original paper [30]
and improved in [31-33]. A strong electric field Fj,q can be “induced” by a rapidly decreasing
magnetic field and calculated from the Faraday’s law [34]. The spatial directions of both fields
with respect to the fireball geometry are shown in Fig. 1.1(a). An estimate for the magnetic field
for the impact parameter b < 12 fim can be extracted from Ref. [35] based on the HIJING model
and is given by

eB = (0.3 MeV)g , (1.0.2)

| temperatures | RHIC @ 200 GeV | LHC @ 2.76 TeV |

T>2T, — Tr<T<l1
T.<T <2T, TP<T<3 1<7<6
T=T, 3<T<H 6<7<9

Table 1.0.1: Time evolution in units fm/c for the temperatures at RHIC and LHC [19].
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Figure 1.2: Electromagnetic fields in the fireball for RHIC (left) and LHC (right) energies and
40 — 50% centrality. Black curves are based on the data from [35]. The moment 7 = 0 corresponds
to the maximal overlap of the nuclei. m2 ~ 10'* Tesla. The QGP conductivity is not taken into
account.

where R = 1.2A'/2 fm is the radius of the nuclei. Other components of electromagnetic fields in
the transverse plane are estimated to be of equal magnitude on the event-by-event basis [35, 36],

(JeBL) ~ (|leBy|) ~ (|eEL|) = V/5 (0.1 - 0.2) MeV . (1.0.3)

The time evolution of both magnetic and concentric electric fields for the case of large centrality
is shown in Fig. 1.2. Note, however, that the evolution of the magnetic field might be much slower
due to a finite conductivity of the QGP [28].

One of the most prominent effects induced by the magnetic field is the so-called chiral mag-
netic effect (CME), which has attracted much attention in light of experimentally observed charge
asymmetries in heavy-ion collisions, as seen by the STAR [37,38], PHENIX [39] and ALICE [40]

—

collaborations. The CME states that, in the presence of a magnetic field B, an electric current
is generated along B in the background of topologically nontrivial gluon fields [30,41-43]. Anal-
ogous effects were found earlier in neutrino [44-46], electroweak [47,48] and condensed matter
physics [49,50]. Lattice QCD results [5-7,10,51-54] suggest the existence of the effect, although
the magnitude of the CME-induced charge asymmetry may be too small to explain the observed
charge asymmetry [55].

The essential physical idea of the effect is the following. At the energy scales of the collisions,
the light v and d quarks can be treated as massless chiral fermions. The magnetic moment of
a chiral quark (antiquark) is always collinear to its momentum. A strong enough magnetic field
forces the magnetic moment to be parallel to the direction of the field, organizing the motion of
quarks along B. In the equilibrium the number of left- and right-handed quarks is the same [56],
so the electric currents associated with quarks compensate each other and the net current along B
is zero. However, a non-trivial gluonic background G¢ (), such that

nv

/ dlz 0P GO ()G (x) £ 0, (1.0.4)

may create an imbalance between the numbers of left- and right-handed quarks, characterized by
the chirality ps = (Gy5q). A typical spatial distribution of such an imbalance is shown in Fig. 1.1(b),
where the colors denote some fixed positive (red) and negative (blue) values of the chirality. This
imbalance in the presence of the magnetic field creates the net current along B.

In this thesis we made an attempt to explain and predict some of the properties of the strongly-
coupled QGP. The text can be logically divided into three parts:
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Figure 1.3: Time evolution of the fireball in a non-central collision in the transverse plane [26].
The contours denote the energy density levels.

Chapters 2 — 6 cover our studies related to the application of the gauge-gravity duality to
the physics of QGP-like systems, which due to the universality of the effects (e.g. the transport
properties) may take place in the real QGP. In Chapter 2 we introduce basics of the AdS/CFT-
correspondence, which will be used in the main text. In Chapter 3 we study the D3/D7-brane
model at finite temperature 7' describing a boost-invariant viscous expanding N'=2 plasma. In
presence of a magnetic field B the chiral symmetry of the system is broken down and a finite chiral
condensate ¢(T, B) is formed. The value of the condensate can be read off from the profile of the
probe D7-brane embeddings. The results (apart from the description of the time dynamics) are
the following,

1) We observe the enhancement of the chiral symmetry breaking at 7' = 0, ¢(T, B) ~ B%/2.
2) The chiral condensate grows linearly at high T', ¢(T, B) ~ B.

3) The critical temperature grows with the strength of the magnetic field T, ~ v/B.

4) Viscosity changes the moment of time when the transition occurs, see the main text.

In Chapter 4 we construct a gravity dual of a boost-invariant A/ = 4 SU(N) super Yang-Mills
plasma with a chemical potential. The resulting background takes the form of a time-dependent
AdS Reissner-Nordstrom-type black hole. We further extend this model in Chapter 5 to the case of
two chemical potentials (ordinary p and the chiral p5) and obtain a fluid-gravity model for certain
CP-odd transport coefficients hypothetically present in the quark gluon plasma at strong magnetic
field B* and vorticity w” = %5‘“’0‘5 u,0qug. The result is the expressions for the electric j# and
axial jf' currents in the plasma,

" = put + kW + KkpBY J§ = psu’ + Luw + g BY, (1.0.5)

with coefficients
Kw = 2Cups (1 — ei—pP) - chiral vortical effect, Kkp = Cus (1 — ei—pp) - chiral magnetic effect,
& = COp2 (1 - 25 _T_p 153) - quark vortical effect, &g = Cu (1 - GM _T_p ;3) - chiral separation effect,
where u* is the four-velocity of the fluid (e.g. strongly-coupled plasma), p and ps are the densities
of the electric and axial charges, respectively. C' = 5-% is the chiral anomaly, € and P are the energy

density and pressure of the plasma. For numerical estimates and time evolution of the vorticity
read [57]. Finally, we study anisotropic hydrodynamics with multiple anomalous U(1) currents

10



(Chapter 6) and find corrections to the chiral magnetic effect due to the anisotropic expansion of
QGP. We obtained the result first within the hydrodynamics and then reproduced it using our
fluid-gravity model.

In Chapters 7 — 10 we measured electromagnetic and topological properties of the QCD
vacuum on the lattice. Chapter 7 covers the basics of Lattice QCD and briefly describes the
methods and algorithms we used in the simulations. In Chapter 8 we study some properties
of the non-Abelian vacuum induced by strong external magnetic fields, B > m2. We perform
calculations in the quenched SU(3) lattice gauge theory with tadpole-improved Liischer-Weisz
action and chirally invariant lattice Dirac operator. The following results are obtained:

1) The chiral symmetry breaking is enhanced by the magnetic field. The chiral condensate is
given by X(B) = X + const - B at T = 0, where ¥ = [(228 £ 3) MeV]? and the exponent
v=(1.6+02)~3/2.

2) There is a paramagnetic polarization of the vacuum with the corresponding magnetic sus-
ceptibility y = —4.2 + 0.2 GeV 2.

3) Magnetic field induces a local electric dipole moment of quarks d;(x) = v (z)op;1(z) along
the field, which is a spin analogue of CME.

4) There are non-zero local fluctuations of the chirality ps(z) and electric current J;(z) =

Y(x)y1(x), both of which grow with the magnetic field strength. These fluctuations are
present at all 7" and can be a manifestation of the chiral magnetic effect (CME).

For further lattice works we consider a similar setup but with two colors. In Chapter 9 we measure
the Euclidean time correlator of two vector quark currents,

Giy(7) = / PF (T (#.7)7,(0,0)) (1.06)

and extract the corresponding spectral function. The latter provides us with the value of the
electric conductivity of the vacuum by means of the Kubo formula. In summary, we obtain

1) At T'> T, QCD vacuum is a conductor, o = 15 £ 2MeV slightly above T,

2) At T < T, the vacuum is either an insulator (with B = 0) or an anisotropic conductor (at
strong B) with a finite conductivity along the magnetic field.

Both facts are in favor of CME, allowing us to interpret the fluctuations of current J; as a macro-
scopic current. The primary consequence of the second fact is that one can expect an enhancement
of the dilepton and soft photon production rates in direction transverse to B. Finally, in Chap-
ter 10 we measure the Hausdorff dimension d of the chirality distribution ps(x) and conclude that
it depends on the resolution of a measurement. Lattice calculation without cooling (“high resolu-
tion”) gives us d = 2 + 3, i.e. presumably the vortex/domain-wall nature of the localization. In
opposite, the cooling procedure (“resolution lowering”) increases the dimensionality towards d = 4,
i.e. restore the instanton picture of the QCD vacuum.

Chapters 11 and 12 introduce a new condensed-matter-inspired treatment of the QGP dy-
namics, based on a straightforward calculation from the QCD Lagrangian. In Chapter 11 we argue
that the sQGP can be considered as a chiral superfluid. The “normal” component of the fluid is the
thermalized matter in common sense, while the “superfluid” part consists of long wavelength (chi-
ral) fermionic states moving independently. We use several non-perturbative techniques to demon-
strate that. First, we analyze the fermionic spectrum in the deconfinement phase (7. < T < 2T¢)
using lattice (overlap) fermions and observe a gap between near-zero modes and the bulk of the
spectrum. Second, we use the bosonization procedure with a finite cut-off and obtain a dynamical

11
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axion-like field out of the chiral fermionic modes. Third, we use relativistic hydrodynamics for
macroscopic description of the effective theory obtained after the bosonization. Finally, solving
the hydrodynamic equations in gradient expansion, we find that in presence of external electro-
magnetic fields the motion of the “superfluid” component gives rise to the chiral magnetic, chiral
electric and dipole wave effects. Latter two effects are specific for a two-component fluid, which
provides us with crucial experimental tests of the model. In Chapter 12 we study the properties
of chromodynamic flux tubes populating the Yang-Mills vacuum and arrive to a conclusion that
the ground state of QCD is a chromoelectric superconductor.

12



Chapter 2
Gauge-gravity duality

The gauge-gravity duality [58-61] is a duality between a quantum field theory and a theory of
gravity (string theory) in a higher dimensional spacetime. There are many versions of the duality
formulated for various limits and spaces [62,63], and for our applications we will concentrate on
the weak one, which relates classical dynamics of gravity in a (D + 1)-dimensional manifold to the
quantum physics of a strongly-coupled conformal theory on the D-dimensional boundary of this
manifold. Let us begin with an intuitive argument, why this duality should take place and then
proceed with a formal definition and dictionary of the correspondence. Additional information can
be found in numerous reviews, read e.g. [62—66].

Intuitive arguments

Consider a field theory on a lattice with spacing a governed by a Hamiltonian,

H= Z Ji(2) O (z), (2.0.1)

where {O%(z)} are operators and {J;(z)} are couplings or sources defined at site x. The same
theory on a coarse-grained lattice (with spacing 2a, 4a, ...) can be obtained by averaging the
multiple sites and tuning sources {.J;(z)} so as to preserve the ground state and the physics of
low-energy excitation. The latter can be done by means of the Kadanoff-Wilson Renormalization
Group (RG) equation,

0
U%Ji(aﬁ,u) = Gi(J;(z,u),u), (2.0.2)
where the couplings J;(z,u) now depend on the scales u = a, 2a, ... and §;(J,u) are the beta-

functions. If we consider now a stack of coarse-grained lattices, ordered by the scale u, then one
can think of J;(z,u) as of bulk fields on a one-higher-dimensional lattice, where the additional
coordinate corresponds to the RG flow direction (Fig. 2.1) and the boundary value (in the UV) is
defined by J;(z,a) = J;(x). One can ask, what kind of higher-dimensional field theory this can
be. Any boundary QFT should include among its operators the stress-energy tensor 7,,, meaning
that the bulk QFT contains the spin-2 metric field g,,,. Also the QFT’s at all the layers v’ > u are
defined from the one at a layer u via the RG evolution, meaning that the former (D + 1) system
has the same number of degrees of freedom as the D-dimensional QFT at the layer w. This fact,
very much in spirit of the holographic principle [67,68], suggests the theory of quantum gravity as
the bulk theory (see also additional arguments in [65]).

Restricting now to a D-dimensional conformal field theory (CFT) on the boundary and assum-
ing that it is described by a (D + 1) gravity bulk theory (a classical one in the long wavelength

13
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Jiluv = ;|5

2
N

Figure 2.1: Tllustration to the intuitive picture presented in the text, adapted from [65].

limit), we can deduce some of the properties of this (D + 1) spacetime (Fig. 2.1). The most general
metric consistent with D-dimensional Poincare symmetry can be written as

ds* = O?(2)(—dad + da? + dz?), i=1,D—-1, (2.0.3)

where z is the extra (RG) spatial direction and Q(z) is a function of z only, due to the translational
symmetries in x,,. A conformally invariant symmetry is invariant under the rescaling z,, — Ax,,.
The coordinate z should be transformed in the same way, since it describes a length scale in the
boundary theory. Therefore the warp factor should scale in that case as

Qz) — A71Q(2), z— Az. (2.0.4)

This determines €2, such that the metric becomes

R? -
ds* = ?(—dxg +da? + dz?), i=1,D—-1, (2.0.5)

where R is a constant. This metric is nothing but the (D + 1)-dimensional anti-de Sitter spacetime,
AdSp41 with curvature radius R (yet unfixed).

Formal definition of the AdS/CFT-correspondence

The gauge-gravity duality was initially formulated for the four-dimensional N = 4 super-Yang-
Mills (SYM) theory with SU(N) gauge group and gy s coupling. The theory contains a vector
field, four fermions and six real scalars (all fields in the adjoint representation of the gauge group).
The action of the theory can be written as

1 1 1 o
Snrey = — d*eTr ( ~F™F,, + =D,® DF®' + [, 7] ) + fermions. (2.0.6)
2 4 I: 2 I:
9y m

The theory has a vanishing beta-function and is a CFT. In the limit of large number of colors, i.e.
N — oo, the perturbative expansion is controlled by the 't Hooft coupling A = g%,,N, and the
Feynman graphs become organized by their topologies [69].

On the gravity side we have Type IIB superstring theory with string coupling g, on AdSs x S°,
with both AdS and 5-sphere having the same radius R and with an integer flux of the self-dual

14



RR 4-form" (Nqux = [ F"). The duality fixes the following relations between the string theory
and A/ = 4 SYM parameters,

R4

g%’M = 47rgs, N = Nﬂuxa g}Q/MN - l_4, (207)

where [, is the string length (12 = o/). The weak form of the conjecture mentioned above corre-
sponds to the limit A = gsN — oo, N — oo and g5 — 0. The gravity side in this case is reduced
to the Type IIB supergravity (SUGRA) on AdSs x S°, while the CFT is strongly-coupled and the
duality can be formulated at the level of partition functions for both theories,

<exp {_iZ/d4x J1($)07(x)}> = exp {—iSmm[AdS5 X 55]Ji(w’z)|2:0:Ji(w)} , (2.0.8)

where the average is taken at the CFT side and J;(x, z) are, as before, classical solutions for the
SUGRA action Sy,;, matched with couplings/sources J;(z) on the boundary. This recalls the
intuitive arguments above: the bulk fields are the couplings promoted to dynamical fields on the
RG-extended spacetime.

The example above is one of the best established (but still unproved) dualities between a QFT
and a theory of gravity. In order to apply this duality to QCD (or to a QCD-like system) one should
consider a deformation of the quantum theory and hence a modification of the duality. There are
two ways to do this: so-called top-down models and bottom-up models. The former corresponds to
the models derived directly from the string theory constructions, while the latter refers to giving
a gravity dual by hand. In the following chapters we use both approaches. In the case of the
bottom-up models we usually do not know the microscopic content of the CFT, but require it to
have suitable properties relevant to the real QCD phenomena (e.g. a QFT with electric charges,
quantum anomalies, etc.). The main method we rely on in this case is the so-called holographic
renormalization [70,71], which links the boundary sources and expectation values of the boundary
operators with the near-boundary expansion of the bulk fields.

Holographic renormalization

Let us consider an asymptotic AdSpy; bulk gravity solution of the Einstein equations with cos-

D(D-1)
2

mological constant A = — written in Fefferman-Graham coordinates?,

g (@)datdz” + dz?
= § ,

ds® = gy (x, 2)da™ da™Y (2.0.9)

z

where gasn (2, 2) has the following near-boundary expansion,
g(z,2) = ¢gO2) + ¢P () 22 + ... + ¢P)(2) 2P + hP)(2) 2P log 22 + O(zPH1) . (2.0.10)

The log-term appears only in even dimensions [70,71], also only even powers of r appear up to the
order rlP=1) Tt is a remarkable fact that the solution of the Einstein equations has an integration
constant g(”), which can be fixed using the CFT data on the boundary, i.e. from the VEV of the
energy-momentum tensor

(L) = Tgrgdiw’ + (2.0.11)

IThe form comes from the D3-brane solution, from which the AdSs x S® originates, consult with e.g. [63].
2We use for simplicity the units, where R = 1.
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CHAPTER 2. GAUGE-GRAVITY DUALITY

where ellipses denote a non-universal part depending on the spacetime dimension. In a relevant
for our studies case D = 4 one has [70,71]

1 1 2. 1 2 1
(L) = g {gf:? — g (Trg®)? = Trg®7) = 2 (g7 + ng,?)Trg<2>} (201
which in a case of CFT on the 4D Minkowski boundary simplifies drastically,
1
(Tyw)orr = nCx g,(ﬁ/) ) and so G (T, 2) = N +ATGN (T (2)) 2* + .. (2.0.13)

The same can be repeated for all other bulk fields, if present, giving similar expansions for scalar
and vector fields, i.e. involving both the boundary values of the fields and expectation values of
the corresponding operators (O;).

Black holes

While the AdS space is a ground state for gravity, finite-temperature states correspond to an AdS
black hole solution. The Hawking temperature, associated with the black hole (or, more generally,
black brane), is identified with the temperature of the gauge theory. The simplest asymptotically-
AdS black hole is the Schwarzschild AdS black brane,

ds® = > <—f(z) dt? + d7? + ﬁdﬁ) (2.0.14)
with factor
P D
flz)=1- (5) ) (2.0.15)

Near the asymptotic boundary z — 0, f — 1 and the metric is asymptotically AdSpy1. Coordinate
zy is the position of horizon, a zero of the function f(z). The Hawking temperature T, energy
density € and entropy density s are given by [72,73]

f'(zm) D D—-1 1

T=- = : = s=——.
4 dmzy © T 16nGy2D 4G N2t

(2.0.16)

Let us turn now to the charged (Reissner-Nordstrom) AdS black hole, which plays a significant
role in the AdS/CFT-applications and will be used by us in the next chapters. The Reissner-
Nordstrém AdS black hole is a solution of the Einstein-Maxwell equation, corresponding to the
action

1
167TGN

Sem =

/dD“x V=g <R —2A — EFMNFMN) : (2.0.17)

where F);n is the field stress tensor for the vector field Ays(z,¢,Z). The solution can written in
analogy with (2.0.14),

L
f(2)

1
ds®> = > (—f(z) dt? + d? +

dz2) , A= A(z)dt (2.0.18)

with factors

o= (3 G+ () ) e (-(3))

(2.0.19)
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In the last expression we defined 32 = %. The prefactor p is the difference between the scalar
potential at the horizon and at the boundary and plays the role of the chemical potential. The

Hawking temperature is given now by [72]

D D-2
T = 1— 2,2 2.0.2
drzy < 32D a ZH) ’ (2.0-20)

and the energy, entropy, charge densities by

D-1 22 u? 1 D—-1 p
¢ 167Gz ( + 32 ) ’ ’ AGN 2zF 7Y P 32871Gy 2h ( )

One can easily check, that these variables satisfy the first law of thermodynamics, de = T'ds+p dp .

Fluid-gravity duality

One of the particular cases of the duality is the case, when the boundary CFT obeys a set hy-
drodynamic equations and can be mapped to a black brane solution of the Einstein equations in
one higher dimension (see e.g. [74-77]). This situation is called “fluid-gravity correspondence” and
can be used for a phenomenological description of the strongly-coupled QGP, since the latter is a
nearly-perfect quantum liquid. As a simple example we can consider the AdS black hole solution
(2.0.14, 2.0.15) with D = 4 and change the variables,

z

H
such that the metric becomes
2 (1— 54/2}1{)2 2 =4 /=4 di*  dz®
=—— ' 4 1 —+ —. 2.0.2
ds (1+z4/5§,)22dt+( +2 %) S+ 3 (2.0.23)

This form is suitable for the holographic renormalization (2.0.13) and gives us

1 1 3 1 1 1 € € €
T,) = (4 = diag [ =, =, —, — | = di ( €< —) 2.0.24
< ; > 47TGNgIW 167TGN 1ag Z%[, Z?{, Z?{, Z?{ 1ag | €, 37 37 3 ’ ( )

where in the last step we used the expression (2.0.16) for the energy density. One can notice that
the obtained energy-momentum tensor is nothing but the one for a conformal ideal fluid at rest
(e = 3P). We can go further and boost the black hole solution (2.0.14) along u,,, which will result
in the covariant energy-momentum tensor of an ideal fluid,

TH = (¢ + P)u'u’ + Pgh” . (2.0.25)

In a relativistic setup, which we consider in the next chapters, one can then systematically correct
it by including higher-order gradient terms (corresponding to e.g. dissipative effects). One should
also mention, that such gradient series do not converge and is an example of asymptotic series [78].
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Chapter 3

Non-equilibrium physics at a
holographic chiral phase transition

Thermal phase transitions are a crucial aspect of the evolution of the Universe after the Big
Bang and also in the physics of heavy ion collisions. We have traditionally lacked tools to study
these transitions though in strongly coupled systems such as QCD. The AdS/CFT correspondence
[59-61], which gives a weakly coupled string/gravity description of a class of strongly coupled gauge
theories, offers the chance to study similar transitions in detail.

In this chapter we study a simple dual of a theory with gauge fields and quarks which has
(in the presence of a magnetic field) a first order chiral symmetry restoring phase transition as
it is heated. Previous analysis of this gauge theory (using probe branes in an AdS-Schwarzschild
black hole geometry) has explored the first order transition for equilibrium (time independent)
configurations. The heating or cooling of the system can be studied thanks to the boost-invariant
expanding or contracting plasma geometry of Janik and Peschanski [74]. That geometry, which
we will review below, has a moving black hole horizon describing the changing temperature in the
gauge theory. We will study probe branes in this geometry to learn more about the first order
phase transition out of equilibrium.

The particular duality we concentrate on is the simplest example of holography with funda-
mental quark fields [79-84]. We do not consider the specific degrees of freedom of the theory too
crucial - it is some strongly coupled gauge theory that displays a chiral phase transition. We hope,
in the spirit of AdS/QCD models [85,86], that it reflects broad aspects of many strongly coupled
systems. The specific gauge theory is constructed from the D3/D7 system in type IIB string the-
ory which we will describe further below. The theory is the large N. N = 4 U(N,.) gauge theory
with a small number of quark hypermultiplets. We will work in the quenched approximation [81]
(appropriate when Ny < N,) which on the gravity dual side corresponds to treating the D7 branes
as probes in the metric generated by the D3 branes. There is a U(1) chiral symmetry (a rem-
nant of the SU(4) R-symmetry of the A/ = 4 theory) which is broken when a quark condensate
forms [83,87,88]. Several mechanisms for triggering this condensation have been explored. The
cleanest is when a background magnetic field is introduced [89-97] so we will use that mechanism
here. The reader might want to loosely view the B field as simply the introduction of a confor-
mal symmetry and supersymmetry breaking parameter that triggers the strong dynamics to cause
the symmetry breaking. Physically, magnetic fields may be strong during structure formation in
the early universe, in particular during the epoch of the QCD primordial phase transition, and
in non-central high-energy heavy-ion collisions studied at RHIC. Running of the coupling in the
holographic dual also causes quark condensation as has been shown in back-reacted dilaton flow
geometries [83,98] and models with a phenomenologically imposed dilaton profile [99]. The quark
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condensate can be determined in these models and an effective IR quark mass is generated. The
theories display a massless pion-like Goldstone field and a massive sigma field (since we are at large
N, it is stable) that is the effective Higgs particle.

The equilibrium finite temperature behaviour of the theory with a magnetic field has been
studied in [89-91,96,97]. Finite temperature can be included through the presence of an AdS
Schwarzschild black hole. At a critical temperature the D7 embedding flips from a chiral symmetry
breaking embedding away from the horizon to a symmetry preserving embedding that enters the
horizon. The transition is therefore also associated with meson melting [100-102] - for embeddings
away from the horizon there are regular linearized fluctuations describing the meson spectrum of
the theory. For the embedding that enters the horizon there are only in-falling quasi-normal modes
describing unstable plasma fluctuations. In terms of the quarks of the theory the high temperature
phase is analogous to the quark gluon plasma phase in QCD whilst the low energy phase is more
akin to the hadronic phase of QCD. It should be noted though that the gluonic degrees of freedom
deconfine at any finite temperature so the analogy is imperfect.

The crucial extra ingredient we shall add to this story in this chapter is provided by the boost-
invariant expanding or contracting plasma geometry of Janik and Peschanski [74]. This geometry
has a black hole whose horizon moves away from the boundary in time as the AN/ = 4 plasma
it describes expands and cools. The time reversed solution at zero viscosity describes a heating
plasma and we will find it useful to discuss that scenario too below. The geometry is a late time
expansion (when the black hole is small) in powers of inverse time. However, by controlling the
strength of the magnetic field on the D7 probes, felt by the quarks, we can arrange to place the
chiral phase transition at any point in the evolution so the expansion is sufficient to fully study
the transition.

We will place a D7 brane! into the expanding plasma geometry and determine the partial
differential equation (PDE) that describes the time dependence of its embedding. A good first
approximation to the transition behaviour is provided by the equilibrium results with the temper-
ature replaced by the temperature as a function of time from the moving background. In fact we
will see that that is an extremely good approximation when talking about the slow or adiabatic
heating or cooling of vacuum configurations at temperatures even close to the phase transition.
If the chiral symmetry breaking embedding is heated though, the local minima in the effective
potential associated with that embedding is eventually lost and the configuration becomes an out
of equilibrium configuration. The equilibrium results can not describe the subsequent evolution.
Similarly excited vacuum states must be studied through the full PDE system.

We first turn to an approximation to the PDE. The solution can be power expanded in inverse
powers of time. This reduces the PDE to a system of ordinary differential equations (ODEs) that
are much easier to solve. This analysis was first done in [105] where the time evolution of the
high temperature phase of the pure A/ = 2 theory was studied. Using this technique we solve
the ODE system and find the moving D7 solution. This method assumes that the initial vacuum
state is exactly a maximum or minimum of the zero temperature effective potential. Again the
heating is essentially adiabatic in nature. The expansion breaks down if the super-heated state
ceases to be an extrema of the effective potential. This method allows us to confirm the success of
the equilibrium derived results although in fact the expansion breaks down before the equilibrium
results deviate from the full PDE solutions.

The most interesting out of equilibrium questions lie beyond the adiabatic approximation
though. In a physical first order transition quantities such as the condensate do not jump but
the vacuum state instead performs a fast roll from one configuration to another. The timing of
that transition can and most likely will be spatially dependent i.e. bubbles of the true vacuum
will form and grow. We turn to solving the full PDEs to study these phenomena (with care this

1By placing a fundamental string, which corresponds to a heavy quark, into the expanding plasma geometry, the
diffusion constant [103] and drag force [104] was computed.
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CHAPTER 3. NON-EQUILIBRIUM PHYSICS AT A HOLOGRAPHIC CHIRAL PHASE
TRANSITION

can be done using in built PDE solvers in for example Mathematica). For example we are able to
watch the super-heated chiral symmetry breaking phase roll to the symmetric phase. We can also
simulate initial conditions with some extra energy (which might for example come from thermal
fluctuations) and see such configurations transition away from the super-heated vacuum before the
meta-stable vacuum has disappeared in the effective potential. This allows us to confirm some
elements of the transition such as the length of time in which there is a mixed phase. We also are
effectively watching a very large bubble form.

Our main result then is to have developed numerical techniques that let us reproduce the phase
structure using the PDE solutions and to describe non-equilibrium physics that is necessarily
present in the first order transition.

In our final section we also analyze the ODE expansion approximation to the PDE solutions for
the D7 embedding to make clear the full dependence of the solutions on the magnetic field value.
In that case the dependence is available analytically. We also show the effects of the viscosity.
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3.1. HOLOGRAPHIC DESCRIPTIONS

3.1 Holographic Descriptions

In this section we review the N' = 2 gauge theory with a magnetic field and its holographic de-
scription. We discuss the theory’s finite temperature chiral phase transition in an equilibrium
description. We then review how to study flavour physics in a nonequilibrium set-up using holog-
raphy.

3.1.1 Chiral symmetry transition

We will study the D3/D7 brane model at finite temperature and with a magnetic field [89-91,96,97].
The magnetic field, which causes chiral symmetry breaking, competes with the temperature that
prefers to restore chiral symmetry. Consequently there is a first order phase transition.

The N' =4 SU(N) gauge theory at finite temperature has a holographic description in terms
of an AdSs black hole geometry which can be written as

2 2
ds® = %(—gtdtz + g.di?) + %(d& + p2d02 + dL? + L2d¢?) (3.1.1)

where ¢ is a U(1) angle and w = /p? + L2, p = wsin ¢, L = w cos ¢ and

B (w* — w§)? _w4—|—w%1 (3.1.2)
9= 2wt (wt + wfy) Je = Tut o

Note R* = 4mg,Na'?, and the temperature is given by wy = mR?T.

Quenched (Ny < N) N=2 quark superfields can be included in the N' = 4 SU(N) gauge
theory through probe D7 branes in the geometry [81]. The D7 probe can be described by its
Dirac-Born-Infeld (DBI) action

Sprr = —TD7/d8§\/—det(P[G]ab + 27TO/F(L(,) , (3.1.3)

where P[G],y is the pullback of the metric and Fy; is the gauge field living on the D7 world volume.
We will use Fyy, to introduce a constant magnetic field [89-91],

F12 = —F21 = B/(27TO/) . (314)

We embed the D7 brane assuming only p dependence: L(p) at constant ¢. The full DBI action we
will consider is then

Sppr = / deSL(p) = ( [3 K / dtdf) / dp £(p) , (3.1.5)

where €3 is a volume element on the 3-sphere and

5 43 Wiy B CANR.
—,CEQENfTD7(R\/§) P (1— F) (1+L'2) <1+ﬁ> +ﬁ (3.1.6)
with the dimensionless variables defined as

@5 = (

w L P
RV3E VB R@) | (38.1.7)

Note that we can use the magnetic field value as the intrinsic scale of conformal symmetry breaking
in the theory - that is we can rescale L and p by B. The Euclidean on-shell Lagrangian (—£L) is

interpreted as the free energy density ().
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Figure 3.1: The equilibrium description of the first order chiral phase transition in the N' = 2
gauge theory with a magnetic field: (a) The D7 brane embedding profiles L(p) as a function of
temperature wy. The low temperature symmetry breaking embedding is shown on the left whilst
the symmetric flat embedding on the right is preferred at high temperature. (b) A plot of the
chiral condensate as a function of the temperature with the dotted line indicating the position of
the first order transition.

In all cases the embeddings become flat at large p taking the form

o (27a’)?
= RV2E C_<qq>7(R\/ﬁ)3 , (3.1.8)

~ - 27 -~
L(ﬁ)r‘vm—f—p%, m = T My

where m and ¢ are identified with the quark mass and the quark condensate, respectively. Since
we are interested in spontaneous symmetry breaking we impose m = 0 in the UV (p — o). Then
the value of ¢ is determined by requiring regularity in the IR (p < 1). If there is more than one
solution then we choose the one giving the minimum free energy.

The results are displayed in Fig. 3.1. At low temperatures 7' < B, the black hole is small and
the embeddings are repelled from the origin of the L — p plane (Fig. 3.1 (left)). This behaviour is a
result of the inverse powers of w*, when wy < 1, in the last term of the Lagrangian (3.1.6), which
causes the action to grow if the D7 approaches the origin. Consequently ¢ is non-zero and chiral
symmetry is broken. If the temperature is allowed to rise sufficiently then the black hole horizon
grows to mask the area of the plane in which the inverse w* terms in the Lagrangian are large.
At a critical value of T' (wy = 0.2516, Fig. 3.1 (middle)) the benefit to the m = 0 embedding
of curving off the axis becomes disfavoured and it instead lies along the p axis - chiral symmetry
breaking switches off. This transition is first order since the condensate vanishes discontinuously,
which corresponds to the embedding change from the blue to the red one. At higher temperatures
(Fig. 3.1 (right)), the embedding stays flat, ¢ = 0, as expected in the chirally symmetric phase.
The corresponding condensate vs. temperature (—é-wg ) plot is shown in Fig. 3.1 (bottom).
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3.1.2 A boost-invariant expanding plasma

The geometry (3.1.1) is dual to a system in thermodynamical equilibrium and therefore not suitable
for the description of the chiral phase transition in a rapidly expanding plasma, in which the
transition is basically a non-equilibrium process. Boost-invariant expanding A" = 4 SU(N) plasmas
out of equilibrium can however be described by the time-dependent background found in [74]
(see [106] for a review). In the following we review the basic features of this background and
discuss the embedding of probe D7 branes dual to quenched flavours (“quarks”) in the plasma.

The boost-invariant geometry is a 5D spacetime with coordinates {7, y, 2 (= 2!, 2?), 2}, which,
apart from the holographic direction z, parameterise the 4D spacetime on the boundary The
longitudinal position plane is parameterised by the proper time 7 and rapidity y (related to 23
as ¥ = 7coshy, z® = 7sinhy), the transverse coordinates are collected in 2. We also add a
five-sphere to obtain a full type IIB supergravity background. The metric is then of the form

2 2
% = % (—e“(T’Z)dT2 + A2 qy? 4 eC(T’Z)dxi) + % +d0Z (3.1.9)

where R is the radius of the AdSs space. At late times, the coefficients can be expanded to first
order as [74,107,108]

- (1—v1/3)2 (9 + vyt 1 1
a(T’Z)_1n< Trot/3 ) T2 g s (e5/57)2/3 O]

)
A vt v? 1
b(T,Z) =1n(1+v /3)"’ < 27]03+ +27’]01n3+'[}4> (68/87—)2/3

b(r,z) = In(1 + v*/3) + ( -2 o mi=? ! o[-t
A= v Mgt Ty e (53/87)2/3 F4/3 |7
0
with
1
v 2 gt g1 (3.1.11)

1/3 21/233/4

go s a free parameter of mass dimension 8/3 and is related to the energy density, while 7 is related
to the shear viscosity. v is a scaling parameter valid at large 7. Note that a(r, z), b(7, 2) and ¢(7, 2)
are expanded around 7 = oo in powers of 1/7%/% as [74,107,108]

Zan <3/8> , (3.1.12)

&y T

and similarly for b(r, z) and ¢(7, z). The coeflicients are functions of a scaling parameter v only.
Due to this scaling behaviour the complicated PDE Einstein equations can be reduced to an ODE
system, which allows analytic solutions. At early time 7 < 1 there is no scaling behaviour and we
should solve the full PDEs.

To find which gauge theory state corresponds to this bulk metric according to the AdS/CFT
dictionary let us expand the metric around z = 0,

272 2
E_a(‘r,z):_l “n 4 —__77 O 6
grr = —€ +N3 [e T]+ (z7),
s 272 g 27
gny’T2eb( s ) :T2+N—224 |:’7'2 (g - >:| +O( ) (3113)
2m? 1€
_ _ ('(‘r z) _ |:_:| 6
g11(= g22) = =1+ — N2% |3 +0(2°) ,

c

23



CHAPTER 3. NON-EQUILIBRIUM PHYSICS AT A HOLOGRAPHIC CHIRAL PHASE
TRANSITION

where 2

NZ €0 _ V2 et 3.1.15
o2 74/3 7 77:27r2 T (3.1.15)

€=

The leading terms (of order O(z°)) of the metric elements (3.1.13) is simply the Minkowski metric
in the 7 — y coordinate system, and the subleading terms (of order O(z%)) correspond to the
expectation value of the energy-momentum tensor, i.e.

€

(Too) =€ — 2—;7 , (Tyy) =77 (g - %> ;o (T) = (Taz) = (3.1.16)

Q| m

T

This energy-momentum tensor is precisely that of a longitudinal viscous boost-invariant ' = 4
SYM conformal plasma with finite .

In g, we recover a time-dependent emblackening factor, which describes a moving horizon.
The size of the horizon determines the time-dependence of the ‘temperature’ as [105,107]

V2 40\t 1 o
T = — =(— 1-— . 3.1.17
== () =i rT (3.017)

If we assume that the time-dependent entropy density s(7) has the same form as in the static case,
s(t) = (7%/2)N2T(7)3, then the ratio /s can be computed as [108]

n_ bt 2/3
s = Ir +O(r%7°) (3.1.18)
which at large 7 agrees with the known static bound. Note that the numerical value of 7y in
(3.1.11) is crucial to get 1/4m.
Finally we note the uniqueness of the gravity solution. There is a potential singularity at
v =3Y%in (3.1.10). The curvature invariant, R, ,, R***7 = Ro(v)+ Ry (v)7~ 23+ Ry (v)7=3/4 4. ..
is only regular at each order if one makes the specific choices above. We must choose —1/3 for
the power of 7 in (3.1.11) to make Ry regular [74]. We must also choose (3.1.10) with the specific
choice of the numerical value 7y as in (3.1.11) to make Ry regular [108]. (R; is always regular and
does not give any constraint.)

Flavours in this background were first studied in [105]. Knowing the explicit background geom-
etry (3.1.9) we can study flavour physics using the D7 brane DBI action. The action schematically
reads

o.L)
S~ /dsgx/—det(P[G]ab) N /depr3A\/1 +(9,L) Bﬁ , (3.1.19)

where A and B are complicated but known functions of 7 and p, see (3.2.5) and (3.2.6) in the next
section. L = L(7, p) is the embedding profile of the D7 brane and is assumed to be a function of
7 and p.

The equation of motion coming from (3.1.19) is a non-linear PDE. However it can be semi-
analytically solved by the late-time expansion

o0
L(r,p)=m+>_ filp)T75. (3.1.20)
i=1
2Here QNL; has been factored out to apply the AdS/CFT dictionary
N2 1
(Tuv) = =5 lim — (g — Muv) - (3.1.14)

272 2—0 24
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3.2. OUT OF EQUILIBRIUM DESCRIPTION OF THE CHIRAL PHASE TRANSITION

This expansion inherently assumes that the late time configuration is precisely the equilibrium
vacuum and when we heat it there is no excess energy. This leads to an adiabatic approximation.
The fraction 1/3 is chosen because all exponents of 7 in A and B are integer multiples of 1/3 and
the constant m reflects the fact that the embeddings get flat at large 7. Here we only consider a
large bare quark mass (m > 1) and Minkowski embeddings, i.e. D7 configurations which end well
above the black hole horizon.

This reduces the partial differential equation to an infinite set of ordinary differential equations
given by

8me?
=39 (3 (p)) — o 3.1.21
P P (p fz(p)) 9(m2 +p2)5 L ( )
Is=1, Ijg=—4ney ", otherwise Ii<y3 =0, (3.1.22)

where we do not consider terms with ¢ > 13 since they are beyond the validity regime of our
approximation of the boost-invariant metric. The asymptotic solution at large p is

Ci
fi ~m; + F . (3.1.23)

We set m; = 0 so the bare quark mass is zero and not time-dependent. We also impose the
condition f/(0) = 0 for regularity. With these boundary conditions, we find f; = 0 except for fs,
f10- As a result, one gets

pt + 3p?m? + 3m?

L(t,p) = m +c(7) 2+ 72 , (3.1.24)
where
2
_ €0 -8/3 —1/4_—10/3
C(T)——W (’7’ —477()60 T +) . (3125)

The condensate approaches zero as ~ — 7~5/3 and the viscosity has a “dragging” effect ~ + 710/3,

We close this section with some technical remarks on black hole embeddings. In the Fefferman-
Graham (FG) coordinate system (3.1.9) one cannot approach the horizon for fixed 7 as in the
Schwarzschild black hole metric. There is also an extended background written in terms of
Eddington-Finkelstein (EF) coordinates, where the spacetime is well defined across the hori-
zon [109,110] and black hole embeddings may be described more consistently there. However
we have found that the embedding configuration is not easy to handle in those coordinates. Below,
to enable us to study black hole embeddings, we use FG coordinates but with a cut-off slightly
above the horizon. Since the FG coordinate system is a good patch near the horizon at large 7, by
restricting ourselves to large 7, we may capture the essential physics of the embedding. This will
allow us to go beyond the results in [105].

3.2 Out of equilibrium description of the chiral phase tran-
sition

In the previous section we reviewed the holographic description of dynamical flavours in an ex-
panding plasma [105]. A boost-invariant background with embedded D7 branes is however not
sufficient to study the chiral transition. In that case the D7 embeddings are always flat in the
chiral limit (m — 0) and the system is always in the chiral symmetric phase with vanishing quark
condensate. In order to describe the transition to the chiral broken phase, we need a repulsive effect
to compete against the attractive force of the black hole. As in the static case reviewed in section
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3.1.1, this can be achieved by turning on a magnetic field. In this section, we will therefore consider
D7 branes with a world-volume magnetic field in the dual geometry of an expanding plasma. In
this way we will find the holographic dual of a chiral transition and deduce the dynamic effective
potential for the time-dependent quark condensate.

3.2.1 D7 flavour brane action

The background metric for a boost-invariant expanding plasma can be written as

r2

TR
where 72 = p? + L2 The S° part is written as in (3.1.1) and the AdS; part follows from (3.1.9)
with a change z — R?/r, i.e. a(t,r) = a(r,z — R?/r) in (3.1.10) and similarly for b(r,7) and
e(r,r).

We are interested in time-dependent D7 brane embeddings of the type L = L(7,p). The
corresponding DBI action is

2
ds? (—eTMdr? 4 (T2 gy? 4 ee(m) gp? ) 4 f—Q(d;P + p2d02 + dL? 4 L2d¢?)  (3.2.1)

SpBr = —TD7/d8§\/—det(P[G]ab + 27T0/Fab) R (3.2.2)
where we turn on a constant magnetic field [89-91],
F12 = —F21 = B/(27TO/) 5 (323)

in order to induce the chiral symmetry breaking.
More explicitly, the D7-brane action reads

RYB2 R4L2
S=N [drdprp*A | (1 +C——ss ) [ 1+ L2 - B————— 3.2.4
[ s J( ' (p2+L2>2>< ’ (p2+L2)2> (3:2.4)
a=(1-2 exp 4noe‘1/4v—sr*2/3 (3.2.5)
9 O 98 ’
1+ % 9+ vt
B= I OXD {_2770551/4”4m72/3] : (3.2.6)
(1-%)

-9 o (0 (3 —2/3

= (3+v4)2exp {477060 <3+v4 — Coth il ) , (3.2.7)
o/ *R? )

v= Ve N= NfTD7/€3/dyd Ty, (3.2.8)

where A = e@/2F0/24¢ B = = C = e72¢ 59 = 1/(2'/23%/4) as in (3.1.11), and e3 is the volume
form of the three-sphere. For vanishing B, the action reduces to that in (3.1.19).
It turns out to be convenient to work with the rescaled variables

_ ~ R _ _
p= \/ERp , L=vVBRL, 7=—7, ecy=B*3R %3 . (3.2.9)
VB
For R = 1 the action then reads
2
S =NB [ drdpTp°A 1+C——— 1+L72 -B—m—+— ], (3.2.10)
7+ 12 7+ I

with A, B, C as in (3.2.5)-(3.2.7) but now expressed in terms of 7, &g, p, and L.
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Figure 3.2: A summary of our main results showing the first order phase transition in our various
approaches. (a) The condensate ¢(7) in the equilibrium (black), adiabatic (dashed) and non-
equilibrium (blue) approaches. In the equilibrium description, the different branches correspond
to the extrema of the potential V(¢) (b). The complete potential is obtained by a U(1) rotation
around the vertical axis. The dashed red curve schematically shows the path of the adiabatic
heating evolution.

3.2.2 Naive equilibrium based approximation

An obvious first approximation to understanding the time dependent chiral phase transition in this
set up is to use the equilibrium results from section 2.1. There we described how the D7 embedding
behaved in the background of a fixed size black hole and determined the quark condensate as a
function of temperature. In the cooling plasma geometry of section 2.2 the black hole horizon
moves as a function of time T as

51/4 o
fpg=—20__[1—-—2 || 211
"H = 31u7173 ( 25(1)/47:2/3> (3 )

If this heating were very slow (as it is at large 7) we would expect to be able to plot the quark
condensate against 7 by simply substituting for the temperature 7' in the equilibrium results. We
show that plot in Fig. 3.2a (black solid curve) which follows directly from the ¢-T plot in Fig. 3.1.

We can recast the ¢ vs. T plot schematically as a time dependent effective potential by fitting
it at each value of 7 to a potential of the form

V =m?& + A\t + N (3.2.12)

using the values of ¢ at the extrema to fix the parameters (the overall scale is not set but the figure
is intended to only be schematic). We plot this in Fig. 3.2b. This is the standard picture of a first
order transition.

It is important to interpret these plots correctly. Firstly note that there is a ¢ = 0 solution
for all 7. If we begin at high temperature with the symmetric flat embedding and cool slowly or
adiabatically (i.e. move to large 7) then we can remain in that embedding for all 7. Above the
time 7, = 20.6 two extra solutions for the condensate develop and these, as we will discuss, trigger
the first order transition. At large 7 the ¢ = 0 flat embedding becomes a local maximum of the
effective potential. To stay in the flat embedding for all 7 is the extreme limit of super-cooling the
high temperature phase into an unstable vacuum state.

The top trajectory in the ¢ vs. T plot is best thought about in the time reversed solution that
is heating up. At early times (large 7 in the plot) the solution is the 7' = 0 symmetry breaking
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D7 embedding vacuum. Now as we heat adiabatically the condensate tracks along the trajectory
to smaller 7. The solution ceases to exist at 7,, where the cusp in the (black) curve is, indicating
that the minimum of the effective potential corresponding to this solution has ceased to exist at
Tq- At this point the brane will move quickly, as an out of equilibrium configuration, ending as the
flat embedding or oscillating about it. The real-time evolution of the configuration is represented
by the path of red dots in Fig. 2b. Starting from the global minimum with ¢ # 0, the minimum is
lifted up and the configuration moves adiabatically. At 7, the minimum disappears and the system
roles down the potential to the true vacuum with ¢ = 0. The equilibrium results can not tell us
about this motion.

Now we also see the role of the middle arc in the plot - these solutions are symmetry breaking
embeddings that end on the horizon and they are a local maximum of the potential lying between
the two minima (the embeddings of the top trajectory and the flat embedding).

In fact the first order transition point between the symmetry preserving and the symmetry
breaking embeddings can be computed from the free energy in the equilibrium computation. This
transition occurs at 7. = 27.5, where the local and the global minimum in the effective potential
interchange their roles, i.e. for 7. > 27.5 the symmetry breaking vacuum (with ¢ # 0) becomes the
global minimum. Another important time determined by the equilibrium computation is 7, = 34.9
where the mixed phase ends at large 7.

Our first task in solving the PDEs for the D7 brane motion that result from (3.2.4) is to
demonstrate that this description is essentially correct - we will see that it is. We will try to find
confirmation of the times 7,_. of these events. The more interesting task is that we will be able to
follow the evolution of a particular initial condition through the phase transition. Of course in the
first order transition the brane configuration does not discontinuously leap between the symmetry
breaking embedding to the flat embedding but evolves continuously. We will provide solutions for
this evolution.

Another interesting phenomena associated with a first order transition is bubble formation.
In real systems thermal energy will lead to volumes of space which have more energy than an
equilibrium like state in a local minimum of the potential at any particular time. These volumes
may “climb” over the potential hill to the other local minimum during the mixed phase period
shown in Fig. 3.2. These bubbles then grow or contract triggering the phase transition around
7. ending any super-heated or cooled phase. We will not look at (z3) spatial dependent brane
embeddings. However, we can inject kinetic energy in the holographic directions of our description
into the brane configuration before we heat or cool it to see the configurations moving more quickly
between the two local minima than the lowest energy configuration. This will allow us to test the
time period in which the mixed phase exists in the out of equilibrium problem.

3.2.3 Adiabatic dynamic D7 brane embeddings

Our first study of the PDEs describing the D7 embedding in the expanding plasma geometry will be
to study adiabatic expansion. The non-linear partial differential equations resulting from (3.2.10)
can again be transformed into a set of second-order ordinary differential equations as we reviewed
for the case with no symmetry breaking in section 2.2. For that, we use the late-time expansion

L7.p) = fod) + > fi(p)775 . (3.2.13)

i=1

Thus we will be following the evolution of the symmetry breaking embedding as 7 decreases. There
is also the solution f; = 0 which corresponds to the symmetric embedding. Note that, contrary to
(3.1.20), a nontrivial asymptotic embedding fo(p) is assumed because of the repelling effect of the
magnetic field. The equations for every f;(p) can be obtained order by order in T’%, which will be
solved recursively. Unlike (3.1.21) these equations are quite lengthy and will not be presented here.
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Figure 3.3: Solutions of the ODEs in the adiabatic approximation - fo 4.8,10(p) for &g = 1. (a) fo
(red) compared to the dashed curve which is the profile obtained in the static case at T'= 0. (b)

fo (red), f4 (orange), fs (yellow), fio (green).

They do not allow for an analytic solution such as (3.1.24) but can be numerically solved without
any difficulty. As in the static case [83], there are expected to be two types of brane solutions,
Minkowski and black hole embeddings, depending on whether the brane ends on or above the
horizon.

For Minkowski embeddings, the boundary conditions are

fi(0)=0 and  fi(c0) =0, (3.2.14)

as before. With these boundary conditions, we find non-trivial profiles f; = f;(p) for i = 0,4, 8, 10,
and f; = 0 otherwise. A general dynamical embedding function is therefore of the form

where we neglect terms with ¢ > 11 since they are beyond the validity regime of our approximation
of the boost-invariant metric.®> The numerical plots of the non-trivial profiles f; (i = 0,4, 8,10) are
shown in Fig. 3.3.

These profiles have the following qualitative properties. As compared to the solution (3.1.24)
for B = 0, there are additional non-trivial profiles, fy and f;. The profile fy agrees with that in
the static case (T — o0) [89-91] (dashed curve in Fig. 3.3a) We found that the equation for foy
is independent of 5 and 7, which is natural since at 7 — oo the system achieves equilibrium
at low temperature and will not depend on the non-equilibrium dynamics (1) or specific initial
conditions (£p) anymore. The profiles f4 and fs depend on £y and have a negative sign, which
reflects the attraction of the D7 brane to the black hole. fiq is the first profile which depends on 7.
In contrast to f4 and fs, f1o has a positive sign showing the dragging effect, as in the zero B case
around (3.1.25). The big amplitudes of f4, fs, and fi0 will be suppressed at large 7 by negative
powers of 7. For self-consistency we will only consider the 7 region where all the sub-leading terms
are well dominated by the leading terms, i.e. fo > f4773/% > ... Some of the final embedding
profiles L(7T, p) are shown in Fig. 3.4, where the green lines are plotted by plugging the numerical
data of Fig. 3.3 into (3.2.15).

We would not expect this expansion approach to work beyond the point where the symmetry
breaking embedding ceases to be even a local minimum because higher order terms will grow. One
can nevertheless plot solutions using fo — f1o that reach down all the way to the horizon. We will

3In principle there may be a finite f12, but we will ignore it since it is a higher order term.
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Figure 3.4: Embedding profiles L(7, p) obtained from the adiabatic ODE expansion method for
€0 = 1,mp = 0.3102 before (a), during (b,c) and after the phase transition (d): Minkowski embed-
ding (green), black hole embedding (red), flat embeddings (blue).

use the full PDE solutions in the next section to test the point where the expansion has broken
down.

In fact early in our studies we tried to use the expansion even for black hole embeddings. The
ODEs for the f; do not contain the horizon however. We attempted to put the horizon in by hand
by imposing boundary conditions relevant to a black hole. For each point in the L — p plane if
we assume a horizon is present we can deduce the value of 7 from (3.2.11) - one can impose some
boundary condition such as orthogonality to the posited horizon and seek solutions for each f;.
This correctly gives one massless solution at each 7 and they look very similar to the equilibrium
black hole embeddings. In fact though on solving the full PDEs we realize that this is far beyond
the point where the expansion method has collapsed! We will include some of the resulting curves
below though as evidence of the break down of the ODE approximation.

Fig. 3.4 shows the embedding profiles at various stages of the evolution of the expanding plasma.
The black hole horizon (3.2.11) is indicated by a black quarter circle in the figure. Its size decreases
with time corresponding to a cooling and expanding plasma. Fig. 3.4 reflects the division of the
quark-gluon plasma into the three phases described above.

The quark condensate as a function of time can be read form the asymptotic form of the
solutions

L7, p) ~ % . (3.2.16)

We plot these results in Fig. 3.2a (the dashed lines) for comparison to the equilibrium inspired
results. The main result here is that the late time behaviour is indeed just the equilibrium ex-
pectations. Where the curved line deviates from the equilibrium results is in fact a sign that
the expansion used in this section has broken down, the configuration is out of equilibrium and
adiabatic behaviour is no longer possible. Full solutions of the PDEs will show this in the next
section.

3.2.4 Full PDE solutions

In the previous section we interpreted our solution obtained from the ordinary differential system
as the evolution of extremum states in the potential. This evolution also reflects the real time
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dynamics of the plasma whenever there is a unique deep global minimum for the vacuum state,
because the embedding time dynamics is expected to be well localized around the minimum. This
is the case in the chiral symmetric phase at early times and in the broken phase at late times. In
the mixed phase at intermediate times there appears also a local minimum in addition to the global
minimum. The small potential barrier separating these minima is potentially easily overcome by a
fluctuation. The path of the local maximum seen in the adiabatic approach will not be realized as
a dynamical solution since it is unstable. Further below the critical time 7, where the symmetry
breaking minimum disappears a heating vacuum will be left in a very non-equilibrium state that
again can not be followed using the expansion technique of section 3.2.3.

To find the real time evolution of the chiral transition out of equilibrium, we need to solve the
PDE directly and compare the solution with our previous approximate solutions. In practice it
is more convenient to consider a heating process than a cooling one* because we can use a well
defined starting configuration at large 7 as an initial condition of our partial differential equation,
i.e.

L(F—o00,p)=fo, O:L(F—o00,p)=0, (3.2.17)

with fp as in (3.2.15). For simplicity, we impose only Neumann boundary conditions at p = 0
associated to Minkowski embeddings and a zero bare quark mass condition at p — oo to study the
spontaneous symmetry breaking,

OL(Fp=0)=0, L7 p—o0)=0. (3.2.18)

The conditions (3.2.17) and (3.2.18) completely determine the dynamics with the partial differential
equation derived by varying the action (3.2.10). Again, the actual expression of the equation of
motion is lengthy and will not be shown here.

Numerically we solve the equation using Mathematica’s inbuilt PDE solvers. These are some-
what temperamental and one needs to spend considerable time adjusting precision tolerances in
order to find smooth solutions in sensible periods of computer time. When we have such solutions
we test their stability to changes in precision settings to ensure they are reliable.

With the boundary conditions above we can run our simulations until the embeddings touch
the black hole. Beyond that one needs dynamic boundary conditions along the black hole surface.
At least in the coordinates we use here this is a hard problem. We have found a simple trick that
seems to produce sensible black hole embeddings though. After the D7 has touched the horizon
at p = 0 we artificially hold the embedding at the top of the horizon. The large p evolution of the
D7 is local and relatively unaffected by this incorrect embedding at small p. Further, as has been
observed before, solutions shooting from the black hole horizon experience a numerical attraction
onto the unique regular black hole embedding ending at a given point on the horizon. The result
is that we get numerical solutions like those shown in Fig. 3.5 (e.g. the red, blue, or orange curve)
where the D7 follows the horizon before shooting out to large p. We believe that these represent
very good approximations to the large p embeddings solutions. Since we extract the condensate ¢
at large p we will live with the improper near horizon behaviour. It would of course be interesting
to try to improve on this with dynamic boundary conditions in the future.

As a first example of a solution we will study the super-heated symmetry breaking vacuum. At
large 7 we use the leading terms in the expansion from Section 3.2 to find the UV configuration -
one needs to use several terms in the expansion to find the embedding with no extra energy. We
then solve for the evolution to low 7. In Fig. 3.5 we show plots of the embedding f/(f)) for different
7 with the black hole’s position for each 7 also shown. We expect that the near horizon behaviour
is not correct but the far UV embedding should approximate the solution we seek well. In the 3d

4In principle, time reversed heating is justified only at zero viscosity since a finite viscosity results in decreasing
entropy. However, we keep a finite viscosity in our numerics since it has a negligible effect and the results are
relevant to the cooling case.
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Figure 3.5: The embedding profiles ﬂ(?,f)} from the full PDE solution for a solution starting in
the low temperature symmetry breaking vacuum (x = 1).
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Figure 3.6: 3D plot of the embedding profile L(7, p).

plot of E(?, p) shown in Fig. 3.6 this corresponds to excising the interior of the region indicated by
the dashed blue line.

A smooth evolution is apparent. To compare this to our various approximations above we also
plot the condensate as a function of time in Fig. 3.2a (blue curve). Again the solution follows
the equilibrium estimate and the expansion solution at large 7. In the period 7,_. it follows the
equilibrium result not the ODE expansion results showing that expansion had broken down before
the brane left the mixed phase. The success of the equilibrium approximation suggests we should
take its estimate of the transition points 7, (where the local symmetry breaking minimum vanishes)
and 7. (where the two minima of the mixed phase are degenerate in energy) as correct. The full
PDE solutions allow us to know in addition the behaviour of the condensate when we have heated
above the temperature where the super-heated phase has stopped having a local minima (beyond
Ta)- This is the main result of our analysis here.

It would be nice to test the equilibrium configurations estimate for the length of time in which
the mixed phase exists (7, — 7, which is about 10 units of 7). This we can do by looking at some

simple out of equilibrium configurations. For the plots so far shown we computed E(ﬁ) at some
large 7 from the fy term in the expansion for L(p, 7). We can give the configuration more energy by

simply multiplying that Z(f)) by a numerical factor, £ 5. One might think of these initial states as

5In practice, we fix some Tmax and modify the initial conditions (3.2.17) as L(T — Tmax,p) = LODE(

and L(?’ — Tmax, p) = K * LODE(?max,ﬁ), where LODPE g given by (3.2.15).

7A:manxv ﬁ)
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Figure 3.7: Plots of the IR position of the D7 brane against time for a number of large time initial
conditions with different energy. Initial velocities: black (k = 1), red (k = 10), green (k = 30),
blue (k = 40), purple (x = 50). The thick black line is the horizon.
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Figure 3.8: The IR speed of the D7 brane against time for the x = 1 initial condition.

thermally excited versions of the asymptotic vacuum. In Fig. 3.7 we plot the evolution of E(ﬁ =0)
as a function of 7 for a number of such states. At large 7 when the theory is cold the unique
vacuum is the symmetry breaking one and with extra energy the configuration oscillates about
that minimum. The motion is simple harmonic as can be seen from the independence of the period
on the amplitude of the oscillations. As the solutions approach 7. the different solutions begin to
diverge. The solution with x = 10 lies close to the equilibrium curve - the oscillations about the
minimum are small and the state stays super-heated. When « = 30,40 L(0) falls more quickly
suggesting that at least some of the brane’s length in p has escaped the local potential minimum.
The upwards wiggles suggest that some of the length is still repelled back into the well though.
Finally though by x = 50 the brane has ridden over the potential barrier and escaped the local
minimum. The difference in arrival times at the horizon for these configurations (about 6 units of
7) is a rough estimate of the period of the mixed phase. It seems to broadly match the equilibrium
inspired picture again.

In Fig. 3.8 we plot the motion of the IR p = 0 end point of the brane with time for a low
energy configuration (k ~ 1). The brane certainly seems localized in a minimum down to a time
of order 7 = 27 (compare to the equilibrium estimate that the mixed phase begins at 7, = 34.9
and becomes meta-stable at 7. = 27.5). Further the steepest period of acceleration is below 7 = 22
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(to be compared with the equilibrium estimate for when the metastable vacuum ceases to exist
Ta = 20.6). We conclude that this system is indeed a super-heated state that survives in the local
minimum until very close to the equilibrium estimate for 7,. Note the other obvious feature in the
plot is the deceleration just below 7 = 20. This corresponds to where in our simulation the D7
first impacts on the black hole - at smaller 7 we hold the D7 at the horizon as discussed above so
this behaviour is an artefact. A full solution would continue to accelerate along the horizon.
These configurations with excess L are also very much linked to bubble formation. A bubble
forms in the mixed phase when a volume of space has excess energy due to a thermal fluctuation
and escapes the local minima early. Here by treating the whole space as one we are essentially
describing the formation of a large homogeneous bubble. It would be interesting in the future to
try to study z dependent initial conditions to understand how quickly or slowly bubbles grow.

3.3 Dependence of the condensate on B

In the previous section we focused on the chiral transition induced by a magnetic field, which
simply played the role of an intrinsic symmetry breaking scale. In this section we turn to the
physics depending on B more quantitatively.

To make analytic progress we will concentrate on the adiabatic (ODE) approach in which we
rescaled all variables by some power of B, see (3.2.9). In order to study the dependence of the
quark condensate on B, we use the original parameters, in terms of which the condensate can be
expanded as

1 C4(B_4/3€0) 1 Cg(B_4/3€0)
B2/3 473 + B4/3 +8/3

1 c10(B=*329,m0)
B5/3 1073 :

¢(r, B) = B3/? (co +

(3.3.1)

Note that ¢g is independent of g, 79 and 7y enters only in ¢19. The B dependence of the leading
term agrees with that in the static (zero temperature) case [89-91], i.e. it scales as B3/2. The
first subleading term (~ 77%/3) may be compared to the finite temperature case [89-91,96,97].
In the adiabatic approximation, where T ~ 7-1/3_ this term scales approximately like T*B~5/6.
However, due to the B dependence of ¢4, this scaling is not exact. In general, the effect of the
subleading terms is to lower the exponent in ¢(7, B) ~ B” to a value v < 3/2. The scaling of the
total condensate ¢(7, B) with B will again be determined numerically.

Fig. 3.9a shows our results for the condensate for various values of the magnetic field. We have
only plotted the condensates associated with the Minkowski embeddings, which exist for some
time 7 > 7,(B). Here 7, is defined as the time, when the Minkowski solution meets the black
hole solution (This corresponds to the cusp in the dashed curve in Fig. 3.2a). We take 7. to mark
the time of the phase transition. As can be seen from Fig. 3.2a the early time behaviour is an
imperfect approximation to the full PDE solutions but the later time solutions are consistent with
the solutions. We find that for fixed 7, or equivalently for fixed temperature, the condensate grows
with increasing magnetic field. In the limit 7 — oo (i.e. at zero temperature), we find the following
dependence on B:

lim (1) = coB%? = 0.223B%/2, (3.3.2)
which is in agreement with the zero temperature result [89-91]. For earlier times, the dependence
on B is shown in Fig. 3.9b. We find numerically that ¢(7, B) ~ B” where the power v decreases
from 1.5 at large 7 to approximately 1.0 at small 7. In other words, the dependence on B tends
to become linear at high temperatures. Our results hold for sufficiently strong magnetic fields. At
small B the system is in the symmetric phase (¢ = 0).
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Figure 3.9: The condensate ¢(7, B) (¢g = 1) from the ODE adiabatic approximation results. (a)
condensate ¢(7) for various B. (b) showing ¢(B) x B" for 7 = 7,10, 20, 1000]

The tendency for the condensate to increase with B is in qualitative agreement with observations
in chiral perturbation theory [111,112] (o< B3/2 for strong fields, o« B for weak fields), in the
Nambu-Jona-Lasinio model [113] (o< B?), in a confining deformation of the holographic Karch-Katz
model [114] (o< B?), and in SU(2) [115] (o< B) and SU(3) [6,7] lattice calculations (< B1-6%0-2).
The dependence on B typically ranges from linear to quadratic behaviour, i.e. the powers of B are
in the range 1 < v < 2.

We may also study the effect of B on the time of the chiral transition which is marked by 7.
From the D-brane picture we expect that 7, decreases with B. For large B, the repelling force
caused by the B-field is much stronger than the attractive force of the black hole. Even at early
times, Minkowski embeddings, associated to stable mesons, are therefore favoured over black hole
embeddings, which implies that the meson melting process sets in at some earlier time, i.e. at
higher temperatures.

Fig. 3.10 shows 7, as a function of B. We find that 7. indeed decreases with increasing B as
7.(B) ~ B~155. The numerically found exponent —1.55 for the scaling of B is close to —1.5 for
the case of vanishing shear viscosity, which can be explained as follows. At 7 = 7, and n = 0, the
horizon is located at

~1/4 1/4
" g14zl/3 T 31/ /B 31/4(12.45)1/3 7
where the last equality is from the numerical value of 7, at £€g = 1. Thus
T, = 12.45B71% (3.3.4)

where for the numerical analysis we chose eg = 1. The deviation from —1.5 is due to the effect of
the shear viscosity. We also numerically confirmed that the exponent is 1.5 without viscosity.

This scaling of 7, may be compared to results for the critical temperature T, of the phase
transition in the static case. In the adiabatic approximation (when 79 = 0), T' ~ 771/3 which
implies T, ~ B'/2. This square root behaviour is in agreement with the result for the critical
temperature T, in the static approach [96,97] and with [112] for strong magnetic fields. It is also
in qualitative agreement with studies in QCD [116,117].
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Figure 3.10: 7, as a function of B (¢g = 1) from the ODE adiabatic approximation results.

Finally we consider the effect of changing the viscosity. The viscosity effect is very small, since
it is doubly suppressed by both large 7 and small 7g. This can also be seen in Fig. 3.11, where the
condensate is plotted for four cases: the green is the leading term, the blue includes the subleading
term, the red includes up to the third term and the black is the full expression. The viscosity effect
is then the difference between the red and black curves. There is a small visible difference only at
small 7.

0.22
0.21
0.20 /

/ 2 % e

Figure 3.11: The condensate ¢(7). The green curve is the leading term, the blue is up to subleading
term, the red is up to third term and the black is the whole expression.

3.4 Discussion

We have analyzed the first order chiral and meson melting phase transition in a warming or
cooling strongly coupled gauge theory with quarks using the AdS/CFT Correspondence. We have
developed numerical techniques to study the PDE that describes the motion of a D7 brane in a
time dependent geometry. In particular this allows us to explicitly find smooth solutions of the
non-equilibrium configurations that are necessarily part of the transition. These results confirm the
equilibrium analysis of the transition but also go beyond them. For example we have described the
formation of large homogeneous bubbles in the mixed phase of the transition. In the future it would
be interesting to study spatially inhomogeneous bubbles to understand their growth although this
would require the solution of a 2+1 dimensional PDE which is potentially more numerically tricky.
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3.4. DISCUSSION

To keep our problem a simpler 141 dimensional PDE we also restricted motion of the D7 brane
to the holographic coordinates L and p. There could also of course be fluctuations in the holographic
angular direction ¢ which we have not described. Such configurations might be useful in the study,
for example, of disordered chiral condensates [118]. We may also consider the finite density case
by turning on the time component of the U(1) gauge field on the probe brane [96,97,119,120].

We hope that the system we have studied can shed some light on first order transitions in
a range of strongly coupled gauge theories including perhaps QCD. The N = 4 background,
however, does deconfine in the presence of an infinitesimal temperature, which is not expected in
simple QCD. We note though that there are several arguments in favour of a possible splitting of the
deconfinement and chiral transitions in QCD in the presence of a strong magnetic field [116]. While
the temperature of the chiral transition increases [116,121], the temperature of the deconfining
transition either decreases with increasing magnetic field [122] or increases but much slower than
the chiral transition [116]. Both transitions become first-order transitions and a new phase with
broken chiral symmetry and deconfinement appears for sufficiently strong magnetic fields. So, it
is the region of the T-B phase diagram with strong magnetic fields and above the deconfinement
temperature in which our model might be qualitatively compared with QCD.

37



Chapter 4

Holographic dual of a
boost-invariant plasma with
chemical potential

In the recent years, the application of the AdS/CFT correspondence [59-61] to the quark-gluon
plasma (QGP) has become a very active research area. One line of research within such holographic
studies was initiated by Janik and Peschanski [74] who established a time-dependent gravity dual
of the boost-invariant flow of an A/ = 4 plasma. This geometry has mainly been studied in the
regime of large proper time, when the system is near equilibrium and approaches the hydrodynamic
regime (see however [123,124]). In [75,107-110,125-127] higher-order corrections to this late-time
background were constructed and found to be equivalent to a gradient expansion of hydrodynamics,
see [106] for a review.

An important aspect of the plasma which has not yet received much attention in a time-
dependent gravity background is the effects of chemical potentials, even though an asymptotic
boost-invariant geometry (without corrections) dual to an N' = 4 plasma with U(1) R-charge is
known for quite some time [128]. Also the transport coefficients of plasmas with U(1) currents have
already been holographically computed in [76,77,129-131] (up to second order). Such currents are
generated, for instance, shortly after the collision of two heavy ions, when the two sheets of color
glass condensates have passed through each other and longitudinal color electric and magnetic flux
tubes are produced between the sheets [132]. This gives rise to a large topological charge density
FM Fe which in turn leads to an imbalance of the number of quarks with left- and right-handed

Nz
chirality and chemical potentials pur and pr. In addition to the usual baryon chemical potential
p = LEFEL one may therefore also consider a chiral chemical potential p5 = £E-£L which mimics

the effect of an imbalanced chirality.

In this chapter we will construct a modification of the Janik-Peschanski background, which will
additionally include a time-dependent U(1) gauge field. The bulk theory will be five-dimensional
Einstein-Maxwell gravity with a negative cosmological constant and a Chern-Simons term. As
in the case without chemical potential, it appears to be difficult to find an analytic solution for
all times and we will restrict to solving the equations of motion at late times. As a further
simplification, we seek for a solution in which only the time-component of the U(1) gauge field dual
to the chemical potential is non-vanishing (the spatial components are set to zero). Asymptotically,
at large proper time 7, we may expand the late-time geometry in powers of 7=2/3. Employing both
Eddington-Finkelstein and Fefferman-Graham coordinates we present the late-time solution up to
first order (in =2/ 3). The resulting background will essentially take the form of a time-dependent
AdS5 Reissner-Nordstrom solution whose inner and outer horizon move into the bulk of the AdS
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space. This background can be extended to a full type IIB supergravity solution (by taking the
product with an S°) and is dual to a strongly-coupled ' = 4 SU(N) supersymmetric-Yang-Mills
plasma with a non-vanishing chemical potential.

4.1 Late-time background in Eddington-Finkelstein coordi-
nates
In this section we are interested in finding a late-time gravity dual of an expanding N = 4 viscous

plasma with non-vanishing chemical potential.
The relevant five-dimensional Einstein-Maxwell-Chern-Simons action is given by

1 4
S = ]_671—G5 /d5$ —4gs5 (R + 12 — FaﬁF(]ﬁ + gﬁaaﬁ’yaAaFa;anya) , (411)

where «, 3, ... denote the 5D bulk coordinates. The cosmological constant is A = —6 and the
Chern-Simons parameter is fixed as k = —1/(2v/3). Also, 1/(167G5) = N2/(872) for an N = 4
plasma [76]. The corresponding equations of motion are given by the combined system of Einstein-
Maxwell equations,

1 1
Rop = 59058 = 6gas +2 <Fa7Fw - ZgaﬁF2> =0, (4.1.2)
and covariant Maxwell equations (with Chern-Simons-term),
Vs FPe 4 ke Fg s, = 0. (4.1.3)

FB is the field strength of the U(1) gauge field A, we wish to introduce in the background.

4.1.1 Boosted black brane solution

Our starting point for the construction of a time-dependent solution is the static AdSs Reissner-
Nordstrom (RN) black-hole solution [73]. Using ingoing Eddington-Finkelstein coordinates, we
may write the RN metric and gauge field as

a5 = —r2(1 = ™ 4 T 4 2dvdr + r2di® 414
s-—r(—r—4+r—6)v—|— vdr + r°dz” (4.1.4)
\/§q~

with mass m and charge ¢q. Here v is a time-like coordinate (not to be mixed up with the scaling
variable v introduced below), & are the spatial coordinates on the boundary, and r parameterizes
the holographic direction. The location of the outer horizon r = r, (m,q) is given by the largest
real positive root of V(ry) =r% —mri 4+ ¢* = 0.

A charged black hole is dual to a fluid at finite temperature 7" and chemical potential p. Both
the Hawking temperature and the chemical potential are given in terms of r by [73]

1 _Va

T=——g = . 4.1.6
47_[_91)1) (T+) ) H 2703 ( )
These relations can be inverted to give m and ¢ as functions of T" and pu [76],
3y—1 20
4 2
m—r ’ — r2, 4.1.7
T+l =B (4.1.7)
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with

T 8u?
7‘+=7(7+1), Y=\t o5

(4.1.8)
Following [75,109], we now consider the corresponding five-dimensional boosted charged black
brane solution given by

q2

ds? = —2u,dxtdr — r? <1 — % + 5

3
A= %uudaﬁ“ , P = + upty (4.1.9)

) u Uy dat dx” + TQPde”dx” ,

where u* is the boost velocity along z# (p = 0,1,2,3), and m = m(u,T) and ¢ = q(p,T) as
given by (4.1.7). From this solution we may deduce a time-dependent solution by choosing the
frame u* = (1,0,0,0) and introducing an Eddington-Finkelstein proper time-like coordinate 7 and
rapidity-like coordinate y. We also substitute the asymptotic late-time behaviour of T' [25] and p,

T =A7"1/3 and p= o7 /3, A, fip = const. , (4.1.10)

into the explicit expressions for m and ¢q. Here we assumed p o< T', as one would expect for a
perfect fluid, such that the quotient u/T = f19/A = const. is independent of time. This leads to
the following metric!

= ~\2
ds” = —r*(1 - mr(T) + Q(%)d%? + 2dFdr + (1 + 17)2dy? + r2da?
A= —o5dr, (4.1.11)

with coefficients

3y —1 ~ 2,[70 ~
4 2

T)= T 4.1.12
’Y 1 9 Q( ) \/§~1/3r ( ) ? ( )

~ A 8112
PP = g (D), = L

m(7) = b(7) " =r.(7)

(4.1.13)

For ¢ = 0 (or jip = 0), this metric reduces to the uncharged (zeroth-order) late-time solution in
Eddington-Finkelstein coordinates found in [109,110,127] (m = b=* = 7*A*7=4/3 there). Note
that the size of the outer (and inner) horizon r4 (r_) decreases with time.

4.1.2 Zeroth-order solution and first-order correction

The boosted metric (4.1.11) is not an exact solution of the Einstein-Maxwell equations. It is a
good approximation of the boost-invariant solution at large 7 though. At smaller 7, it receives
subleading corrections corresponding to higher-order gradient corrections to the energy-momentum
tensor and U(1) current, which will be discussed in section 4.1.3. These corrections to the metric
(4.1.11) can be found by choosing the following metric ansatz for the time-dependent solution:?

ds? = —r2e* TN d7? 4 2drdr 4 (1 +17)2e? TN dy? 4 72T dz? |
A=d(7T,r)dT. (4.1.14)

IThere is an additional 1 in the factor (14 77)2 in front of dy? which is not expected from the boosted solution
(4.1.11). This is to ensure an asymptotic AdS space in the limit A — 0, see [110] for details.
2For this particular ansatz, the Maxwell equation reduces to ﬁag(\/—gFﬂa) = 0. The Chern-Simons term is

absent, since only F,7 and F%, are non-vanishing.
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As in the case without chemical potential, we may introduce the scaling variable v = 77'/3 and

expand the metric coefficients in powers of 72/ 3,
TN = AW) + ar(0)F P 4 (4.1.15)
) = Bu) exp(by (07 +...), (4.1.16)
) = C(v) exp(er (0)7 23 + ... (4.1.17)

Similarly, for the coefficient of the gauge field we choose

d(7,7) = D)7 3 exp(dy (v)7 23 + ... (4.1.18)
Note that the gauge field has an overall factor 7-1/3. The existence of a late-time scaling variable
v will be shown in section 4.2.2.

The system of Einstein-Maxwell equations (4.1.2) and Maxwell equations (4.1.3) can then be
solved order by order in 7-2/3. At zeroth-order in 7-2/3, we find the coefficients

Aw) =1-204 B gy _cey=1, D) --LR (4.1.19)
where we defined the time-independent variables
mo=byt =7Pm(7),  qo=7q(7) (4.1.20)
with m(7) and ¢(7) as in (4.1.12). In the same way, we also define the variable
(o =1y (P73 (4.1.21)

from the (outer) horizon r; as given by (4.1.13). A(v),..., D(v) are in agreement with the metric
(4.1.11) deduced from the boosted black brane.

At first order in 7-2/3, we find the coefficients

4(](2) 2m0 CQ

a1(v) = S 307 305wt
6
4 1 <= 3C1 loglv — ¢;] — 4loglv — ¢;]¢3
b =-2 e 3+ — L 4.1.22
1(v) c1(v) 3U+CS+6; 3¢ —mo ; ( )
2 1,
dl(U) = —% + §U Cr,
where (; are the solutions of
¢f —moG? +5 = 0. (4.1.23)

The resulting expression for by (v) is real, even though we need to consider all six roots of (4.1.23)
including the imaginary ones. Explicit expressions for these roots can be found in appendix 4.3.
Note that one of the six roots of this equation corresponds to the outer horizon (4. In Reissner-
Nordstrom solutions there is always an upper bound on the charge ¢, at which the discriminant
of the equation (4.1.23) vanishes,

~ ~exrir. 4 K
Go < 6" =\ 5=mi - (4.1.24)
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For larger values of Gy, there would be a naked singularity at the origin. Remarkably, this bound is
satisfied for any value of the quotient fip/A and saturated in the limit fo/A — oo, as can be seen
by substituting (4.1.20) with (4.1.12) into the bound (4.1.24). In other words, there is no bound
on the chemical potential. Nevertheless, let us assume that gy < A in order to avoid potential
stability problems [133], which arise when the black hole is close to extremality.

We still need to fix the integration constants C; 5 3. C; can be found by requiring regularity of
the first-order solution (4.1.22) at the outer horizon, i.e. Cy should be a function of the positive
root (. More precisely, by choosing

4
Cy = ggi, (4.1.25)

we cancel the loglv — (;] terms in by (v), which are singular at v = (. The metric then still
contains singularities but they are hidden behind the outer horizon.

The constant Cj is fixed by the requirement that the metric reduces to a pure AdS space in
the limit A — 0. This simply sets C3 to zero,

C3=0. (4.1.26)

There is one remaining integration constant C'y which can not be fixed at first order. Note that, in
general, at each order k there is one integration constant which can only be fixed by regularity at
order k41 [109], C3 in our case. Nevertheless, we may guess the correct value for Cy by comparing
with the uncharged solution [109,110,127], in which Cy = %C}g{ = %71'3A3. As for Cq, it seems
natural to replace the horizon (g of the uncharged solution by the outer horizon (4 of the charged
solution such that

2
Cy = gcﬂ;. (4.1.27)

Later in section 4.1.3 we will justify this value again. It will turn out to correctly reproduce the
expected transport coefficients.

We have checked that for gy = 0 (or, equivalently, fip = 0) the metric reduces to the first-order
corrected uncharged solution found in [109,110,127]. Moreover, for the Kretschmann scalar we
find

o 412745 — 90moggv? + 18mdv? + 2G30° + 100'2)
R,u,upa - ,U12
N 8(254G3 — 150mgiv? + 24miv* + 2G3v° — 45¢2v3Co + 18mgv°Cs) -

—2/3
BE T / + .y

(4.1.28)

which is only singular at v = 0. In the limit gy — 0, we have mg — 7*A* and Rf”,p[, reduces to
the corresponding expression in the uncharged case, see [110].

We have thus constructed a natural extension of the first-order corrected boost-invariant plasma
geometry of [109,110,127] to the corresponding one with non-trivial U(1) gauge field.

4.1.3 Transport coefficients from the background
In the hydrodynamic approximation, the energy-momentum and U(1) current are given by

€
(T) = §(4uuuy + 1) + (Ju) = pup + T, (4.1.29)

where the first terms on the right hand side correspond to a perfect fluid with chemical potential.
Since the velocity field u#, energy density € and charge density p vary slowly with the spacetime
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4.1. LATE-TIME BACKGROUND IN EDDINGTON-FINKELSTEIN COORDINATES

coordinates, the energy-momentum tensor and current receive higher-order gradient corrections
given by (up to first order)

I, =—-nou, Y, =—-0P,"0a— —|— &€, Tu, 00 tr (4.1.30)

where 7, 0 and & denote the viscosity, conductivity and vorticity coefficient, respectively. The
corrections satisfy ¥ Y, = 0 and u”1I,, = 0. The transport coefficients of the fluid entering these
corrections were holographically computed in [76,77,129] (up to second order) by slowly varying
ut, g and m in the boosted solution (4.1.9) with the space-time coordinates z#. In this way the
hydrodynamic equations are obtained from AdS/CFT without constructing an explicit solution.
In the following we will compute the first-order corrections directly from our time-dependent
solution using holographic renormalization techniques [70,71]. Recently, a rigorous holographic
renormalization of the Einstein-Maxwell-Chern-Simons theory, including the full back-reaction of
the gauge field, has been performed in [134]. The energy-momentum tensor can be obtained from

N? 1
<T/LV> = hm |: < 702 <Kp,1/ - K’Yp,u - 3’7/1,1/ + §Guy):| 5 (4131)

where 7y, is the induce metric on a constant-r hypersurface, which regularizes the boundary. K,
is the extrinsic curvature of on this hypersurface, K the corresponding scalar K = K,,,v** and G .,
the boundary Einstein tensor with respect to the metric vy,,,. Substituting our explicit first-order
solution into (4.1.31), we find the time-dependent energy density>

_ €0 210
() = oy~ (4.1.32)
with
3N2 3]\72 .7\/'2
=< 4.1.
=gl M= e T g gr2th (4.1.33)

and by = b7~ /3 as in (4.1.20), see appendix 4.3 for more details on the computation. The first
term in (7) is the zeroth-order energy density and is in agreement with that in [76], see Eq. (20a)
therein. The second term is the first-order correction and formally agrees with that in the uncharged
case [109,110,127] but now with a more general shear viscosity 79 = 7o (fio, A).* This correction
is also in exact agreement with the first-order gradient correction to the energy-momentum tensor
computed in [76]. There [76], the viscosity was found to be

2
5 N .3

il 87T2<+ , (4.1.34)

'[’] =
with 74 as in (4.1.8) (The N/ = 4 plasma saturates the KSS bound [135-138]). Here we have
already substituted the asymptotic behaviour ' = A7~Y/3 and r, = (.7 /3. Given that 7 is
defined as 1y = 17, we get the same 7 as in (4.1.33) and thus agreement with [76].

Similarly, the expectation value of the R-charge current can be computed from

2 K
(JHy = (n“”A(Q) e A E 0>) (4.1.35)

47T2

3 Asymptotically, 7 can be identified with the proper time 7, 7 &~ 7, see section 4.2.4 below.
4In order to check mo in the limit of vamshlng chemical potential, we note that the viscosity is differently

normalised in [110]. Consider Z—g = 3§3 bg — 5% for fip = 0. This is identical with nfEMNO = ﬁ found in [110]

since mA = w there.
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where Af,") is the 7~ coeflicient of the large-r expansion of the gauge field A,. Since the spatial
components of the gauge field are zero, the second term proportional to k is absent in our case.
Substituting the solution for the gauge field into (4.1.35), we read off the U(1) charge density

_ N2V3io 1
T 4x2 2 T

p(7)

(4.1.36)

with o = ¢7 as in (4.1.20). Recalling v/3¢/2 = pr3, we find agreement with the zeroth-order
charge density in [76], see Eq. (20b) therein. The asymptotic 1/7 behaviour of the charge density
was also found in [128]. There are no first-order corrections to the charge density in our case.

More generally, for gauge fields with vanishing spatial components, there are no higher-order
gradient corrections. This follows directly from the relation u”Y, = 0. The corrections Y, are
orthogonal to ©” and cannot come from the near boundary expansion of a gauge field proportional
to u”.

4.2 Late-time solution in Fefferman-Graham coordinates

In this section we seek for a time-dependent solution of the Einstein-Maxwell equations (4.1.2) and
(4.1.3) in Fefferman-Graham coordinates.

4.2.1 General ansatz and near-boundary behaviour
In Fefferman-Graham coordinates, we choose the same metric ansatz as in the uncharged case [74]
given by
1
ds* = — (—e“(T’Z)dT2 + P2y 4 (T2 dp? 4 sz) . (4.2.1)
z

Of course, the warp factors a(r, z), b(t, z) and ¢(7, z) will be modified due to the effects from the
back-reaction of the gauge field. As before, we set the spatial components of the gauge field to
zero and assume a non-vanishing time-component,

Ag = —d(T,2), A, =A. =4, =0. (4.2.2)

Let us first study the general behaviour of the solution near the boundary at z = 0. Following
[123], we choose the small-z expansions

a(t,2) = —e(1)2* + ag (1) 2% + ag(7)2% + ...,
b(1,2) = ba(T)2* + be(7)25 + be(1)2% + ...,
(T, 2) = ca(T)2* 4 c6(7)2% + cs(7) 2% + (4.2.3)
and
d(t,2) = p(1)2% + da(7)2* + dg(7)2° + ... (4.2.4)

Here the lowest coefficients are determined by the energy and charge density, respectively. For
instance, solving the Einstein-Maxwell equations to lowest order in z, we obtain

ba(r) = — (e(1) + 7€'(1)),  ca(r) = e(7) + 37/ (1), (4.2.5)

as in [123]. There is no back-reaction of the gauge field on the geometry at this order (p(7) does
neither appear in by(7) nor c4(7)). Likewise, the metric does not enter the Maxwell equations
at this order. However, other than the energy density (1), which can be freely chosen (at least
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at early times), the charge density p(7) is uniquely fixed by the z-component of the Maxwell
equations,

2
_ f’T(_T) —2p/(r) =0, (4.2.6)
which is solved by
4
p(r) = ?0 , (4.2.7)

qo = const. Any dependence on the warp factors has dropped out in the Maxwell equations such
that p(7) is independent of (7). The result (4.2.7) for the charge density holds for all times 7 > 0.
Remarkably, the charge density diverges at 7 = 0.°

Solving the system of equations (4.1.2) and (4.1.3) order by order, we find the solution up to

order 28,

a(t,z) = —E(T)z4 + (— 514(:) — 6/11(27-) + 10'0;) ) 28
(et e+ R 215, 210
G (r )2
+€64(7') * 3_;16(4)(7) * [52(6—7)2) s
= (- B0 (B SO )y

and similar expressions for b(7, z) and ¢(7, z). These expressions for the warp factors generalise the
corresponding ones for gy = 0 found in [123]. They describe the all-time near boundary behaviour
of the background as a function of the energy and charge density.

4.2.2 Late-time ansatz for the background

A full analytical all-time solution is difficult to find, even in the uncharged case (qo = 0). It is
however possible to find a late-time solution. The general late-time behaviour of the energy and
charge densities can be found as follows (For the energy density the derivation is very similar to that
in [74,107]). In the local rest frame the energy-momentum tensor is diagonal with elements T’ -, T},
and Ty = Thyzy = Trye, and the current has only a time-component J. while J, = J,, = J;, = 0.
Moreover, we assume that these components depend only on 7.

Using proper time and rapidity coordinates in flat Minkowski spacetime, defined by xy =
7coshy and x; = 7sinhy,

ds* = —dr* + 2dy* + da? (4.2.9)

the tracelessness condition 7%, = 0, energy-momentum conservation 7#”., = 0 and charge con-
servation J",, = 0 have the form

1
~Tpr 4 5Ty + Taw =0, (4.2.10)

1
70 Trr + Trr + 5Ty = 0, (4.2.11)
70, 0.+ J; = 0. (4.2.12)

5Generic solutions of viscous fluid dynamics are not expected to be regular in the infinite past (see footnote 4
in [76] in this context): The volume element on the boundary at constant proper time scales linearly with 7.
Integrating the charge density (o< 1/7) over this volume element (o< 7) yields a constant total charge. Thus, even
though the charge density is divergent, the total charge is regular, even at 7 = 0, ensuring the validity of the
hydrodynamic approximation.
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Here we assumed that the anomaly in the U(1) current is absent, which is true for our simple
ansatz of the gauge field.

Comparing with the zeroth-order energy-momentum tensor and current given in (4.1.29), in
the frame v = (1,0,0,0) we obtain

e(r) = T% p(r) =L (4.2.13)

We observe that the asymptotic charge density (4.2.13) is in exact agreement with the expression
(4.2.7) for the charge density, which is valid for all times. In other words, the late time charge
density (4.2.13) does not receive any higher-order gradient corrections, in agreement with our
findings in the previous section.

Substituting the asymptotic behaviour (4.2.13) into the general solution (4.2.8) and expanding
the resulting expressions for large 7, we get (g9 = 1)

2t 2430q027Y3 o 10— 27qe3TY/% — 54783

a(t, z) e 571075 % 97271673 254, (4.2.14)
4 14 +1 4/3 2 -1 24 4/3 2_162 8/3
b(r, 2) = 2= 14+ 18777¢q5 L6 30 + 2437%/°q5 — 1627 S (4.2.15)
3r4/3 81710/3 2916716/3
4 4 202 —81 4/3 2 162 8/3
o(r,2) = — _ 20\ o SUZBIT gy 162777 5 (4.2.16)
3r4/3 81710/3 972 2916716/3
d(T Z) _ @22 _ q0 Z6 + qo0 + 2(]03 ZS L. (4 2 17)
’ T 377/3 54713/3 973 ’ -
We find that the dominant terms at large 7 scale as
an(7)2" ~ do(r)" ~ 2 (4.2.18)
n\T ~ e n\T N DR T a /N
n/3 71/3 /3

and similarly b, (7)2™ and ¢, (7)2". Asin [74], it is therefore useful to introduce the scaling variable®

z
V=7 (4.2.19)
This suggests the following ansatz at late times,
a(r,z) = ap(v) + al(v)m + ..
—1/3 1
d(r,z) =71 do(v) + all(v)Q—/3 + ... (4.2.20)
T

and similarly for b(7, z) and (7, z). Inserting the ansatz (4.2.1) and (4.2.2) with (4.2.20) into
the combined system of Einstein-Maxwell and covariant Maxwell equations (4.1.2) and (4.1.3) will
turn the equation of motions into a system of nonlinear ordinary differential equations for the
coefficients ay, ...,d; (i > 0). In principle, this system can then be solved order by order in T72/3,

6With hindsight, this justifies the introduction of the scaling variable v = #7'/3 in the previous section for the
late-time solution in Eddington-Finkelstein coordinates.
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4.2.3 Zeroth-order solution

In the following we restrict to give an exact solution for the zeroth-order coefficients ag(v), ..., do(v).
The non-vanishing components of the Einstein-Maxwell equations are

(77) 0 de=y3dy (v)? = 6by (v) — vbo' (v)? + 12¢¢’ (v)
— 2ubg’ (v)eo’ (v) — 3veg’ (v)? — 2vby" (v) — dvey” (v)

(yy):  4e=@3dy (v)2 = —6ag’ (v) + vag' (v)? — 12¢o’ (v)
+ 2vag’ (v)eo’ (v) + 3vey’ (v)? + 2vap” (v) + dvey” (v)

(LL): 4de=®@y3dy (v)2 = —6ag (v) + vag' (v)? — 6by’ (v) + vap’ (v)by' (v) + vbo' (v)?
— 6¢o’(v) + vag' (v)eo' (v) + vby' (v)eo' (V) + veo! (v)? (4.2.21)
+ 2vao” (v) + 2vby” (v) 4 2vcy” (v),

(z2):  4e=@3dy (v)2 = 6af(v) + 6b)(v) — vag(v)bh(v)
+12¢h(v) — 2vah(v)ch(v) — 2vb)(v)ch(v) — vey(v)?,

(27): 6ag(v) — 4by(v) — vag(v)bh(v) + vbh(v)? + 4ch(v)
— 2vaf(v)ch(v) + 2vchy(v)? + 20bf (v) + 4vcy(v) = 0.

At zeroth order, the z- and T7-components of the Maxwell equation both lead to the same equation,
(2 +vao' (v) — vby' (v) — 2vey’ (v)) do' (v) = 2vdy” (v) . (4.2.22)

The other components are zero.

These equations can be simplified a lot. Note that only four out of the five plus one equations
are independent. We also find from a linear combination of the 77- , zz- and z7T-components of
the Einstein-Maxwell equations that by(v) = c¢o(v). Next, the Maxwell equation (4.2.22) can be
solved for dy(v),

do(v) = 5’4/ﬁeé(ao(ﬁ)*bo(ﬁ)*%o(ﬁ)) do, (4.2.23)
0

where Sy is some integration constant which will be fixed below.

Substituting this back into the Einstein equations, the two remaining independent equations
are given by the 77- and zz-components. The first one (77) is an equation for by (v),
30 (v) + 3v(bh (v))? — 9b)(v) 4 8g2v e300 ™) =0, (4.2.24)

while the second one (zz),

(by(v))* + 205 (v)
2—obh(v)

ag(v) = —v (4.2.25)

can be used to find ag(v) as soon as a solution for by(v) is known. Our primary goal will be to
solve (4.2.24) for by(v). ag(v) and do(v) can then easily be obtained from (4.2.25) and (4.2.23).

Later, in order to fix some integration constants, we will need the asymptotic solution close to
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the boundary which can be expanded in powers of v as (here we present it up to O(v'?))

2 2 2
1000° 6 &8s 2a0%0 10

ao(v) = —gpv* + 9 v° — IS G ,
2 2 2 14 2
bo(v) = co(v) = %01)4 - %vﬁ — i—%vs %;va NE (4.2.26)
2 3 2
do(v) = gov* — qugov6 + %vs + %vm Sy

It shows us that the solution exists and is uniquely fixed by parameters g9 and gg. Comparing the
expression (4.2.23) with the boundary behaviour (4.2.26), we may immediately fix the integration
constant Sy as

Si=2qo. (4.2.27)
We now solve (4.2.24) for by(v). By setting
bo(v) = log(B(v)) , (4.2.28)
we simplify this equation to the form
v3" — 308 + §q§v5ﬁ*2 =0, (4.2.29)

which turns out to be the modified Emden-Fowler equation [139]. Its solution can be written in
the parametric form

A ~2 2 1 -1/2
B(v) = pS3 exp 52/ (% + 81 + %’5> dp (4.2.30)
P+
and
p
S ~2 2 1 -1/2 ~
v = Sgexp 72/ <% 45+ %0]—5) dp b . (4.2.31)
P+

Here Sy, S2, Ss and py are some integration constants. One can in principle absorb p, in S but
we separate them for the moment. There are two useful expressions for 3(v) and 3 (v),

Blv) = pv? (4.2.32)
and
dp(v) _ 2v [p? @1
=<\ - — +2pv. 4.2.
o 5 4+51+3p+ pU (4.2.33)
From (4.2.26), we get the near-boundary conditions
4
B) =1+0@"),  B'(v)= %03 +0(v°), (4.2.34)

which will be used to fix the integration constants S; and Ss.
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Comparing (4.2.32) with (4.2.34), we find that near the boundary v should behave as

1

VR — 4.2.35
7 ( )

which is small if p is large. This should be compared with the general large-p behaviour

Sy [ (P !
v = Sz exp 72/ (g + - ) dp p ~ const. p>? . (4.2.36)
P
This fixes Sy as
1

So = 5" (4.2.37)

Substituting (4.2.35) into (4.2.34), we extract the expected asymptotics for §'(v) as a function
of p,

5 (4.2.38)

Generically, at large p, (4.2.33) is approximated by

2 45
B(w) = —dv\[S1+ %+ 2pom 0L (4.2.39)
1 =z

&:—%. (4.2.40)

which fixes S; as

Remarkably both constants S; and Sy do not depend on ¢p.

Let us now relate S3 and py by setting S3 = vy with vy = v(p4). vy will be fixed by the
requirement that the outer horizon of the geometry is located at v = v4.. Formally, the horizon v
is defined as the largest zero of the denominator on the right hand side of (4.2.25),

B (v+)
B(vy)

This can be rewritten in terms of py. Using (4.2.33), (4.2.32) and the expressions for Sy and S,
we get the condition

2, =0. (4.2.41)

4e 4q2
pi—-7;p++-7£e=0, (4.2.42)

which can be solved by Cardano’s formula. The largest solution of this equation is”

2 1/3 16 1/3 16 1/3
pe=(2) (—q3+ qg—ﬁ) +<—q3—\/q3—8—163) L 2w

The last step is to fix v4 in (4.2.31). This can be done by substituting the p1 solution (4.2.43)
(and all the constants Si23) back into (4.2.31) and expand v(p) for large p. In this way we

7 In order to extract the roots correctly we use the following standard convention:

_(2)\4/3 h —(—2+ 47&31/3
ata— = (3) €0, where a1 = a5 45 — 5150 .

49



CHAPTER 4. HOLOGRAPHIC DUAL OF A BOOST-INVARIANT PLASMA WITH
CHEMICAL POTENTIAL

determine the constant on the right hand side of (4.2.36) as a function of vy. Since this constant
must be one, we get

P

1 dp
v4(€0,q90) = exp ¢ = lim /f —logp| ¢, (4.2.44)

2 p—oo 4U

J VAU @)
where U(p) is defined as

=2 2

- p € q
Up) =" - 50 + 3—% . (4.2.45)

For gy = 0, the integral can be performed analytically and v reduces to the well-known result for
the horizon [74],

04 (€0,40) |4 —o = \/ — - (4.2.46)

15}

10f

05F
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Figure 4.1: The outer horizon v; = v (g0, qo)-

For general qg, this integral can in principle be written as a lengthy expression of elliptic
integrals of the first and third kind, F(¢, k) and II(n; ¢|m), respectively, which we will not do here.
Instead, in Fig. 4.1 we show the dependence of vy on the charge gy for some particular choices of
€o. We note that for each ey there is some maximal allowed value of the charge at which the black
hole becomes extremal. This value can be found from the condition that the discriminant A of

(4.2.42) vanishes,
3 2
4 2

which leads to the bound
2
Qo < ¢5"" = 563/ ’ (4.2.48)
In Fig. 4.2 we present some plots of the exact solution and compare them with the power
expansions (4.2.26). For the particular choice g = 1 and go = 0.6 < ¢ the difference between

both curves is clearly visible. The function ag(v) by definition has a singularity on the horizon, as
can be seen in Fig. 4.2(a). The other functions by(v), co(v) and dy(v) are regular on the horizon
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av) | | Bo(v), Co(¥) Lo
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Figure 4.2: Exact solutions (red curves) and their near-boundary power expansions (blue curves) for
extr.

g0 =1and go = 0.6 < ¢§"". The black dashed lines correspond to the horizon vy (€, o) =~ 1.685.

and their power expansions are valid up to v < 1. Note also that do(v) grows quadratically near the
boundary, which reflects the Coulomb law in D = 5 dimensions. Near the horizon it approaches
some finite constant value g related to the chemical potential as

do(vy) —do(0) _ o
n= A0|b0u’n,d(l.'r‘y - A0|h07-izon = 7—1/3 = 7—1/3 R (4249)

which confirms the scaling behaviour (4.1.10).

In summary, the zeroth-order solution by(v) is given by
bo(v) _ 02 L Ly
e =puiexp (=5 [ UP) " dp),
Pt
1 [P —~ .
v=uvpexp(— Z/ U(p) 1/2dp) , (4.2.50)
P

with vy and U(p) given by (4.2.44) and (4.2.45), respectively. ag(v) and do(v) are obtained by
substituting bo(v) in (4.2.25) and (4.2.23).

4.2.4 Fefferman-Graham vs. Eddington-Finkelstein coordinates

The zeroth-order solution in Fefferman-Graham (FG) coordinates can be related to that in Eddington-
Finkelstein (EF) coordinates by the coordinate transformation

1
F=r, r— —eb(m2)/2 (4.2.51)
z
Transforming the Eddington-Finkelstein metric (4.1.14)-(4.1.18) and comparing the result with the
power expansion (4.2.26), we find

V3
Comparing also the bound (4.2.48) with that in Eddington-Finkelstein coordinates given by
(4.1.24), we find some relation between ¢y and mg using (4.2.52):
3

Eo = Zmo. (4253)

51



CHAPTER 4. HOLOGRAPHIC DUAL OF A BOOST-INVARIANT PLASMA WITH
CHEMICAL POTENTIAL

For ¢go = 0 this relation can be easily checked by our solution with the general form of the metric
in [74,107,127]. In this case, we find that our solution (4.2.50) reduces to

ebo) — 1 4 %004, (4.2.54)

and similarly ag(v), such that

(1- %v‘l)Q

ds? R Ty
S| 1+ Zevt

1
== dz* — dr? 4 72 (1 + %v‘l) dy? + (1 + %Ml) dxﬂ . (4.2.55)

qo=0

We also note that the transformation (4.2.51) relates the outer horizons, {4 in EF coordinates
and p4 in FG coordinates, as (;+ = ,/p+. The chemical potential jy can therefore be written as a
function of £p and qo. Using (4.1.12) and (4.2.52), we find

_ V3@ 90
N B _V3d _ @ 4.2.56
to(€0,90) = fo 2 2 pi(e0,90) | )

This dependence is shown in Fig. 4.3 for some particular values of gg.
Ho

: €=1.0

10- €=0.7 R

©=03 .-

=01 .-~
06 .

0ar

0.07\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\qo
00 01 02 03 04 05 06 07

Figure 4.3: The chemical potential pg = uo(g0,90). The dotted line corresponds to the upper
bound for pyg.

Using this expression with the definition (4.2.42) for p; and substituting there the maximal
value for qo (4.2.48) we find the following bound for the chemical potential:

3 1/3 L4
po(€o0, o) < p§™" = (qum.) =g/t (4.2.57)

This is not in contradiction with our earlier statement that the disappearance of the horzion does
not impose a bound on jig/A. Note that if we identify g with mg as in (4.2.53), then g¢ explicitly
depends on fig = up and therefore (4.2.57) is not a bound on fip/A.

4.3 Conclusions

We constructed a natural extension of the late-time boost-invariant background found in [74] (and
[75,107-110,125-127]) to a background dual to an expanding N = 4 plasma with chemical potential.
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The solution we found depends on two parameters, the chemical potential 119 and temperature scale
A, which are encoded in the mass parameter mg and charge gy of a time-dependent AdS Reissner-
Nordstrom-like solution. In Eddington-Finkelstein coordinates the first-order solution is given by
the expansion (4.1.14)—(4.1.18), with the zeroth-order and first-order coefficients given by (4.1.19)
and (4.1.22), respectively. We showed that the viscosity of the boundary theory computed from
the time-dependent solution is in agreement with that in [76]. We also constructed a zeroth-
order solution in Fefferman-Graham coordinates, which we presented in parametric form, see the
general ansatz (4.2.1) and (4.2.2) with (4.2.50). FG coordinates may be the preferred choice, when
strings [103] or branes [1,105] are embedded into the geometry. Finally, we found the coordinate
transformation which maps the zeroth-order solution in FG coordinates to that in EF coordinates.

We argued in several ways that the charge density behaves like 77! at all times. Unlike the
energy density, it can not be chosen freely at early times. This is basically because the charge
density behaves like 7! at large 7, see e.g.(4.1.36) or (4.2.13), and higher-order corrections are
absent. It also follows directly from the equations of motion, see (4.2.7) which holds for all times.
Naive extrapolation to early times shows a singularity in the gauge field at 7 = 0. However, this
does not signal a breakdown of the hydrodynamic approximation since the total charge is constant
at all times and therefore regular even at 7 = 0 (see footnote 5 on p. 45).

A possible application of the background, when appropriately modified and extended, could be
the chiral magnetic effect (CME) [30,41-43], see the Chapter 5.

Finally, it would be interesting to find a numerical solution of our background ¢ la Chesler and
Yaffe [124] which would hold beyond the hydrodynamic regime.

Appendix A. Roots of (4.1.23)
For completeness, we present the six roots of (4.1.23) in this appendix. The equation (4.1.23) is

depressed bicubic in (; and, therefore, can be solved by Cardano’s formula. It has six solutions,
which can be expressed as

G e {i a++a_,i\/—0‘++o“ —¢O‘+;O“\/§,i\/—o‘++o“ +i0‘+;a‘\/§} . (43.1)

2 2
where
~2 ~4 3
3 4% do _ My
ol =——=E\F——=. 4.3.2
* 2 4 27 (43.2)
Here we use the standard convention aya_ = mg/3. One can recognize the outer horizon (y =
r.7'/3 in the first pair of solutions and the inner horizon (_ = r_7/3 in the second one.

Appendix B. The energy-momentum tensor (4.1.31)

In this appendix we introduce the geometric quantities used for the computation of the energy-
momentum tensor (4.1.31). Here we consider an r = const. four-dimensional surface with induced
metric 7y, on it:8

Vv = Guv — NpNy (4.3.3)

where g, is the 5-metric and n* is the outward-pointing unit normal vector to the surface. For
our ansatz (4.1.14) it is given by

8Here and after all Greek letters denote a 5-index.
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1
n, = <0,0,0,0, ﬁ) s (434)

where gz = —r2e®™7). The indices of the induced metric can be raised and lowered by means of
the 5-metric g,

’)/uy = 'Yuagay . (435)
The surface extrinsic curvature is given by

1 1
Kp,l/ = _5((4)vanﬁ + (4)vﬁna) = _E’Y,ual)/uﬂ (vﬂnﬁ + vﬁna) ) (436)
where we put M to covariant derivatives associated with the induced metric, while the derivatives
on the right-hand side are defined with respect to the 5-metric. We also define a scalar K =
K" = K,,v*”, which is used in the Gibbons-Hawking-York part of (4.1.31).
The Einstein tensor on the surface is defined as

1
G}Ll/ - (4)R/1,u - 57/1,u(4)R; (437)

where the 4-tensors can be expressed through the 5-tensors (defined with respect to g,,) by the
Gauss equations:

(4)Rau,81/ = RKApa'Yan'YHA'V,@p'VVU + K%K — KupK®,, (4.3.8)
DR, = DR 5l =327,07,7 R oro + KKy — KoK, (4.3.9)
WR = @R, 4" =R—nn Rop + K? — KopKP, (4.3.10)

where the raising/lowering rule is given by K,* = K,o7** = 7, K*H.
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Chapter 5

Fluid-gravity model for the chiral
magnetic effect

In the past few years, the chiral magnetic effect (CME) [30,41-43] has received much attention
in lattice QCD [5,10,51-54], hydrodynamics [130,140-143] and holographic models [93,144-154].
The CME states that, in the presence of a magnetic field B, an electric current of the type
N
J= C’,u5B, C= ﬁ (501)
is generated in the background of topologically nontrivial gluon fields. This could possibly con-
tribute to the charge asymmetry observed in heavy-ion collisions at RHIC and LHC [37-40].

A hydrodynamic description of the CME has recently been found in [140,141], using techniques
developed in [130]. This model contains two U(1) currents, an axial and a vector one, which are
assumed to be conserved, at least in the absence of electric fields. This allows us to introduce
the corresponding chemical potentials  and ps, and the CME was shown to arise as a first-order
transport coeflicient xp in the constitutive equation for the electromagnetic current Aj* = kg B*
with kg = Cus.

There have also been several proposals for a holographic description of the CME. In the early
works [144, 145], the axial anomaly was not realized in covariant form and the electromagnetic
current was not strictly conserved. Aiming at restoring the conservation of the electromagnetic
current, Ref. [148] introduced the Bardeen counterterm into the action. However, as shown in
[146,148] for some standard AdS/QCD models, this typically leads to a vanishing electromagnetic
current.

In [146,147] the problem was traced back to the difficulty of introducing a chemical potential
conjugated to a nonconserved charge. Reference [146] therefore suggested a modification of the
action in which the axial charge is conserved. This charge is, however, only gauge invariant
when integrated over all space in homogeneous configurations [147], while the charge separation in
heavy-ion collisions is clearly inhomogeneous. In contrast, Ref. [147] introduced a chiral chemical
potential dual to a gauge invariant current, despite it being anomalous. This required a singular
bulk gauge field at the horizon, a phenomenon which seems to be generic in AdS black hole models
of the CME.

In this chapter, we propose a different approach which is based on the fluid-gravity correspon-
dence [75] rather than a static (AdS/QCD) model. The fluid-gravity duality is more flexible since
the hydrodynamic gradient expansion captures (small) deviations from equilibrium. This includes
the CME and the change of the chiral charge density due to the anomaly E - B as first- and second-
order effects, respectively. This allows us to introduce chemical potentials even for anomalous
currents.
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Our main goal is to construct a holographic dual of the hydrodynamic two-charge model of
Ref. [140]. We will start from the three-charge STU model [155] which we take as a prototype of
an AdS black hole background with several U(1) charges. We consider it as a phenomenological
model of a strongly coupled plasma with multiple chemical potentials; i.e., we prescind from the
strict string theory interpretation of the three U(1)’s as R charges inside the SO(6)r R symmetry
of N' = 4 super-Yang-Mills theory. This allows us to interpret one of them as an axial U(1) charge
and the other two as a single vector U(1) charge. These charges are dual to p and ps required in
the hydrodynamic description [140].

We proceed as follows. First, we show that the two-charge model of [140] can be considered as a
special case of the hydrodynamic three-charge model of [130,131]. Next, we reproduce the relevant
magnetic conductivities in this three-charge model from the dual STU model (plus background
gauge fields), using fluid-gravity duality [75]. We then reduce the model to two charges and recover
the CME (i.e. kp of [140]) as well as other related effects. Finally, we present a time-dependent
version of the STU model dual to a boost-invariant expanding plasma.

5.1 CME and CVE in hydrodynamics

Hydrodynamics of a U(1)? plasma. The hydrodynamic regime of relativistic quantum gauge the-
ories with triangle anomalies has been studied in [130,131]. The anomaly coefficients are usually
given by a totally symmetric rank-3 tensor C%*° and the hydrodynamic equations are

0,TH = F™ ¢,  9,j% = C"E". B°, (5.1.1)

where EW = Fonvy,, B = %el"”aﬁungﬂ (a = 1,2,3) are electric and magnetic fields, and
P, = 0,A7 — 0, Aj, denotes the gauge field strengths. The stress-energy tensor 7" and U(1)

n%

currents j** are

™ = (e + P)utu” + Pg' + " |
JH = ptut + v (5.1.2)
where 7#¥ and v®* denote higher-gradient corrections. p®, €, and P denote the charge densities,
energy density and pressure, respectively.
In the presence of E and B fields the first-order correction of the U(1) currents is given by

VU = €Ok e B 4 (5.1.3)

where w# = %e"l’)‘pulﬁ)\u,} is the vorticity. The ellipses indicate further terms involving electric
fields. The conductivities £2 and £% were first introduced in [76,130] and are given by [131] (see
also [130,156])

o _ pabe b e 2 arbeaHOP

o = cabeby, - 2p b dﬁipy (5.1.4)
1 c,d

%b _ CabcMc o 5pacvb(:d GM_FMP ’ (515)

where % are the three chemical potentials. These conductivities are specific for relativistic quan-
tum field theories with quantum anomalies and do not appear in nonrelativistic theories [130].

Magnetic and vortical Effects.  For the hydrodynamical description of the chiral magnetic
effect, we only need an axial and a vector chemical potential, us and p. The three-charge model
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can be reduced to one with two charges by choosing the following identifications®,

A _ g1 Vi A2 _ 43

A/L _Alt’ A/L _AI‘_A/"

:u5:,u17 IMZIMQZMB’

jg:jl,u’ jlt:jQﬂ _|_j3/l’ (516)

and C'?® = C123) = £ In the absence of axial gauge fields A;:‘ (which are not required), (5.1.1)
simplifies to?

0, T ~FV" j\, 0,4t = CE*By, 0,"~0, (5.1.7)
where EF = FV#y,, Bt = %e’“’o‘ﬁuuF C‘y/ﬁ The symbol “~” indicates that the equation only holds
for Aﬁ =0.

Let us also define
ps=p', p=p"+p,
Ko =6,+E&, rB=E5 +&5 +E&5 HE
bo=¢&, &B=E(5+E8. (5.1.8)
Then from (5.1.2)—(5.1.5) we get the constitutive equations
g* = put + koWt + kpB* |
JE = psut + et + Eg BH (5.1.9)

with coefficients

Hw=2clw5(1—ﬂ>, KB:C,U5<1_£)a

e+ P e+ P
€, = Cp? (1—2!?2), ts=Chu (1— fﬁ?)’ (5.1.10)

which to leading order are in agreement with [140].

The leading term in kp is nothing but the chiral magnetic effect (CME) [30,41-43], kg = Cus.
There is a second effect given by the term x, = 2Cuus which has recently been termed chiral
vortical effect (CVE) [157]. The CVE states that, if the liquid rotates with some angular velocity
W, an electromagnetic current is induced along & — there are analogous effects in the axial current
j&. The leading term in g, {g = Cpu, generates an axial current parallel to the magnetic field,
while ¢, = Cpu? describes chirality separation through rotation. These two effects are usually
refered as the chiral separation effect (CSE) [130,158-160].

We may also shift all anomalies in (5.1.1) entirely into the current j'* (= j£') by adding Bardeen
currents,

M=+, J =08+,
it = CBEHVAP(A},/FXAP — 2A‘3F)‘\;) ,
by = cpe" AV FY, (5.1.11)

with ¢g = —C/2 such that (5.1.1) becomes (C’ = 3C)
0, T" ~ FV" i, 9,4 =C'E*By, 8,5 =0.
This is formally identical to (5.1.7), leading again to (5.1.10).

ITwo of three U(1) charges are chosen to be identical and corresponding to the electric charge.

2For the sake of simplicity, we consider only a part of the chiral anomaly corresponding to the triangle diagram
with two vector legs. This leads to the absence of the subleading ,ug and ,ug terms in (5.1.10). For a full treatment,
involving also the second diagram with three axial legs, see Chapter 6.
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5.2 Fluid-gravity model for the CME

Three-charge STU model with external fields. In the following we propose the three-charge STU
model [155] as a holographic dual gravity theory for the (chiral) magnetic and vortical effects in a
relativistic fluid. We begin by showing that the first-order transport coefficients (5.1.4) and (5.1.5)
of the U(1)3 theory can be reproduced from the STU model [155]. Subsequently, we will reduce it
to a two-charge model and recover the conductivities (5.1.10).

The Lagrangian of the STU-model is given by [155]

3

L=l- %GabF&NF”MN — GO XM X+ 4;1 XL
b oS iy Flg A (5:2.)
where
Gap = %5@6()(0)*2, X1X2X3=1. (5.2.2)

gun, X* and A}, (M,N =0,1,...,4, a,b,c = 1,2,3) denote the metric, three scalars and U(1)
gauge fields, respectively.
The boosted black brane solution corresponding to the three-charge STU model is given by [155]
ds* = —H" 3 (r)f(r)uyu, detde” — 2H % (r)uudztdr
+ 2[5 (r) (N + upu,) datda”

A" = (A§(r)u, + A5) dat, X = %((:)) : (5.2.3)
where (u,v =0,1,2,3)
3
) == +1?H(r), H(r)= [T #°0).
m =1+ 5 g = YT (5.2.4)
and u, is the four-velocity of the fluid with w,u* = —1. Following [130], we have formally

a

11> which are necessary for the computation of the

introduced constant background gauge fields A
transport coefficients f%b.

We now use the standard procedure [75] to holographically compute the transport coefficients
€2 and €2, We closely follow [129] which has already determined £2 from the STU-model (but not
€90 relevant for the CME). Working in the frame u,, = (—1,0,0,0) (at 2# = 0), we slowly vary u,,
and Aj up to first order as

uy, = (—1,2"0u;), A = (0,270, A7) (5.2.5)

We may also vary m and ¢ in this way, but it turns out that varying these parameters has no
influence on the transport coefficients £2 and ¢%.

As a consequence, the background (5.2.3) is no longer an exact solution of the equations of mo-
tion but receives higher-order corrections. The corrected metric and gauge fields can be rewritten
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in Fefferman-Graham coordinates and expanded near the boundary (at z = 0) as

1
45 = =5 (gun (e, @) dada” +d=?) |
G (2, @) =y + 952 () 2° + gl () 2* + .
Al(z, 2) = AYO(z) + A (z) 2% + ... (5.2.6)

The first-order gradient corrections of the energy-momentum tensor and U (1) currents (5.1.2)
are then read off from [70,71,134]

(4)

v A(2)
gy () . " Ay (2) | -
T, ==——+ o, gh=—-——7—-= B 5.2.7
" 47TG5 te Ja 87TG5 * Ja ( )
o Sabc wpo (0
Ji = = A @0, A (@), (5:28)

where c.t. denotes diagonal corrections to the energy-momentum tensor due to counterterms. The
term j# will be discussed below around (5.2.13).

The computation of the corrected metric and gauge fields is very similar to that in [129]. At
zeroth order, we get the same expressions for the pressure P and charge densities p, as in [129],
P =m/16mwGs and p, = /mqq/87G’5, which may be combined to give

mg® P

s = (=3P). (5.2.9)

At first order, the transport coefficients €2 and ¢%’ are read off from the near boundary behavior
of Af via (5.2.7),

1 v/mag®
a Sabc b c Sde b c d , 5.2.10
5“’ 167G < s 3m ks ( )
1 vmaq®
ab abc , ¢ bed ¢, d
B = 16xGs <S a m ) ’ 21

with p® = Ad(ry) — Ag(co). Using a standard relation between the anomaly coefficients Cipe
and the Chern-Simons parameters Sqpe, Cape = Sabe/167G5, as well as (5.2.9), we find that the
holographically computed transport coefficients (5.2.10) and (5.2.11) coincide exactly with those
found in hydrodynamics, (5.1.4) and (5.1.5).

Holographic magnetic and vortical effects. In order to obtain the holographic versions of the
magnetic and vortical effects (5.1.10), we reduce the STU model to a two-charge model using the
same identities as in hydrodynamics, (5.1.6) and (5.1.8). In particular, we define (vector and axial)
gauge fields AX and Aﬁ, chemical potentials  and ps, and currents j# and j£ as in (5.1.6) but
now with p* = A§(rg) — Af(c0), and A® and j¥ as in (5.2.3) and (5.2.7), respectively. Moreover,
we set Sgpe = 5/2 with S = 167G5C and keep Sgpe general, as in [130].

Using also the identifications (5.1.8), but now for the holographically computed transport co-

efficients (5.2.10) and (5.2.11), we get

ko = 2Cpus (1—u\/£> . ke =Cus (1—u\/2>,
m m

fw:CMQ(l_ME,) /%), 5320u<1_@ /@),
m 2 m
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in agreement with (5.1.10). This shows that the CME, CVE, etc. are realized in the STU-model,
when appropriately reduced to a two-charge model.

Comments. To get an anomaly free three-point function for j*, we also need to add the
Bardeen currents (5.1.11). As in hydrodynamics, this does not change the structure of the transport
coefficients. Note however that, together with (5.2.8), the Bardeen term gives rise to additional
contributions of the type

Aj[l, _ jQu _|_3'3}1. +.]Ié
D e (AL () F (x) — AY (2) Fib (x)) - (5.2.12)

po

If we choose A = a?u, (at z = 0) with some constant o # 0, we get terms of the type Aj B*
which are forbidden by electromagnetic gauge invariance [146]. As in [146,147], we are therefore
forced to switch off the axial background gauge field A/‘:‘ completely®, o = 0. This corresponds
to a nonvanishing gauge field at the horizon, as in [147]. There is also an additional term in j£',

AJY =3+t oc P A (@) F (@), (5:2.13)

which is of second order, as can be seen by substituting AY () = (0,279,.AY). For instance,
choosing .AL/ = (0,—22B,0, —tE), i.e. constant E and B fields along z3, the charge density ps =
7O changes linearly in time, Aps ~ Se®2 AV 9, AY ~ tCEB, as expected. Thus, holographic
renormalization perfectly takes into account changes of hydrodynamic currents due to the anomaly,
showing that fluid-gravity duality is consistent even for nonconserved currents. [The effects enter
via the Chern-Simons parameters S%¢ oc C%¢ in (5.2.8).]

Holographic time-dependent model for the CME. — It is well known that the hydrodynamic
gradient expansion of a fluid is also realized in the late-time evolution of a boost-invariant expanding
plasma ¢ la [74]. Recently, a time-dependent Reissner-Nordstrom-type solution was found in [2]
which describes the late-time evolution of an expanding A = 4 super Yang-Mills plasma with a
single chemical potential. Similarly, we now construct a late-time solution from the boosted black
brane solution (5.2.3) (dual to three chemical potentials). Proceeding as in [2], we assume the late-
time behavior m = 7= 43my, ¢* = %_2/3q3 for the parameters m and ¢® and find the zeroth-order
solution (v = 71/37)

ds® = —H ™5 (v) f(v)d72 + 2H 6 (v)d7dr
+ H3 (v) ((1 +r7)2dy? + r%lxi) ,

(v)
(v)

fo) =1 (-S2+HW) , HE) = ﬁH“(v) ,

A% = —AQ(0)dF + Alda, X =

5

46 a 1 /mogg
U—g, Ag(v) = ~—= (5.2.14)

H“('U):].+ F1/3 U2+q8«

This background is a good approximation of the full time-dependent solution at large 7 (as we
have explicitly checked using computer algebra for AL =0, Aff = (0,—22B,0,0)). At smaller T,
it receives subleading corrections in 7~ 2/% corresponding to higher-order gradient corrections. It
has been shown many times that first-order transport coefficients appear in the first correction in
772/3_ Tt therefore follows from the above discussion that the conductivities £%, relevant for the

CME, appear in the first-order correction to the solution (5.2.14).

3 Another reason is that a® # 0 introduces an additional source for the chirality, which we already mimic by ss.
With o o ps this may lead to the cancellation of CME
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Appendix A. Details on the computation of £’ and f%b

The computation of the magnetic transport coefficients f%b is quite similar to the computation of
€% in [129]. We work in the static frame u,, = (-1, 0,0, 0) and consider vanishing background fields
Al (at 2/ = 0). We then slowly vary the velocity u, and the background fields A up to first
order as

uy, = (—1,2"0,u;), A = (0,2V0,A7) . (5.2.15)

As explained above, we do not consider variations of m and gq.
We denote the first-order corrections to the fields by

gun =gun(r), A4 =A% (r), X°=X%r) (5.2.16)

and, as in [129], choose the gauge

3
Grr =0, G~ AS=0, Y Gii=0. (5.2.17)
i=1

The first-order corrected metric is then
ds? = (—H=3£(r) + gu) dt* +2 (H~% + gi, ) dedr
+r2H3 (da')? + Gijdr'dr? — 2H 62" O uzdrdz’

+2 ((H%f(r) — ’I“QH%) ¥ Opu; + gt,;) dtdz’ (5.2.18)

the gauge fields become

A“:( VMda +Ag> dt

2t
- ( N Mo ¥ Oyu; + 20, AL + Ay) dz' (5.2.19)
7+ qa
and the scalars are
x4 ' X 5.2.20
= + . (5.2.20)

Let us denote the Nth component of the Maxwell equation (which can be obtained from (5.2.1))
by M$ and the components of the Einstein equation by Enp. Then, from g"* Mg + g"" M2 = 0
and ¢"Ey; + g™ E,; = 0 we find d;u; = 0 and d;u; = 0, respectively. In this case Ey; is equivalent
to E,+ and Ey; is equivalent to Ey;. Ey, Epy, By, By, M, MY and the scalar field equations are
trivially solved by

Gir = gu = A7 = X" =0. (5.2.21)

The remaining equations are E;;, Fy;, M.
From FE;; we get

-0y <7“3f(7")8r < f;ijfl )) =0, (r3H%) [&U,J + 8Ju7] . (5.2.22)
r 3
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From E;; we get

_2{«%& <7"5H‘9T (g—t>) =2 o 2;/]?8 A7 (5.2.23)

From M we get

%8,, <rf(7“) (H,,,)Q&A?) N 2‘/:1% o, ( Jti 1)

H r2Hs3s
- %ar (15 VIV e idk () + Sype—Lmdt_¢idk @Ag)) = %&Q?(T). (5.2.24)

27 (2 £ ) (2 + qo) (r2 + qp)

Eq. (5.2.22) depends only on §;; and can easily be solved. Integration of (5.2.24) leads to

rf()( 2)”

2y/mqa

0, A% + 2. /mga ( gri ) = Q%r) — Q%(ry) + C;, (5.2.25)

2 H3 (rp)

where C; are some integration constants. Using this expression we replace 3rz‘~1? in (5.2.23) and
solve the resulting equation for gy;,

Gyi (1) = 1) rdr' _HE) ) dr" T; (r" —_erl(rH)C) 5.2.26
u(r) H%(r)/oo ' (f(r))? </H () Hi(ryg) ')’ ( )
where
P 3 —2,/mqq 2./mqq,
Z(r'") = a a(r VT o). 5.2.27
(") ;(r,,)g TR CAGE Q) + s ) (5.2.27)

In the Landau frame we require u,,,T‘“’ = 0, which in particular implies the absence of correc-
tions to T*. Following the renormalization procedure (5.2.7), we conclude that

lim 72 §ui(r) = 0. (5.2.28)

T —00

Let us demonstrate how this constraint fixes the integration constant C;. For r — oo one derives
the asymptotics

fr) =r*+0(1), H(r) = 1—1—0(%2)7 /T dr' I(r") = O(1)

and from (5.2.28) we obtain the following equation on Cj,

3

raf'(ru) _ 2\/ Qa . aly 2ymqa .,
e, [ o > T (Q() Qttrn) + s (TH)01> .

Wl

= hi+1I-Cy,
where we define the integrals

3

/ " o ) 2V q“ 7 (L") =~ Qirm) (5.2.30)
= 1Sabc oy qu e* (ajuk)‘f'lSabc VT i (0;A%)

370 4+ q0) (Y + an) (1 + qc) (% + qa) (3 + @)

Iy
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and
< 3 —2./mq, ( 2,/mqq ) 2m < 3 1 )
S 2 1 N —3 T 5.2.31
/TH az::l (r)3 (Ha(r")” \ 3 H3 (ru) r2 H3 (ry) ' ; Ho(rm) ( )

So, moving the terms proportional to C; to the left part of (5.2.29) we come to the final answer:

T%{H%(TH)
dm
" (1 et ek @W)*‘%Sabc T )eijk @'AE)),

_Sabc
37 4 qa) (Y + @) (13 + qe) (% 4+ 4a) (3 + @

Ci = (5.2.32)

where we used the identity m = 4 H (ry) to simplify it.
We now rewrite the obtained quantities in a covariant form out of the static frame. Then the
first order correction to the current will be

. 72 p 1 2y/Mqa
JW% — lim —— Y A% () = a -—_—_C,]. 5.2.33
he 87TG577 v (r) 167G’ (Q”(TH) 2 H3 (rg) } ( )

Comparing this with the general expansion
JoH = £ wh + £ B (5.2.34)

1
_ fa 561//"7””1/8/;”(7 4 f%be”””“uuapAZ ,

we finally obtain the coefficients (5.2.10) and (5.2.11).
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Chapter 6

Anisotropic hydrodynamics,
holography and the chiral
magnetic effect

In a recent experiment [161], the charge separation is measured as a function of the elliptic flow
coefficient vy. The data is taken from (rare) Au+Au collisions with 20 — 40% centrality but
different vo. In this way wvs is varied while at the same time the number of participating nucleons
(and therefore the magnetic field) is kept almost constant. The plots in [161] suggest that the
charge separation is proportional to ve. If this holds true, the charge separation will depend on
the event anisotropy.

In this chapter we address the question of whether and how the CME depends on the elliptic
flow vo, which is a crucial step before we can interpret the experimental data. We study this both
in hydrodynamics and in terms of a holographic gravity dual. The hydrodynamical approach to
the CME and CME-related phenomena was proposed in [3,130,131,140-143,156]. There, the CME
appears in form of a nonvanishing transport coefficient in the electric current, j =K BE, which
measures the response of the system to an external magnetic field [76,130]. In the previous chapter
the chiral magnetic conductivity in an isotropic fluid was determined as

kg = Cls (1— Gi”P). (6.0.1)

The first term is the standard term for the CME and depends only on the axial anomaly coefficient
C and the axial chemical potential us. The second term proportional to the factor ;ﬁLP depends
on the dynamics of the fluid and has a chance to depend on v, in the anisotropic case.

In the first part of the chapter we study this in a hydrodynamic model for an anisotropic fluid
with multiple anomalous U(1) charges (This model extends those in [163-165]). We compute the
CME coefficient xkp and express the result in terms of the momentum anisotropy e, [166] defined
as

(Pr— Pp)

€p = <PT +PL> ’ (602)

where Pr and Pp, are the pressures in the plane transverse to the beam line (In our conventions
the indices L and T refer to the longitudinal and transverse direction with respect to an anisotropy
vector v, normal to the reaction plane, see Fig. 6.1). A sketch of €, as a function of the proper
time 7 is shown in Fig. 6.1. ¢, describes the build-up of the elliptic flow in off-central collisions.

64



6.1. HYDRODYNAMICS OF ANISOTROPIC FLUIDS WITH TRIANGLE ANOMALIES

€p
i plasma phase ! mixed phase! hadronic gas phase
— |

012
010f
008[

| build—up of
006 - elliptic flow

reaction
0.04]-

002}

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
i

0.007 L L L L L L L L L L L L L L L
0 2 4 6 8 10
Figure 6.1: Sketch of the time evolution of the momentum anisotropy ¢, (based on [162]). The
small figure shows the orientation of Py, and Pr with respect to the reaction plane.

Our model describes a state after thermalization with unequal pressures Pr # Pp. At freeze-out
ep roughly equals vy, and we find that for small anisotropies the CME-coefficient xp increases
linearly with wva.

In the second part of the chapter we perform a holographic computation of k5 in the dual gravity
model. In the anisotropic case, we first need to construct an appropriate gravity background. As
an ansatz, we choose a multiply charged AdS black hole solution with some additional functions wy,
and wr inserted which will make the background anisotropic and ¢,-dependent. Since analytical
solutions for charged anisotropic backgrounds are notoriously difficult to find, we will use shooting
techniques to find a numerical solution. Other AdS backgrounds dual to anisotropic fluids are
constructed in [167-171].

As the AdS solution in [171], the background is static and does not describe the process of
isotropization. Even though such models have some limitations [171], they are nevertheless useful
for the computation of transport coefficients. We show this, following [3], by determining xkp
from the first-order corrections to this background using the fluid-gravity duality [75]. For small
anisotropies, we find numerical agreement with the hydrodynamic result for k. Other (dissipative)
transport coefficients in strongly-coupled anisotropic plasmas are discussed in [172-174].

The chapter is organized as follows. In Sec. 6.1 we review the hydrodynamics of an anisotropic
relativistic fluid with several U(1) charges and triangle anomalies. We then compute the vortical
and magnetic conductivities of such a fluid by extending the method of Son and Surowka [130] to
the anisotropic case. In Sec. 6.2 we construct the dual gravity background and present a numerical
solution for its gauge field and metric functions. In Sec. 6.3 we use this background to perform a
holographic computation of the vortical and magnetic conductivities.

6.1 Hydrodynamics of anisotropic fluids with triangle anoma-
lies

The hydrodynamic regime of isotropic relativistic fluids with triangle anomalies has been studied
in [130,131,140-142,156], and much can be taken over to the anisotropic case. Such fluids typically
contain n anomalous U(1) charges which commute with each other. The anomaly coefficients are
given by a totally symmetric rank-3 tensor C?°. The hydrodynamic equations are

9T = F™ 58, 9,j% = C"E" . B°, (6.1.1)
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where E" = F*"y,, B = %e’“’o‘ﬁul,F(‘jﬁ (a = 1,...,n) are electric and magnetic fields, and
Fg, = 0,47 — 0,A], denotes the gauge field strengths. As in [130], we expand the constitutive
equations for T and j* up to first order, taking A% ~ O(p®) and Ff, ~ O(p). The gauge fields
Aj, are nondynamical.

In anisotropic relativistic fluids, the hydrodynamic equations are again given by (6.1.1) but the
stress-energy tensor T*” and U(1) currents j%* now have the more general form?!

" = (e + Pr)ufu” + Ppg"’ — Avto” + 71 (6.1.2

jap, _ paup, e ’

where € is the energy density, p® are the U(1) charge densities, A = Pp— Pr,, and Pr and Py, denote
the transverse and longitudinal pressures, respectively [163-165]. g, is the metric with signature
(—,+,+,+). 7 and v** denote higher-gradient corrections, for which we require u, 7 = 0 and
u, v = 0.

The four-vectors u* and v* describe the flow of the fluid and the direction of the longitudinal
axis, respectively. The vector v* is spacelike and orthogonal to u*,

uput = -1, vt =1, u vt =0. (6.1.4)

It is convenient to define the proper time 7 by 0¥ In7 = v#9,v” [164]. In the rest frame of the
fluid, u* = (1,0,0,0) and v* = (0,0,0, 1), the stress-energy tensor becomes diagonal,

T = (6.1.5)

S o O n
OO;UO
O;UOO
;UOOO

In conformal fluids, the stress-energy tensor is traceless, 7", = 0, and € = 2Pp + Pr. Clearly, the
isotropic case corresponds to equal pressures Pr and Pr,, P = Pr = Py.

For simplicity, we restrict to the case of a single charge in Secs. 6.1.1 and 6.1.2, n = 1. In
Secs. 6.1.3 and 6.1.4 we generalize our findings to arbitrary n and discuss the case n = 2, which is
relevant for the CME.

6.1.1 Thermodynamics of an anisotropic fluid with chemical potential
(n=1)

Hydrodynamic models for an anisotropic fluid (without chemical potential) have been studied
in [163-165]. Following these works, we derive some thermodynamic identities, now for the case of
a fluid with a chemical potential p.

These identities can be found by computing the quantity Iy = v, 0,T"" + pud,j* at zeroth
order. Since the right-hand side of (6.1.1) can be dropped at order O(p®), we have Iy = 0. Using
Ou(sut) =0, we get

u, 0, TH = —ut0 e — (e + Pr)o,u” — Au, 0" InT
e+ Pr

A
= —ul0,e + ut0,s — ?u”aﬂ, (6.1.6)

10" = (D p)ut — %u”&us. (6.1.7)

IThe symmetries allow in principle for more general currents j%* = p*ut + c*v* + v with some coefficients
c®. Here we switch off all the ‘electric’ background currents, ¢* = 0. One can think about v* as corresponding to a
neutral second component of the fluid.
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As in [164], we consider a generalized energy density € = €(s, p, 7), which depends not only on the
entropy density s and particle density p but also on the new variable 7. Its differential is

Oe Oe Oe
_ (9 o€ oe 1.
& <8s>m7ds*'(ap)57dp*'(av)&pdT’ (0:15)

Oe Oe Oe A
- =T - = —_— = ——. 1.
(as)ﬁT ’ (8p)&7 & (aT)&p - (6:19)

The temperature and the chemical potential are defined in the usual way. If we also impose
(9¢/0T1), , = —A/7 and substitute (6.1.8) into (6.1.6), then Iy = 0 implies the following thermo-
dynamical identities for an anisotropic fluid:

with

e+Pr=Ts+ pup, (6.1.10)
A
dPr = —dr + sd1' + pdy, (6.1.11)
T
A
de =Tds+ pdp — —dr, (6.1.12)
T

in agreement with [164] for u = 0.

6.1.2 Vortical and magnetic coefficients (n = 1)

We now discuss corrections to the U(1) current j# = j* (n = 1). In anisotropic fluids the transport

coeflicients are usually promoted to tensors such that one should consider first-derivative corrections
of the type

M= (gw),u/ywu + (é‘B)I‘/VBV, (6113)

where w# = %e””"“uyapug is the vorticity, and B* is an external magnetic field. In Landau
frame w,v* = 0 and therefore u,(£,)*, w” = 0 (and similar for ({g)",). This is satisfied e.g. for
(€)M = &,0",, since uyw? = 0 (We do not consider other components of &, here). We therefore
restrict to consider corrections of the type

v = wh +EpBY (6.1.14)

as in the isotropic case [130]. Our goal is to compute the vortical and magnetic conductivities &,
and £p. These transport coefficients can be found by assuming the existence of an entropy current
s* with a non-negative derivative, 9, s* > 0. The computation closely follows that of [130].

The hydrodynamic Egs. (6.1.1) imply that the quantity

I = v, 0, 7" + po,j* + E'v,, — nCE" B, (6.1.15)

vanishes at first order, I; = 0. Substituting the explicit expressions for the stress-energy tensor
and U(1) currents into I; and using the thermodynamical identities (6.1.10) and (6.1.12), we find

L /J/ " 1 LV " /J/ Elf
O (su’ - TI/I) = _fauuyﬂ - (a”f - Iﬁ )

"
CZE-B, (6.1.16)

which is exactly the same equation for the entropy production as in the isotropic case [130].
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In the following, we will need the identities

Dt = —- o w0, Pr — A0, InT — pE,,) , (6.1.17)
L L BH‘
0.B" = —2w"'E,, — m(auPT —AdyInT — pE,),

which we derived from ideal hydrodynamics in Appendix 6.4. In deriving these identities we
assumed that the fluid satisfies

ouv" =0, v"0,A=0. (6.1.18)

The first equation is basically a “continuity equation” for the vector v#. There are no sources for
the generation of anisotropy. The second equation imposes an orthogonality relation between the
gradient of the pressure difference A = Pr — Pr, and v*.

As in [130], we assume a generalized entropy current of the form

st = sul — %u” + Dw" + DpB", (6.1.19)
where &, {g, D, and Dp are functions of T, y and 7. We now compute 9,,s", using (6.1.16) and
(6.1.17) and impose 9,,s* > 0. Since the coefficients in front of w*, B*, w,E" and E, B" inside
Ous" can have either sign, we require them to vanish and obtain the following four differential
equations:

2D "

8HD — ﬁ(aﬂ‘PT — A&,,, 1117') — fwauf = 0, (6120)
0,Dp — i(&ng A9, InT) — €50, 2 =0 (6.1.21)

! €+ Pr ! i w ’

2pD Ew

— 2D = =0 6.1.22

e+ Pr B+ T ’ ( )

PP &5 1 _
€+PT+ T CT—O. (6.1.23)

For A = 0, these equations reduce to those in the isotropic case [130].
In Appendix 6.4 we solve (6.1.20)—(6.1.23) for D, Dp, &, and . As a result, we find the
vortical and magnetic conductivities

3
fu:0<u2—geiM )—|—(’)(T2)7

53=c<ﬂ_16f°“ T) +O(T?), (6.1.24)

where O(T?) denotes terms proportional to T2, see (6.4.23) in Appendix 6.4. These terms are
related to gravitational triangle anomalies [131,175] and may, in the anisotropic case, depend on
the proper time 7. In the absence of gravitational anomalies, which we do not discuss in this
chapter, the conductivities do not depend on 7. Apart from these changes in O(T?), the relations
have the same form as in the isotropic case but with P replaced by the transverse pressure Pr.

6.1.3 Multiple charge case n arbitrary)

The generalization of the previous computation to a fluid with multiple anomalous U(1) charges
is straightforward, and we only state the result here. The corrections v** of the currents j** in
(6.1.3) are

v = hwt + £ B (6.1.25)
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(AAA) (AVV)

Figure 6.2: Anomalous diagrams corresponding to C'11(left) and to C'?? = C?2! = C?12 (right).
Dashed (wavy) lines denote the axial (vector) currents/fields.

with [terms of order O(T?) ignored]

o _ pabe be 2 e BR

€ =yt — S pC” d6+PT : (6.1.26)
1 c,d

%b _ CabcMc o 5pacvb(:d% ) (6]_27)

These are simple generalizations of the corresponding conductivities in the isotropic case [130,131].

6.1.4 Chiral magnetic and vortical effect (n = 2)

Physically, the most interesting case is that involving two charges (n = 2) [3,140, 141]. The
chiral magnetic effect [30,41-43] can be described by one axial and one vector U(1), denoted by
U(1)a x U(1)y. A convenient notation for the gauge fields and currents is (a, b, ... = 1,2)
A_ q1 Vo 42
Au - Ap, ’ A/l, - Au ’

jh = jir, G =, (6.1.28)

Let us now derive the chiral magnetic and vortical effects from (6.1.26) and (6.1.27). C'—parity
allows for two anomalous triangle diagrams, (AAA) and (AVV), shown in Fig. 6.2, while diagrams
of the type (VVV) and (VAA) vanish. Accordingly, the anomaly coefficients are

o121 _ o211 _ o112 _ (VAA)
o =0, (vvv)
cM £, (444)
122 — 0221 — 022 £, (AVV) (6.1.29)
The hydrodynamic Egs. (6.1.1) then imply nonconserved vector and axial currents
8/,“7.“ _ —i(Cm?F/ﬁ,FV‘“’ + CQQlF/K,FA”V) ’
Oujl = —HCMFA AW 4 C12FY FViv), (6.1.30)
where we rewrote E° - B¢ = —%F‘ﬁ”ﬁ'“‘” (with Fom = %EMVPUFI‘}G).

To restore conservation of the vector current, we add the (topological) Bardeen term to the
boundary theory,

Sp = cB/d4xe“”)"’AﬁAl‘,/FA‘;. (6.1.31)
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Combining the corresponding Bardeen currents
e = cpe M (A) Fy) — 240 FY)
b g =cpe AV FY,, (6.1.32)
with the vector and axial currents,
P R O R (6.1.33)

we obtain the anomaly equations

122 B
o't = — < 5+ cB) FY,FAof (6.1.34)
111

4

. 0122
8/»3/5“ = -

A, A ( - CB) FY V.

The electric current j'* is conserved if cg = —C'?2/2. Setting C*'!! = C122 = C/3, the hydrody-
namic Egs. (6.1.1) become

o THY — FVVA]-S\ 4 FAV)\jé)\
i - )
D" =0,

0,j¢ =CE-B+ (C/3)Es - Bs. (6.1.35)
Using the derivative expansion
J'"" = pu' + kow" + kpB* + k5 pBE | (6.1.36)

where k, = &2, kp = €% and k5,5 = 3, we obtain from (6.1.26) and (6.1.27) the conductivities
(us = p', p=p?)

2
Ko = 2Cus (u— P [u2+&]),

e+ Pr 3
ﬁB:C%(l_e—f/;T)’
pop = Cpf1- Lm0 [y 15 (6.1.37)
5,B H 2e+ Pr 3.2 . 1.

There are analogous transport coefficients in the axial current j& [3]. The axial fields Es, and
Bs,, are not needed and can now be switched off. The first term in kp and k., kg = Cus
and ky, = 2Cupus, is the leading term in the chiral magnetic (CME) [30,41-43] and chiral vortical
effect [157], respectively.? They are in agreement with those found in the isotropic case [3,140,141].
The second term proportional to p/(e + Pr) actually depends on the dynamics of the fluid® and
therefore on €.

The dependence of kg on €, can be made more visible by introducing an average pressure
P = (2Pr + Pp)/3 such that € = 3P. Assuming £, to be small (see Fig. 6.1), we expand the
CME-coefficient xp to linear order in ¢,

e
K~ Cls (1 - eipp [1 - EPD . (6.1.38)

2&5, B represents another effect, which we added for completeness, but it seems not to be realized in heavy-ion
collisions.

3In [142] this term was considered as a one-loop correction in an effective theory and (e + P)/p was interpreted
as the corresponding infrared cutoff in the energy/momentum integration.
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Despite the crudeness of the model, one can assume that such an anisotropic fluid describes to
some extent the anisotropic quark-gluon plasma, with our €, imitating the real €, ~ 2v, for pions
[166]. Since the net chemical potential p is quite small in current heavy-ion experiments [176], the
dependence on €, (and hence v2) in (6.1.38) appears to be very mild. Even though the anisotropy
dependence of kg is very weak, (6.1.38) tells us how the CME, if present in the experimental data,
can be separated from the vo-dependent background (for one of the attempts of such a separation
see [177]).

6.2 Fluid-gravity model

In this section we construct the gravity dual of a static anisotropic plasma with diagonal stress-
energy momentum 7}, = diag(e, Pr, Pr, Pr) and charge densities p®.

We start from a five-dimensional U(1)™ Einstein-Maxwell theory in an asymptotic AdS space.
The action is

1
5= 167G

/d‘r’a:\/—g [R—2A — FyyyF*MY (6.2.1)

Sab
+ abc EPKLMNAtIJ,D

6v=g

where A = —6 is the cosmological constant. As usual, the U(1) field strengths are defined by

b c
FKLFJWN )

Fiyn = Om Ay — ONAYy (6.2.2)

where M, N,... =0,...,4and a = 1, ...,n. The Chern-Simons term AAF'AF encodes the information
of the triangle anomalies in the field theory [130]. In fact, the Chern-Simons coefficients Sgp. are
related to the anomaly coefficients Cyp. by

C(Lbc = Sabc/(4ﬂ'G5) . (6.2.3)

The corresponding equations of motion are given by the combined system of Einstein-Maxwell
and Maxwell equations,

Gun —6gun =Tun, (6.2.4)

Sa c ]
Uy FoMP = 20 PMNKLEh Gpe, (6.2.5)

8v=9g

where the energy-momentum tensor Ty is

1
Tun = —2 (FJ@,RF“RN + ZgMNFgRFGSR) : (6.2.6)

6.2.1 AdS black hole with multiple U(1) charges

A gravity dual to an isotropic fluid (e = 3P) with multiple chemical potentials u, (¢ = 1,...,n)
at finite temperature 7' is given by an AdS black hole solution with mass m and multiple U(1)
charges ¢*. In Eddington-Finkelstein coordinates, the metric and U(1) gauge fields of this solution
are

ds? = —f(r)dt* + 2drdt + r*dz?
A% = —A8(r)dt, (6.2.7)
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where

(¢*)?
rd

f) =1 =5+

a

. o, V3¢
AO(T) = Hoo + 272 .

(6.2.8)

The constants p2 can be fixed such that the gauge fields vanish at the horizon. In case of a single
charge (n = 1), the background reduces to an ordinary Reissner-Nordstrgm black hole solution in
AdSs [73].

The temperature 7" and chemical potentials pu® of the fluid are defined by

/ 2 6 _ " 2
po £ fre) 2 = 0 (4a) : (6.2.9)
2 47 27r7“_5|_

He = AG(rs) — A (rac). (6.2.10)

where 74 is the outer horizon defined by the maximal solution of f(r) = 0, and 7+, indicates the
location of the boundary. The temperature of the fluid is the Hawking temperature of the black

hole and is computed from the surface gravity £ = /O |x|0M[x]|r, , where |x| = (—x M xar)1/?
is the norm of the timelike Killing vector x™ = §}! [here |x| = /f(r)].

6.2.2 Anisotropic AdS geometry with multiple U(1) charges

We now construct a solution for an anisotropic fluid (¢ = 2Pr 4 Pr,). An ansatz for an anisotropic
AdS black hole solution is given by

ds? = —f(r)dt* + 2drdt
+ 72 (wr (r)dm2 + wT(r)aly2 +wy, (r)sz) ,
A® = —A§(r)dt. (6.2.11)

The anisotropies are realized via wy (r) and wy, (r), which are functions of the momentum anisotropy
ep as defined in (6.0.2),

€p = % : (6.2.12)

In the isotropic case (¢, = 0), these functions are required to be one, wr(r) = wr(r) =1, and the
background reduces to the AdS black hole geometry (6.2.7).

An analytical solution of the type (6.2.11) is difficult to find, and we resort to numerics in the
next subsection. For this, we need to know the solution close to the boundary. An asymptotic
solution (r — 00) is given by the four functions

. o, V3¢
AO (T) = Moo + 272

+0(r ),
(

FO)/r? =1= 54 3 4 067,

wr(r) =1+ w% +OFY, (6.2.13)
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(4) 4) _

where w; ' = 2wy’ = —m(/2, pl = const., and ¢ is related to the momentum anisotropy ¢, by
2¢ep

=——. 6.2.14

(=2 (62.14)

The functions wy(r) and wy,(r) have been introduced in view of the structure of the anisotropic
fluid stress-energy tensor. More precisely, in (6.2.13) we fixed the r—* coefficients w? ) and w(L4)
such that the fluid stress-energy tensor is of the diagonal form (6.1.5), T*" = diag(e, Pr, Pr, Pr)
with € = 2Pp 4+ Pr. Computing the stress-energy tensor in the standard way from the asymptotic
solution (6.2.13) via the extrinsic curvature, see e.g. [2], we find the transverse and longitudinal
pressures

m—4w§f1) —4w(L4) ~ m(1+4¢)

P = = 2.1
r 167TG5 167TG5 ’ (6 5)
(4)
m — 8w m(1—2¢)
P = T _ . 2.1
L T 16rGs 167G (6.2.16)

Note that if (6.2.14) holds true, the pressures Pr and Py, satisfy (6.2.12). Likewise, the charge
densities are

o _ V34"
p 47TG5 '

(6.2.17)

From these relations, we find the useful identity

pr VB
e+Pr  m(l+1i¢)’

(6.2.18)

which we will need later.

Numerical solution

We now use shooting techniques to solve the system of ordinary differential equations (ODE) which
follows from the equations of motion (6.2.4) and (6.2.5) upon substituting the ansatz (6.2.11). The
idea is to vary the metric and gauge fields at some minimal value r in the radial direction, integrate
outwards and find solutions with the correct asymptotic behavior (6.2.13). A similar method was
previously applied in [170].

We first need to study the asymptotic solution near 7 and near the boundary at ro > ry (we
choose 7+, = 50 in our numerics). We define r4 by the maximal solution of

flri)=0 (6.2.19)

and use scale invariance to set 7y = 1. We then expand the functions in the metric and gauge fields
near 7 in powers of the parameter e = ﬁ —1 < 1 and substitute them into the equations of motion.
In this way, we find that the only independent variables are {f'(ry), wr(ry), wr(rs), wh (re)}
since the gauge field parameters A%(ry) can be set to zero using gauge invariance, Ag(ry) = 0.
The other parameters at 71 can be expressed in terms of these four parameters, e.g. whi(ry) =
wr (re)wy (r)/wr(ry).

The near-boundary solution is given by (6.2.11) with (6.2.13) and is parameterized by the values
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Figure 6.3: Numerical plots of f(r), Ao(r), wr(r) and wr(r) for ¢ = 10 (r4 = 1). We get
wr,(ry) = 12.42.

(¢,m, q%, 2 ). The final set of data is summarized in the following table:

r=ry=1 =T STy
Aj(ry) =0 Mo

flry) =0 f(reo)
f'ry) = fixed | Af(reo)
wr,(ry) = var Wi (Too)
wp(ry) = var wr (Teo)
wh (ry) = var

Parameters not listed are related to those in the table by the equations of motion.

To integrate the equations we proceed as follows. We fix ¢ and vary three parameters at r,
namely wr (r4), wr(r4+) and w (r4), by choosing a grid with suitable number of sites (in our case
203 — 40%). The value f’(r,) can be thought of as the temperature of the system and will simply
be fixed to some value. It turns out that the form of the functions wy r(r) does not depend on
this parameter. For each site in the grid we numerically solve the system of ODEs and determine
the pair (m, ¢®) from the known asymptotics of A3 (r = 7o) and f(r = ro). This ensures that
the analytical and numerical values for these quantities coincide.

We then calculate the combined residual

resoo [wr (1), wr (ry ), wi (r4))]

= (W] (ro0) = W} (rso))” + (W (roo) — wh(ro0))?, (6.2.20)

where wf’T(roo) are the numerical values, and wj r(re) are the analytical values given by (6.2.13).
We interpolate the residual by a piecewise linear function and find its global minimum by the
simulated annealing method [178,179]. The result of the minimization is shown in Fig. 6.3, which
depicts numerical plots of f(r), Ag(r), wr(r) and wy,(r) for n = 1.

We conclude this section with a comment on r1. In the isotropic case, ry is simply the size
of the horizon of the AdS black hole geometry. For nonvanishing anisotropies and vanishing U(1)
charges, a naked singularity was found at r [171], implying that the static background does not
exist indefinitely. The singularity is mild in the sense that there is a notion of ingoing boundary
conditions and possible instabilities are absent at the linear level in the anisotropy parameter [171].
This behavior may persist even for nonvanishing U(1) charges, even though it was difficult to see
the singularity in our numerics, cf. Figure 6.4. Despite this subtlety, we show in the next section
that, at least for small anisotropies where the bulk geometry approximates a black hole solution,
the singular geometry may be used to compute some transport coefficients of the fluid.
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Figure 6.4: Numerical plots of (Rynpg)? for ¢ = 10, ¢ # 0 (red), ¢ = 10, ¢ = 0 (orange), and
¢ =0, q=0 (blue).

6.3 Holographic vortical and magnetic conductivities

We will now compute the chiral vortical and magnetic conductivities £ and 5%1’ from first-order
corrections to the numerical AdS geometry (6.2.11) using the fluid-gravity correspondence [75].

6.3.1 First-order corrected background

In order to become a dual to a multiply charged fluid, the AdS geometry (6.2.11) must be boosted
along the four-velocity of the fluid u, (1 =0,...,3). The boosted version of (6.2.11) is

d52 = (TQwT(T)P,u,u - f(?“)u,uuy) dxPdx¥ — 2’U/,u,dl‘p’d7“
— 7 (wr(r) - wr(r))vyv,dat da”
A" = (Af(r)u, + AL )dat 6.0

where P* = g +utu?, and f(r), Ag(r), wr(r) and wr(r) are numerically known functions. As
in hydrodynamics, the four-vector v* determines the direction of the longitudinal axis, cf. Sec. 2.
Following [3,130], we have formally introduced constant background gauge fields A, to model
external electromagnetic fields, such as the magnetic fields B** needed for the chiral magnetic
effect.

The transport coefficients £% and {‘g}b can now be computed using standard fluid-gravity tech-
niques [75]. We closely follow [3,129,130], in which these transport coefficients were determined
for an isotropic fluid with one and three charges (n = 1,3). We work in the static frame
u, = (=1,0,0,0), v, = (0,0,0,1), and consider vanishing background fields Aj (at z* = 0).
The transport coeflicients £2 and 5%1’ measure the response of the system to rotation and the
perturbation by an external magnetic field. We therefore slowly vary the velocity u, and the
background fields A, up to first order as

uy, = (—1,2"0,u;), A = (0,270, A7) . (6.3.2)

We may also vary m and ¢ in this way, but it turns out that varying these parameters has no
influence on the transport coefficients £2 and £%.

Because of the dependence on z#, the background (6.3.1) is no longer an exact solution of the
equations of motion. Instead with varying parameters the solution (6.3.1) receives higher-order
corrections, which are in this case of first order in the derivatives.
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An ansatz for the first-order corrected metric and gauge fields is given by
ds® = (= f(r) + gs) dt* + 2 (1 + Gor) dtdr + 72 (wr (r)dz? + wr (r)dy?® + wy (r)dz?)
+ gijdxidxj — 22O, u;drdzt + 2 ((f(r) — 7”2) ¥ 0, u; + gti) dtdx® ,
A = (= A5() + Ap) e+ (AG(r)a"Oui + ¥ 0,47 + AT) da’ (6.3.3)
where the first-order corrections are denoted by
gun = gun(r), A% =A% (r). (6.3.4)
As in [129], we work in the gauge
Gre =0, Grur~ue, AT=0, Y §i=0. (6.3.5)
The first-order corrections can be obtained by substituting the ansatz (6.3.3) into the equations of
motion (6.2.4) and (6.2.5). The computation is straight-forward but lengthy and has been shifted

to Appendix 6.4 [we set u% = Ag(ro) = 0 there, see Sec. 6.1.3 for a discussion|. As a result, we
find the following corrections:

Gir =gu=Ay =0, (6.3.6)

gtv - / dr le 1/27,, (f(T‘/))2 </r+ d?””[(?””) _wL(r-'r)l/Qr-i-fl(r-l-)Ci) )

A“”‘/ e [QH) = Q2a) = Core A (s ()2 + 15 45'()]

with

=344 () Q1) — Q¢ (r4) — Cirswr (1) 245 (r4) )

. 1
Q! = 25’“;,CAOAC IR (Djur) + SapeALeT* (9;A5),
O = ) (LG A3 () A1 A (4 ) (Dur) + 5 Sape A ) AY ) (0,45)
wr, (7”+)1/2 3 0 0 0 J 2 0 0 Ik ’

1
) = e — 1y, A AT )

and r as defined around (6.2.19) [g;; can be obtained by solving (5.2.22) in Appendix 6.4 but will
not be needed here].

6.3.2 Holographic conductivities

On the boundary of the asymptotic AdS space (6.3.3), the metric and gauge fields couple to the
fluid stress-energy tensor and U(1) currents, respectively. Holographic renormalization [70, 71]
provides relations between these currents and the near-boundary behavior of their dual bulk fields.
For the magnetic and vortical effects, we need the U(1) currents j**, which are related to the bulk
gauge fields A% by* [70,71,134]

2

nt AL (r) . (6.3.7)

j* = lim
r—oo 27 5

4We notices a few typos in [4] fixed in this section and in [12]. The final result (6.3.12, 6.3.13) is correct and is
the same in all our papers.
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Figure 6.5: Values of wr,(r+) as a function of the anisotropy . The numerically determined values
for wy, (r4) lie on the solid curve, which represents the function (1 + $¢)%.

Expanding the solution in % and substituting only the corrections AZ, we get the currents

= : r? v fa 1 v a a
7= i g AN = g (@) Fre AT )G (6:38)

r—oo 2G5

Note that, in the isotropic case (wy, = 1, Pr = P;, = P), the prefactor of the second term of
(6.3.8) is simply

riAG (ry)e(ry) = gqa, (6.3.9)

as can be seen by substituting the Reissner-Nordstrgm solution (6.2.8) into the left-hand-side of
this equation. In the anisotropic case, we need to show that

Cip_ VBe 1

re AT (s )ery) - wi () oL (6:3.10)
which, by (6.2.18), is equivalent to P This equation holds in particular if the first and
4(6 + PT)

second factors on both sides agree individually. The first factors correspond to (6.3.9), which is
expected to hold, at least approximately for small anisotropies (. The second factors are identical if
wr(ry,¢) = (1+1¢)%. We find numerically (for n = 1) that w(r) indeed satisfies this equation,
see Fig. 6.5. Thus (6.3.10) holds numerically, at least in the limit of small (.

Comparing (6.3.8) with the general expansion

j = g w + ¢ B

— & Lerroi, 8, u, + £8P, 0, AL | (6.3.11)
we finally obtain the coefficients
a 1 aoc c 2 pa cad c
§o = G- <S el — gﬁsb'dﬂbﬂ Md> ; (6.3.12)
a 1 aoc , C 1 pa C c
Bb = m <S b n— Emsb d/l Md> y (6313)

7



CHAPTER 6. ANISOTROPIC HYDRODYNAMICS, HOLOGRAPHY AND THE CHIRAL
MAGNETIC EFFECT

with p® = A2(ry) [since A%(co) = 0]. Using the relation (6.2.3), we find that the holographi-
cally computed transport coefficients (6.3.12) and (6.3.13) coincide exactly with those found in
hydrodynamics, (6.1.26) and (6.1.27).

6.3.3 Subtleties in holographic descriptions of the CME

The conservation of the electromagnetic current requires the introduction of the Bardeen counter-
term into the action. In AdS/QCD models of the CME, this typically leads to a vanishing result
for the electromagnetic current [146,148]. The problem is related to the difficulty of introducing a
chemical potential conjugated to a nonconserved chiral charge [146,147]. Tt is possible to modify
the action to obtain a conserved chiral charge [146]. This charge is however only gauge-invariant
when integrated over all space in homogeneous configurations.

In AdS black hole models of the CME, one usually introduces a chiral chemical potential dual
to a gauge-invariant current, despite it being anomalous [3,147]. The prize to pay is the appearance
of a singular bulk gauge field at the horizon, a phenomenon which seems to be generic in AdS black
hole models of the CME.

Careful holographic renormalization shows that, in the presence of Chern-Simons terms, there
is an additional term on the right-hand side of (6.3.7) [134]. This term is of the form

~ Sa c
i = =g AL (2)0,A) (@), (6.3.14)
where AEI(L) (z) are the Oth-order coefficients in a 1 expansion of the bulk gauge fields A, (r,z). In

(6.3.2) we expanded the background gauge fields A, around zero and set Aﬁ(o) = & u, = 0. This
allowed us to ignore terms in (6.3.7) coming from (6.3.14) (at least to first order in the derivatives).

Problems arise if u% # 0. To see this, let us restrict again to two charges (n = 2) as in Sec. 6.1.3
and define axial and vector gauge fields by A/‘f = At and AL/ = Ai. Then j* = jg gives rise to
additional contributions of the type

j* o eer AXO () FY O () (6.3.15)

which are forbidden by electromagnetic gauge invariance [146], unless Af(o) (x) = 0. However, in

general Ap©® (x) = pgu, (at x = 0) with some constant pg®. We should thus set u2° = 0 [Note
that this does not imply pus = A§ (1) — Ag'(ry) = 0]. This corresponds to a nonvanishing gauge
field at the horizon, as noticed also in [3,147].

6.4 Conclusions

Our main result is (6.1.38), which gives the chiral magnetic conductivity kg for an anisotropic
plasma. It explicitly shows the dependence on the momentum anisotropy €,. We also computed
the CME coeflicient in the holographic dual model and found numerical agreement with the hy-
drodynamic result for small anisotropies.

Appendix A. Computation of J,w" and 0,B"

In the following we will use the identities

1
u"’u)‘aﬂuo\ = —3 ' (6.4.1)

uw'urd, By = 0,B"+2w°E,. (6.4.2)
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To find an explicit expression for d,w*, we compute the term w, 0, 7" in two ways. First, using

the hydrodynamic equations, we get
w0, TH = w, F"!'j, = pw, F""u, = pw, BV .
Next, substituting the stress-energy tensor (6.1.2) in this expression, we find

w, 0,T* = (e + Pr)ufw,0,u” + w, 9" 0, Pr — Aw,v"0,v"
— v w, "0, A = AvYw, 0, 0"
= —(e+ Pr)utu”dyw, + w0, Pr — Aw, 0" InT

— 0w, vt 0, A — Av¥'w, 0, v" .

Using the identity (6.4.1), we find

Opwt = —

e w*(0,Pr — A0, InT — pE,, — v,v" 0, A — Av,0,0") .

Similar manipulations of the term B,0,T*" lead to

B,0,T"" = B, F""j, = pB,E",
B,0,T" = —(e + Pr)utu”0,B, + B*0,Pr
— AB,v"0,v" — Byv"v"0,A — AB, v 00"
= —(e+ Pr)(9,B* —2w'E,) — AB,0"InT
— B0, A — ABL,v" 00"

where we used (6.4.2). From (6.4.6) and (6.4.7) we obtain the following expression:

0,B" = —2w"'E,, — OuPr — A0, InT — pE,, —v,0"0,A — Av,0,0").

o
e+ Pr (
The last two terms in (6.4.5) and (6.4.8) vanish provided the fluid satisfies
ot =0, vH0,A =0.

Then (6.4.5) and (6.4.8) become identical to the expressions in (6.1.17).

(6.4.3)

(6.4.4)

(6.4.5)

(6.4.6)

(6.4.7)

(6.4.8)

(6.4.9)

Appendix B. Computation of the transport coefficients £, and

3:

In this appendix we compute the conductivities &, and {5 by solving the system of Eqgs. (6.1.20)-
(6.1.23). Following [130], we change variables from In7, u, T to In7, i = p/T and Pr. From

(6.1.10) and (6.1.11), we derive the thermodynamic expressions
% _ € + Pr
) ppinr o1
OPr e+ Pr
or i, In T ; T 7

(81nr> _ le+Pr
aT ), p A T

(6.4.10)
(6.4.11)

(6.4.12)
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Using
ouD = gp OuPr + ZDa i+ ;—Dau InT, (6.4.13)
8DB 8DB aDB
0uDp = opr 0 Pr + —— a7 —— 0t +81 OuInT, (6.4.14)

the first two equations, (6.1.20) and(6.1.21), can be rewritten as

oD 0Dp

—fo+—=0, — — =0, 6.4.15
o+ o7 &g+ o ( )
oD 2D 0Dp Dp
_ - -5 __Z5 _ 4.1
OPr €+ Pr 0, OPr e+ Pr 0, (6.4.16)
0D 2AD 0Dp ADp
p— = . -4.1
81n7+e—|—PT 0, 81n7+e—|—PT 0 (6:4.17)

Note that (6.4.16) and (6.4.17) are related by the thermodynamic identities (6.4.11) and (6.4.12).
Using the ansatz

D =T?d(fi,InT), Dp=Tdg(ji,InT), (6.4.18)

and (6.4.10), we obtain two differential equations from (6.1.22) and (6.1.23),

2pD §w
€+ Pr B+ T
=T (0pd(ft,InT) — 2dp(f1,1n7))) , (6.4.19)
_ prDp E_B .
=i Py + Ch
= 8“d3(,u,1nr) Ch. (6.4.20)

These equations can be integrated to give
1
dp(fi,InT) = 50;12 + B(InT), (6.4.21)
1.
d(fi,In7) = gc;ﬁ + 2a6(n7) +~y(InT), (6.4.22)

where B(In7) and y(In7) are arbitrary functions of In7. Substituting this back into (6.1.22),
(6.1.23), we get the conductivities

5“:C<“2‘2 Y )”T%(lm)—f’”g (27B(In7) +y(In7)) ,

3e+ Pr + Pr
1 pu? T2
= - = — 1 . 4.2

The function y(In7) is forbidden by CPT invariance [152].

Appendix C. First-order corrected background geometry
In this appendix we compute the first-order corrections to the background (6.3.1) using the ansatz

(6.3.3). The computation follows that for the three-charge STU model [155] presented in [129]
and [3].

80



6.4. CONCLUSIONS

We begin by substituting the ansatz (6.3.3) into the equations of motion (6.2.4) and (6.2.5).
We denote the resulting Maxwell equations, Eqgs. (6.2.5) by M§, N (a=1,...,n) and the components
of the Einstein equation, Eqn. (6.2.4) by Epyyny M, N =0, ...,4 [z (t x! a:2 x3,7)]. Then, from
g By + g Er = 0, we find Oyu; = 0, and Ey, By, Err, By, M2, and M{,‘ are solved by

Ojui = Gor = Gu = A} = 0. (6.4.24)

The remaining equations are F;;, Fy;, M. From E;; we get

0, <r3 F(r)0, (gi g” )) = 3r2(Du; + Ojus) . (6.4.25)

From E;; we get

f'r) (2 wr(r) L R VRIS P
[f(?‘) (7" + wT(r)> + 3f(r) (ZAO (r) 6) gri(r)
1 w/L(r) ~/I a/
+ (r + 2wL(r)) i(r) + gu(r) = 4 E A () A (6.4.26)

where a prime denotes the partial derivative 0, with respect to r. From M} we get

or [wr () ?r (F()AY = u(n) Ag')| = o, ( Sabe ABASET* (814) + Sape ALeTE @Ag))
= 0,Q%(r). (6.4.27)

Equation (6.4.25) depends only on g;;(r) and can easily be solved. The integration of (6.4.27) leads
to

wi ()72 (nf(r) A (r) = 1) AF(r)) = QL) + 7. (6.4.28)
Here C'{* are some integration constants, which can be fixed as
Cf = Q¢ (ry) — Ciwp(ry) Pr A (ry) (6.4.29)
with 7, as in (6.2.19) and C; = (). This can be solved for A%(r),
A;l(r) / dr’ (! w : ()12 [Q?(H) —Qi(ry) — Ci7"+A81(7"+)wL(7"+)1/2 "‘T’/Qti(T’/)ASI(T/)} ‘
(6.4.30)

We still need to determine the constants Cy;. Using (6.4.28), we replace A% in (6.4.26) and
obtain

) (2, w0 8 (N .
lf(r) ) e (g‘%” +3> i
# (34 2 )+ 80) = — s 1), (6.4.31)
where
2443 () (QE0) - Q2rs) - G () 245 (1)) (6.432)
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A homogeneous solution of this equation g;(r) = g,g,? ) (r) = f(r) can be generated by the infinites-

imal coordinate transformation

d
dt — dt — e(dx + dy + dz) dz—>dz—|—e2r ,
rewy,
d d
do — dz+eg—, dy — dy+ e—— . (6.4.33)
rewr rTwr

Then, using this homogeneous solution and Appendix 6.4 [P(r) = f(r) and E(r) = rwg(r)"/?
there|, we bring (6.4.31) to the integrable form

d, <wL(7")1/27" £2(r), (9}(%)» = I(r). (6.4.34)

Solving this equation for g;;(r) and fixing the integration constants at r4, we get

T
1
aur) = ) [ v
! - wy, ()20 (f
In the Landau frame we require u, 7" = 0, which in particular implies the absence of corrections
to T*. Holographic renormalization [70,71] translates this into a constraint for the =2 coefficient
of Gy () which is proportional to the first correction of T,

— (/Tf’/ dr’" I(r'") — wL(r+)1/2r+f'(r+)Ci) ) (6.4.35)

Tlirgo 2 Gii(r) = 0. (6.4.36)
In the limit r — oo, we have the asymptotics
F) =0(?),  wi(r) = 0(1), / ' 167) = 0(1) (6.4.37)
T+
and, from the vanishing of the r~2-coefficient of §;;(r), we obtain the following equation for C;:
wr, (r )2 f'(ry)Ci = / T I =T + Iy - G, (6.4.38)
Ty

where we defined the integrals

n

L= [0S AY0) @00 - Qi)

a=1

4 g »
— S SuncAG(r) A1) AG(r )T (05un) + 2 SuneAG(ra) ABr ) (0347)  (64:39)

and

T, =4 / dr' 37 A () (~wn () Py AG ()
T+ a=1

= 4w (ry ) ?ry ZAg(r+)Ag'(r+). (6.4.40)

a=1
Solving this for C;, we eventually get
4 1
re(f/(ry) =432, Af(re) Ag/ (r4))  wr(ry)/?

1 . 1 y
x <—5abcA8(7"+)A8(7"+)A8(7“+)6”’“ (D5ur) + 5 SancAG (r4) Ag (4 ) (3jAZ)>~ (6.4.41)

O =

3
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Appendix D. Integrable form of a linear ordinary differential
equation

In this appendix we present a method to bring an arbitrary linear ODE of second order to an
integrable form. Let us consider a general form of this equation

G(g",9'.9,7) = g"(r) + a(r)g (r) + b(r)g(r) = c(r). (6.4.42)
If we know a homogeneous solution P(r) of this equation, i.e.
G(P",P',Pr)=0, (6.4.43)
then we can make the substitution
g(r) = P(r)Q(r),  Q'(r) — u(r) (6.4.44)

and lower the order of the differential operator (6.4.42)

G = P(r) (u/(r) 4 {a(r) +of /(7”)} u(r))
= P () + F(r)u(r)). (6.4.45)

The term in the brackets can be represented as
() + Fryu(r) = ——a, (A(r)u(r)) | (6.4.46)

where
A(r) = exp { / F(r)dr} — P(r)? exp { / a(r)dr} . (6.4.47)

Taking into account (6.4.44), we finally bring (6.4.42) to the following integrable form

m@ (P (r)2B(r)d, < ]gj((:)) )> = c(r). (6.4.48)

where we defined

E(r) = exp{ / a(r)dr} . (6.4.49)
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Chapter 7

Quantum Chromodynamics on a
Lattice

Lattice quantum chromodynamics is the main systematic nonperturbative framework of studying
low-energy strong interactions. At the moment lattice QCD is successfully applied to the hadron
spectroscopy, QCD phase diagram, hadron structure, flavor physics, etc. The basic idea of the
approach is to put all QCD fields on a 4D hypercubic grid (lattice) of finite volume (usually,
V = L3 x T, where L and T are the spatial box-length and Euclidean time extent, respectively)
with lattice spacing a, and (anti-)periodic boundary conditions!. This step should be done in a
clever way, such that the relevant symmetries (different for different problems) are preserved, which
makes the lattice theory significant in its own right. In order to avoid infinities QCD as a field
theory requires a regularization both in the ultraviolet (UV) and infrared (IR), which is naturally
implemented in lattice QCD: the UV cut-off is provided through the lattice spacing a, and the IR,
cut-off through finite volume V' that respects the gauge invariance of the QCD action. The path
integral is rendered finite and reduces to a multidimensional integral over the fields at all grid sites,

— | Lp[Au, ¢, . ]d*z _a ,
/DAMDw...e / sl -] H/ [T d4.(z:)dv(z) ... e 2L o)

z; € grid

The numerical integration is generally done by means of Monte Carlo methods. We are not aiming
to review all the methods of the theory, since they are very numerous and can be found in standard
texts (for a general review read e.g. [180] and Refs. therein), and will focus only on some specific
issues related to our simulations.

7.1 Improved action

In this section we describe a higher-accuracy lattice version of the Yang-Mills action, which we used
in our computations (for a review and efficiency estimates read [181]). The continuum Euclidean
Yang-Mills action is given by

1
S:/d4x§ g TrFil,(x), (7.1.1)
v

where F},,, is the field stress tensor,

Fu = 0,A, —0,A, +ig[Au, A (7.1.2)

IDue to the periodicity the Euclidean time extent plays a role of inverse temperature.
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The main property of the theory (to be preserved after translating it to the lattice variables) is

the invariance with respect to the gauge transformations?,

F — Q(x) F, Q2)1, Q(z) € SU(3). (7.1.3)

The naive version of the discretization with A, (x) defined at the sites violates the gauge invariance.
Instead, the theory is usually formulated in terms of link variables U, (z),

z4afl
Uu(xz) = Pexp (—z/ gA - dy) (7.1.4)

defined at a link between the sites x and x + afi. The P-operator denotes the path-ordering. The
link variables transform under a gauge transformation in the way involving only its ends,

Uu(z) — Qx) Uy(x) Uz + ap)T, (7.1.5)

which holds also for an arbitrary path-ordered product of U,’s. The conjugated variable U }‘:(x)
is simply the one with integration going from x + afi to . The property (7.1.5) leads to the
gauge-invariance of the Wilson loop,

1 . 1
wW(C) = gTrPe_"fc gA-dw _ gTrP H Upo(x), (7.1.6)
zeC

where C is a closed path built of the lattice links. Using the Wilson loops one can introduce a
discrete version of the Yang-Mills action obeying the locality, gauge-invariance and the symmetry
with respect to the axis interchanges (left from the Lorentz invariance). The simplest one, the
“Wilson action”,

Sw=0 Y (1= Puw) (7.1.7)

€T, u>v

is defined via the sum over “plaquettes”, the smallest Wilson loops,

P, (z) = %Re Tr (U (2)U, (z + a,&)UZ(x +afi + af/)UJ(x)) = —ReTr } (7.1.8)

1
3

and involves the lattice coupling 3 = 6/g2. Using the Tailor expansion,

P = %Re Ty Pe " foodde
1 1 ?
= —-ReTr 1—2'7{ gA-dx — = (7{ gA-dx) + O(A4%) (7.1.9)
3 O 2 \Jo
and the Stoke’s theorem,
a/2
7{ A-dzx = / dz,dz, [0,A, (z0 + ) — 0y Ap(zo + )]
O —a/2
a/2
= / dzydzy [Flu (To) + (2,Dp + 2D p) Flu (w0) + - -]
—a/2
4
= @® Fu(0) + = (D2 + D2)F (w0) + O(a®, A%) (7.1.10)

24

2in this chapter we set the number of color to N, = 3, which can be easily generalized to any number of colors.
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one can show that the Wilson action (7.1.7) reproduces the Yang-Mills action (7.1.1) up to correc-
tions of order a2,

1 a?
Sw = /d% > {ETrFﬁl, + ﬂTrFW(Di +D2)F, + - } : (7.1.11)
v

Here D,, is the covariant derivative. One can cancel the a*-terms by adding extended Wilson loops
to the action. One of the choices can be the rectangular operator,

1
Ry, = =ReTr , ’{ (7.1.12)
3 i
having the expansion
4 4 2 4 6 2 2
Ry, =1-— sa'mr (9Fu)* — = a"Tr (9Fuw(4D2 + D2)gF ) — - . (7.1.13)

With the help of this operator one can improve the action up to O(a*) [182,183],

Srec. = Z {52“/ - RW;—ZRV”}—FCOHS‘L (7.1.14)
T,u>v
1
= /d4a: Z §Tr Fiu +0(a%), (7.1.15)

v

where we combined together two differently oriented rectangular loops, R, and R,,. The choice
of the rectangular operator is not unique. One can consider, for instance, a twisted rectangle

1
Ty = yRe Tt >< : (7.1.16)

2

to build an alternative a®-corrected action,

T +1,
Stwrec. = —f Z {PW + %} + const (7.1.17)
T, u>v
1
— /d% > 5T F2,+0(a%). (7.1.18)

v

The above performed procedure improves the classical action for the gauge fields (gluons).
However, the quantum effects is one more source of the error, which should be fixed. One example
of such corrections (and the most relevant one) is the tadpole contribution. If we introduce fermions
to the theory, then they will interact with gauge fields according to the term U, WY a~! in the
Lagrangian. This term contains the usual vertex 1/gA - v1 as well as ones with additional powers
of gA,, - a. These additional interactions are suppressed by powers of a in the classical theory, but
not at the quantum level, since the contracted pairs of A, generate UV-factors 1/a%. One way how
this contribution can be essentially cancelled out is to divide each link variable U, by the square
root of the mean plaquette

Upte) — 2L g (0l (7.1.19)

0
since ug consists of only tadpoles. The average value ug is determined numerically in the following
way. We start from some approximate guessed value, substitute it to the action, perform the Monte-
Carlo simulation and find the mean plaquette from the ensemble of the generated configurations.
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Figure 7.1: Mean plaquette versus coupling constant 3 obtained by our algorithm. Blue crosses
correspond to the values from [184, 185].

This value is then should be taken as a new ug, and the process is repeated until the input and
output values of ug coincide. Result of our simulation with the action (7.1.23) above is shown in
the Fig. 7.1.

The next step of the improvement is to perform renormalization due to contributions from
momenta k>/a. These renormalizations induce a? a(/a) corrections,

0L = asria®y Tr(FuDpFu)
W,V
+ asraad®y Tr(DuF,eD,F,,)
v
+ asrsa® Y Tr(D,FuD,F,)
v
F o (7.1.20)

that must be removed. The prefactor of the last term can be set to zero by a change of field
variable (in the path integral) of the form

Ay = Ay +a’a, f(as) Y DyF,,. (7.1.21)

The other corrections are removed by renormalizing the coefficient of the rectangle operator R,,,
in the action, and by adding an additional operator. One choice for the extra operator is

1
Cpwo = 3ReTr [ . (7.1.22)
Then the action, correct up to O(a?a?,a*) (used for the lattice calculations in the next chapters),
is [186]
5 Ru/ R}}.l/ + Rl/p, Cp,ua
T,u>V T, u>V>0
where
re = 1+ .48a4(m/a) (7.1.24)
¢ = .055a4(m/a). (7.1.25)
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The coeflicients r, and ¢, are computed by “matching” physical quantities, like low-energy
scattering amplitudes, computed using perturbation theory in the lattice theory with the analogous
quantity in the continuum theory.

7.2 Monte-Carlo algorithms

The next step is to generate an uncorrelated ensemble of gauge configurations with a given partition
function

Z = /HdU,,,(x)e*S[U]. (7.2.1)

The algorithm consists of a sequential updating for each link variable U,,, such that the configura-
tion approaches equilibrium. For the Wilson action the distribution of link variables has a simple
form,

6
P.,(U) x exp{NﬁReTrUZRl} , (7.2.2)

i=1

where R; is the product of three link variables at the i-th out of 6 “staples” connected to the
considered link. For a general action built from Wilson loops U R; is a product of all link variables
at i-th Wilson loop contributing to the action and containing U.

In short, we use the Cabibbo-Marinari algorithm [187] for SU(3) (based on the heat bath
algorithm [188] for SU(2)) with overrelaxation [189]. There is one step of overrelaxation for each
step of the heat bath algorithm. We describe the algorithms in the following sections.

Heat bath algorithm

At every step the algorithm replaces the current link variable by a random one, U’, from the gauge
group with the probability given by the Boltzmann distribution

AP(U") « e SWWlau’ . (7.2.3)

The procedure is essentially equivalent to bringing the link in contact with a “heat bath” causing
the fluctuations on a group manifold. This procedure is repeated until all link variables are updated.
One can show [188] that many iterations of the updates move the configuration towards equilibrium.
Let us consider how the algorithm works for SU(2). A group element can be parameterized as

U(z) = ap(z)laxe +idd(x), (7.2.4)

where o; are the Pauli matrices. Elements of SU(2) have a determinant equal to identity, therefore
ay,at =1, ie. the group manifold is S®. In this parametrization the Haar measure is given by

_ L2 gt
dU = 27T25(a 1d*a. (7.2.5)

Let us recall a useful property of SU(2): for any a,b € SU(2) there exist k € R and ¢ € SU(2)
such that a + b = kec. This gives us

(7.2.6)
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and hence the distribution

dP(U'U™!) o exp {gRe TeU'U! Z Rz} dU’ = exp {ngr U'} du’. (7.2.7)

i=1

The latter with use of the invariant measure (7.2.5) and the group parametrization (7.2.4) can be
transformed to

_ 1 1
PU'TU™) ﬁé(aQ — 1) exp {Bkag} d*a ~ m\/l — a2 exp {Bkag} dapd, (7.2.8)

where df) is the differential solid angle for the vector @ and at the last step we integrated over
the absolute value of @. For large to moderate [ the distribution (7.2.8) is dominated by the
exponential factor. It is suitable to make a change of variables from ag to

z = exp(Bkag) , (7.2.9)

and rewrite the probability distribution for z as

log 2z 2
dp(z) ~ dzy/1— ( k > . (7.2.10)

The value of a trial z is generated by the pseudo-random generator within the allowed interval
e 2Pk < 5 < 2Pk (7.2.11)

and this is rejected with probability given by (7.2.10). This is repeated until some value is accepted.
The last step of the algorithm is the choice of the orientation of @. In our case this is done by a
random choice of the spherical variables (polar and azimuthal angles).

Cabibbo-Marinari algorithm

In the previous section we used some specific properties of the SU(2) group, which do not hold, in
general, for SU(N) with N > 2. To generalize the heat bath algorithm on the SU(N) group we
follow the approach proposed by Cabibbo and Marinari [187]. The approach essentially consists of
selecting some SU(2) subgroups {SU®(2) : k =1, ..., m} of SU(N) and applying the heat bath
algorithm to each subgroup. Let us consider a simple choice of m = N — 1 subgroups of SU(N),

ap = g e SUK(©2),  k=1,..,m, (7.2.12)

1
where ay, is an SU(2) matrix at the kth and (k + 1)th row. Then the link variable is replaced by
Uli = Amam—1-..a1U, . (7.2.13)

We can introduce a definition U/’f = apap—1 -.-a1U, and denote by Uu a link variable, which
is not the one we consider (U,). Then the action splits in two parts, S(U) = S[U,,,U,] and the
random ay, is to be chosen according to the distribution

k—1 77
dP(ax) = d®ay e SV Ui zoygi-1y (7.2.14)
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where d®)ay, is the Haar measure for SU¥(2) and the normalization Zj [U/’f’l] is given by
Z,;l[UZf_l] = / dae=S[aUu, Uyl (7.2.15)
SUlkl(2)

Consequently generating the random a ... a,;, we obtain the new link variable (7.2.13). Using the
left-product invariance of the Haar measure,

ZibU) = Z,[U],  be SUulkl(2), (7.2.16)

one can demonstrate (by induction) that the algorithm leads to the thermalization. Let us assume
that U*~! are distributed by the Boltzmann law

k—1
APty = z-1e S Ul gt (7.2.17)
By definition, U/ffl = a,;lUk so the distributes takes the form

I

—17r7k
AP(WUFY) = Plap k) = 271 ¢Sl U Ul gt (7.2.18)

Taken that dP(U}) = dP(U}~')dP(ay) for the measure, we get

AP(U*) = / iy €I Sl U d(a™U"). (7.2.19)
" Zyla"1URZ "
suikl(2)
Taking into account the invariance (7.2.16), i.e.
da”tU" =dav*, — dWa=d®a1, (7.2.20)
we finally obtain the Boltzmann distribution
AP(UF) = 271 e S0 U q(Uky | (7.2.21)

The latter means that the thermalization of SU(2) subgroups leads to the thermalization of the full
SU(N).

At the next step we have to generate the random aj, with the distribution defined by (7.2.14).
As before, we demonstrate it on a simple example with the Wilson action. The action can be
rewritten as

S[U,, U, = _B Z Re Tr (U, Uy) + S[U, = %Re Tr (UuRy) + ... (7.2.22)

where R, is a sum over all “staples” U,. One can note that
. 1) _
SlayU,, U, = —yReTr (arUF'R,) + ... (7.2.23)
= —%Re Tr (g pr) + terms independent of ay, , (7.2.24)

where py is a k x (k 4+ 1) submatrix of UllfflRu. Now one can repeat the procedure from the
previous section and generate the oy matrices with the distribution

dP(ay) = 6(a? — 1) exp {%ReTr akpk} d*ay . (7.2.25)
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For that purpose we can decompose pj and «ay, into
pr = pol +idp, ap = ool +ida (7.2.26)
and rewrite
Re Tr (appr) = 2(aoRepo — dRe p) . (7.2.27)

As a final remark let us comment on the case of the SU(3) gauge group. According to (7.2.12)
we need only two SU(2) submatrices to apply the heat bath algorithm. Practically, it turns out
to be not enough, because of the presence of UV-noise at the generated configurations. To avoid
this problem we used three subgroups with the following structure

y 1 ol
ay = < 1 ) s as = < o ) s asz = 1 s (7228)
2 21 22

Qasz Qasz

where «a; are the SU(2) matrices.

Overrelaxation

Now let us describe a complimentary method to the heat bath algorithm, the overrelaxation [189,
190]. The method is based on the “reflection” of a link variable with respect to the local minimum
of the action. This accelerates the decorrelation of the gauge configurations. Usually, the method
is alternated with the heat bath, which in case of the SU(2) group results in a faster thermalization
[191]. We apply the overrelaxation to the full SU(3), following [190].

I X e SU (N) is an element of the group minimizing the action, then the shift from U to

X on the group manifold is represented by XU, The “reflection” with respect to X will then
correspond to that action applied twice,

U= (XU Y)2U=XU'X. (7.2.29)
The trial element U’ is then accepted with the probability from the Metropolis algorithm [192],
Py =min [1,exp (—S[U'] + S[U])] . (7.2.30)

This transformation is its own inverse and, hence, satisfies the detailed balance condition.

The algorithm is valid for any of the guessed X. However its efficiently depends on a clever
choice of X. We use the one proposed in [193] based on the polar decomposition of the sum of
“staples” R:

1. Perform the Singular Value Decomposition (SVD) of R: R = WXV, where W and V are
unitary matrices, and ¥ is the diagonal matrix of singular values v/);, where {\;} are the
eigenvalues of the non-negative Hermitian matrix R R.

2. Find det R = (exp(iy). Then find an approximate solution {6;} for the phases of the diagonal
matrix D = diag(expify, ..., expify), > 0; = 0 mod 27 to maximize

Re Tr exp(—i%)WDVT R.

We assume that all phases 6; are small, and solve the linearized problem.

3. Accept the updated value U’ = XUTX, where X = exp(io/N)W DVT, with the probability
(7.2.30).
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Figure 7.2: (a) Thermalization for the cold (blue) and hot (magenta) initial configurations with
8 = 6.8 and up = 0.46, see explanation in the text; (b) Autocorrelation for gauge configurations
with the same parameters.

As mentioned above, we used a combination of one overrelaxed update with a heat bath
(Cabibbo-Marinari) update. Fig. 7.2(a) presents typical runs of the algorithm with different initial
conditions. The “cold” run is characterized by an ordered start, when all link matrices are set to
the identity (i.e., if the initial temperature is zero). The “hot” run starts from a configuration with
link variables were generated randomly, uniformly in the Haar measure (i.e., if the initial temper-
ature is infinite). For both runs the thermalization occurs already after 20 iterations. Practically,
we waited 50 iterations before starting saving the configurations. We made dumps after every 10
iterations, making sure of statistical independence of the configurations (see Fig. 7.2(b))

7.3 Overlap fermions

In the previous sections we considered a lattice formulation of the pure gluodynamics. A logical step
towards the real QCD is to add fermions to the system. It turns out that the naive discretization
of the Dirac operator

D = "V 4 Vid b m = o (U)o + o) — Ul — apyble —ai)} +m (7.31)

leads to the problem of doubling: instead of one fermion on a lattice in 4D one obtains 2* = 16
copies [180]. Omne of the solutions of this problem proposed by Wilson [194] consists of adding an
irrelevant operator to the fermion action, which modifies the dispersion relation for fermions, such
that the doublers acquire a mass proportional to the inverse lattice spacing m ~ 1/a and decouple
in the continuum limit. The Wilson-Dirac operator has the following form

1
Dy (m) = 5 YV + V) - arV?} +m, (7.3.2)

where V,, is the nearest-neighbor lattice derivative, r denotes the Wilson parameter, m is the
bare fermion mass. However, the Wilson-Dirac operator explicitly violates the chiral symmetry.
In general, no lattice fermion action can be undoubled, chiral (in the standard sense), and have
couplings that extend over a finite number of lattice spacings (this is a folkloric version of the
Nielsen-Ninomiya no-go theorem [195]). There is a way to avoid the Nielsen-Ninomiya theorem by
modifying the chiral rotation with a local Dirac operator [196]

W — ei975(17%)¢’ d_} _ &ew(l*%)757 (733)
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such that it coincides with the usual definition in the continuum limit a — 0. It can be shown that
the chiral symmetry is preserved in an undoubled lattice theory, if the Dirac operator D obeys the
Ginsparg-Wilson relation [197],

vsD + Dvys = aDsD . (7.3.4)

A solution of this equation found by Neuberger [198] and named as the massless “overlap” operator
(or Neuberger’s operator) has the following form

Doy (0) = é (1 — \/%) : (7.3.5)

where A is a function of the massless Wilson Dirac operator (7.3.2),
A(0) =1 —aDw(0). (7.3.6)

The overlap operator is in general local [199] and can be generalized for the case of massive fermions,

Doy (m) = (1 - %) Doy(0) +m (7.3.7)
which we used in our simulations.
Though it has all suitable properties for the chiral symmetry studies, the overlap operator has
a high computational cost compared to other lattice Dirac operators. This makes it important
to develop effective methods for the practical realization of the overlap operator. The most ex-
pensive step is the computation of the square root of a sparse matrix in (7.3.5). There are many
approaches to do that, namely the polynomial approximations, Lanczos based methods and partial
fraction expansion [200,201]. In our code we used the Chebyshev approximation [202], based on a
construction of a polynomial P, ((z) of degree n,

20 —1—¢

P, (x) = Z Ty (z), z= — (7.3.8)
k=0

where T} (z) are Chebyshev polynomials defined in the range z € [—1, 1]. Sufficient maximal degree
of the polynomial n depends crucially on the parameter e [201]. Usually, one computes the first
0O(10) lowest-lying eigenvalues of ATA and their eigenfunctions, which are then projected out of
AT A. The value of € is then set to the minimal among remaining eigenvalues. The deflation leads
to a substantial decrease of the order of the polynomial and the dimensionality of the Krylov
subspace. Degree n is chosen such that the relative error does not exceed a bound &,

(ATA)"Y/2 — P, (AT A)
(ATA)-1/2

max

<&, (7.3.9)

where ¢ is a small number (in our code & ~ 1078). The lowest eigenvalues of the overlap operator
are treated exactly and were computed with ARPACK [203] iterative solver (see also [204,205] for
the details of the algorithm and possible generalizations on a non-Hermitian A).
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Chapter 8

SU(3) quenched lattice gauge
theory in magnetic fields

In this chapter we study the effect of a strong magnetic field on the properties of the QCD vacuum.
Due to the nonperturbative nature of the effects we perform the calculations in the lattice gauge
theory. We use the quenched approximation (i.e. without dynamical quarks) and show that for
our goals it provides rather reasonable values of the physical quantities. The list of considered
effects induced by the magnetic field is the following.

The strong magnetic field can enhance the chiral symmetry breaking. There are various models
(see Sec. 8.2) which predict the growing of the chiral condensate.

The second effect is the chiral magnetization of the QCD vacuum. This effect has a paramag-
netic nature. The vacuum magnetization is related to the nucleon magnetic moments [206] and
other nonperturbative effects of hadrons [207,208]. We calculate the magnetic susceptibility and
other quantities in Sec. 8.3.

The quarks develop an electric dipole moment along the field due to the local fluctuations of
the topological charge [209]. We study this effect in Sec. 8.4.

Finally, the fluctuations of the topological charge can be a source of the asymmetry between
numbers of quarks with different chiralities created in heavy-ion collisions. The so called “event-
by-event P- and CP-violation” [30] can contribute to this asymmetry. Our aim is also to see some
evidences of this effect in SU(3) lattice simulations, although they might be similar to the SU(2)
lattice results [51].

The additional motivation for the study of the effects induced by a strong magnetic field could
also come from the physics of the early Universe, where the strong fields (B ~ 10T, VeB ~ 1
GeV) might have been produced after the electroweak phase transition [210], and from the physics
of compact dense stars, such as magnetars (B ~ 10'°T, \/eB ~ 1 MeV) [211].

8.1 Technical details

We use the quenched SU (3) lattice gauge theory with tadpole-improved Liischer-Weisz action [183].
To generate the statistically independent gauge field configurations we use the Cabibbo-Marinari
heat bath algorithm. The lattice size is 14, and lattice spacing a = 0.105 fm. All observables we
discuss later have a similar structure: (¥OW) for VEV of a single quantity or (PO;¥ WO,W) for
dispersions or correlators. Here O, O, Oy are some operators in spinor and color space. These
expectation values can be expressed through the sum over M low-lying! but non-zero eigenvalues

I'We believe that the IR quantities are insensitive to the UV cutoff realized by selecting some finite number of
the eigenmodes [212]
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8.2. CHIRAL CONDENSATE

i\, of the chirally invariant Dirac operator D (Neuberger’s overlap Dirac operator [198]):

- YL Ovx
(POU) = —— (8.1.1)
Ikéw i, +m
and
(TO,T T0,7) =Y (k|O1|k)(p|O2|p) — <p|01|k></f|(92|p>, (8.1.2)

Py (A +m)(iNp +m)
where all spinor and color indices are contracted and we omit them for simplicity. The A\; are
defined by the equation

Dby, = iy, (8.1.3)

where v are the corresponding eigenfunctions. The uniform magnetic field F1o = By = B is
introduced by adding diagonal components to the vector potential AM;.,

i i, B i
Aﬂj — AHj + E(xléu,g — :rgéu,l) 6]' s (814)
and introducing an additional z-dependent twist for fermions [213] in order to combine (8.1.4) with
the periodic boundary conditions. The total magnetic flux is quantized, therefore the magnetic
field can take only discrete values,

kelZ, (8.1.5)

where ¢ = |—§| is the d-quark charge, which we use in our simulations. To perform calculations in
the chiral limit one calculates the expression (8.1.1) or (8.1.2) for some non-zero m and averages it
over all configurations of the gauge fields. Then one repeats the procedure for other quark masses
m and extrapolates the VEV to m — 0 limit.

8.2 Chiral condensate
In this section we present our results for the chiral condensate
¥ = —(0|wY|0), (8.2.1)

as a function of the magnetic field B. The general tendency for ¥ to grow with B at T <« T,
is usually referred to the magnetic catalysis of the chiral symmetry breaking [214,215] and was
already obtained in various models?: in the chiral perturbation theory [111,112] (¥ o« B for
weak fields, ¥ oc B3/2 for strong fields); in the Nambu-Jona-Lasinio model [113] (¥ o« B?); in a
confining deformation of the holographic Karch-Katz model [114] (3 o B?); in D3/D7 holographic
system [1] (¥ oc B%? for low temperatures, ¥ &< B for high temperatures); in SU(2) quenched
lattice calculations [115](X o< B); at larger than physical pion masses in Ny = 2 QCD [218,219] and
in the Ny = 4 SU(2) theory [220]; and at physical quark masses in full Ny =2+ 1 QCD [216,217].
Here our aim is to see how the chiral condensate behaves in the SU(3) quenched gluodynamics.

We use the Banks-Casher formula [221], which relates the condensate (8.2.1) with the density
p(A) of near-zero eigenvalues of the Dirac operator:

_ o mp(AN)
¥ = Jim =

, (8.2.2)
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Figure 8.1: Chiral condensate

where V' is the four-volume of the Euclidean space-time. The result is shown in Fig. 8.1(a).
We perform the fit of the results by the following function:

, B\"
sfit(B) = 3, {1 + (i—2> ] : (8.2.3)
B
where ¥y = X(0). The obtained fitting parameters are

So=[(228+3)MeV]®,  Ap=(1.314£0.04) GeV, v =157+0.23. (8.2.4)

It is interesting to compare quantitatively the condensate obtained by the Banks-Casher formula
and the one calculated by the expression (8.1.1) with @ = 1. The result is shown in Fig. 8.1(b).
The value of the condensate in absence of the magnetic field equals $(0) = [(230 & 5) MeV]* which
is a reasonable value, compare with e.g. [222].

8.3 Chiral magnetization and susceptibility
In this section we calculate the quantity

<\i/0'ozl3\1/> = X(F)<\I’\I/>qFozl3a (8.3.1)

1
where 048 = % [Yas 78] and x(F) is a coeflicient of proportionality (susceptibility), which depends
i
on the field strength.
This quantity was introduced in [206] and can be used to estimate the spin polarization of
the quarks in external magnetic field. The magnetization can be described by the dimensionless
quantity pu = x - ¢B, so that

(To1,0) = p(T). (8.3.2)

The expectation value (8.3.1) can be calculated on the lattice by (8.1.1) with O = o43. The
result is shown in Fig. 8.2(a) (here for comparison we also plot series for a finite quark mass). We
can see, that the 12-component grows linearly with the field, which agrees with [206]. This allows

2A non-monotonic behavior in the vicinity of T. has been recently observed [216,217] and named as inverse
magnetic catalysis.
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Figure 8.2: Expectation values of \I'Uag\l' and their square

us to find the chiral susceptibility x(0) = xo from the slope of the curve. After making a linear
approximation (Vo2 ¥) = Qf*e B, where

. 1 .
O/t = —gxg“zo, (8.3.3)

we obtain Q% = (172.3 £ 0.5) MeV and
Xi* = —4.2440.18 GeV 2, (8.3.4)

showing that the QCD vacuum has a diamagnetic nature. This value fits well into the range
of present theoretical estimations: the modern QCD sum rule calculations [223] (x&* = —3.15 &
0.3GeV™?) and [224] (—2.854 0.5 GeV~?), the earlier ones [225] (—5.7 GeV~?) and [226] (—4.4 +
0.4GeV™?), in the instanton vacuum model [227-229] (—4.32 GeV~?), from the analysis of the
Dirac zero-mode in an instanton background [230] (—3.52 GeV~?), in dubbed quark-meson model
[231] (—4.3 GeV~?) and in the NJL model [231] (—5.25 GeV~?). The value of the magnetic suscep-
tibility can be measured in experiments on lepton pair photoproduction via the chiral-odd coupling
of a photon to quarks [207,208], and in radiative heavy meson decays [224].

Recently, the lattice calculations with full Ny =2+ 1 QCD [232] provided the following values
for the magnetic susceptibility

u=—(2.08+£0.08)GeV ™2, xq=—(2.02+£0.09)GeV™?, x,=—(3.4+£14)GeV 2. (8.3.5)

We also have to mention a well known analytic result obtained by the OPE combined with the
idea of pion dominance [233],

OPE Ne —2
X = TR 9.77GeV ™7, (8.3.6)
supported by two holographic studies [234,235], but giving a too high value comparing to our
result. This disagreement seems to be an important puzzle to solve, because it will lead to a better
understanding of the pion dominance assumption and the large N, limit.
Another interesting phenomenological quantity is the product of the chiral susceptibility x and
the condensate (UW) [207,208]. In our calculations it is equal to

—xI(TW) ~ 52 MeV, (8.3.7)
while from the QCD sum rules one can estimate this quantity as approximately 50 MeV [223,225,

226], which is also close to our value.
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Figure 8.3: Fluctuations of the chirality and electromagnetic current/charge

8.4 Electric dipole moment

Another interesting effect due to the magnetic field is a quark local electric dipole moment along
the field [209]. This quantity corresponds to the i0-components of the (8.3.1):

di(z) = V(x)oi0¥(x), i=1,3 (8.4.1)
In the real CP-invariant vacuum the VEV of this quantity should be zero: (d;(x)) = 0, that
we actually see in our results (Fig. 8.2(a)). At the same time the fluctuations of d;(x) can be
sufficiently strong. We measure VEV’s (8.1.2) with O1 = O3 = 04g. In the case of i0-components
it corresponds to dispersions of d. The result is shown in Fig. 8.2(b). We see that the longitudinal
fluctuations of the local dipole moment grow with the field strength, while transverse fluctuations
are absent. Taking into account that the average dipole moment is zero, we may guess, that the
QCD vacuum is divided into space-time domains, in which quarks have an anomalous electric
dipole moment along B.

Here and after we use the “IR” subscript to emphasize, that we subtract from the quantity its
value at B = 0, removing also the leading order UV-divergences,

(Y)ir(B) = %/d‘lx(Y(x))B — %/d‘lx(Y(:r)}B:O
v

v

(8.4.2)

8.5 Some evidences of the chiral magnetic effect

One example of a new magnetic-field-induced effect mentioned in the Introduction is the chiral
magnetic effect (CME), which generates an electric current along the magnetic field in the presence
of a nontrivial gluonic background [30,41-43]. This effect may naturally take place in heavy-ion
collisions and is at the moment under active experimental search [37—40] (see also a review [177] on
the interpretation of the experimental data). Lattice evidences of the effect can be found in [5-7,10,
51-54]. In [51] it has been found that the fluctuations of the electric current along the magnetic field
are strongly enhanced as compared to the fluctuations of current in the perpendicular directions.
This conclusion was also confirmed by an analytical calculation in the instanton gas model [236].
The result of [51] on the difference of longitudinal and transverse electric current susceptibilities
has been reproduced later by an analytical calculation [237]; the frequency dependence of the
conductivity has also been evaluated — for the weak coupling result, see [238]. Here we implement
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the procedure from [51] for the SU(3) case and study the local chirality

ps(x) = U(2)59(2) = pr(x) — pr(2) (8.5.1)

and the electromagnetic current

Ju(@) = U(2)y,Y(z). (8.5.2)

The expectation value of the first quantity can be computed by (8.1.1) with O = ~5 and with
O = ~, for the second quantity. Both VEV’s are zero, as expected from the Lorentz and parity
invariance, but the corresponding fluctuations obtained from (8.1.2) are finite and grow with the
field strength (see Fig. 8.3). One can interpret the enhancement of the current fluctuations either
as short-living quantum fluctuations or as a charge flow. We measured the conductivity of the
QCD vacuum in the next chapter and argue in support of the latter case.
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Chapter 9

Magnetic-Field-Induced
insulator-conductor transition

A natural question which one can ask concerning the results of the previous section is whether
the enhancement of current fluctuations corresponds to a real flow of charge, or is just caused by
short-lived quantum fluctuations. This question can be answered by studying the current-current
correlation functions. The currents which correspond to a real transport of charged particles should
have long-range correlations in time, while quantum fluctuations are typically characterized by a
finite correlation time [239]. Recalling Green-Kubo relations, one can see that this property is
intimately related to the electric conductivity - namely, the real transport of charged particles can
occur only in conducting media. In this chapter we study the tensor of electric conductivity of
the vacuum of quenched SU (2) lattice gauge theory in external magnetic field. We find that the
magnetic field induces nonzero electric conductivity along its direction, transforming the confining
vacuum from an insulator into an anisotropic conductor.

Electric conductivity can be extracted from the correlator of two vector currents j; (z) =

q () viq (z):
Gy (1) = [ @004 (7,7) (9.0.1)

Following [240], let us define the spectral function p (w) which corresponds to the correlator
(9.0.1)

+oo w
Gij (1) = /0 g—ﬂ K (w,7) pij (w), (9.0.2)
Kwr) = 2oh@l- ) (9.0.3)

2T sinh(3%)

where T is the temperature. The Kubo formula for the electric conductivity then reads [239,240]:

s Pig (w)
Oij = EE% —aT (9.0.4)

In the limit of the weak time-independent electric field Ey, one has (j; ) = o Eg. Thus electric

conductivity is related to the behavior of the spectral function at small frequencies. If there is a

gap in the spectrum so that p;; (w) = 0 for w < w,, electric conductivity is zero and Gyj; (1) ~
1

cosh (wc (’7’ - ﬁ)) On the other hand, if p(w) is not zero near w = 0, one can expect slow

nonexponential decay of G;; (7).
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To measure the correlator (9.0.1), we perform lattice Monte-Carlo simulations of quenched
SU (2) lattice gauge theory. Since quark chirality is very important for magnetic effects in non-
Abelian gauge theories [30,41-43], we use the overlap lattice Dirac operator D with exact chiral
symmetry [198] to measure the vector currents. We consider the two-current correlator in the
meson channel, which is represented in terms of Dirac propagators in fixed Abelian and non-
Abelian gauge fields and is then averaged over an equilibrium ensemble of non-Abelian gauge fields
Ay

(2(0)70(@) 1) wa () = [ DA STy (Dim g w) L (005)

where Sy [A,] is the lattice action for gluons A,. A uniform magnetic field is added to the
Dirac operator by substituting su (2)-valued vector potential A, with u (2)-valued one A, ;; —
Auij +1/2 F, 2,6;5. In order to account for periodic boundary conditions we introduce an
additional twist for fermions [51,213]. The quark mass is fixed in lattice units at a small value
am = 0.01. Previous studies of mesonic correlation functions with an overlap Dirac operator
indicate that the vector current correlator depends very weakly on quark mass [212,241].

Strictly speaking, the correlator (9.0.5) corresponds to the correlator of charged currents, for
example @y,d. The correlator of neutral currents j, = J’yud, should also contain the disconnected
part. This part is quite intricate for an accurate numerical treatment. We have roughly estimated
its contribution by inverting the Dirac operator on a subspace spanned on some small number
M ~ 30 of the lowest Dirac eigenmodes, as in [242]. It turned out that this part of the full
neutral current correlator behaves similarly to the connected one (9.0.5). We do not reproduce
these estimates here due to uncontrollable systematic errors [242].

We use the tadpole-improved Wilson-Symanzik action (see, e.g., Eq. (1) in [243]). For inversion,
we use a Gaussian source with radius 7 = 1.0 in lattice units in both spatial and time directions and
a point sink (that is, quark position is smeared over a Gaussian profile). We have found that such
smearing significantly improves the convergence of the maximal entropy method [240, 244, 245]
at small lattice sizes, while the value of the conductivity is practically unaffected. Our lattice
parameters are summarized in Table 9.0.1. A uniform magnetic field is introduced into the Dirac
operator as described in [51]. In order to obtain the Dirac propagator, we implement the shifted
unitary minimal residue method of Ref. [246,247].

It is clear that since the magnetic field is parallel to the z axis, the principal axes of the tensor
oi; (1) will be the z, y and z axes and it is sufficient to consider only the diagonal components o;;
(no summation over i=z, y, z).

We plot some correlators at different temperatures and magnetic fields on Fig. 9.1. The
data are for the 14% lattice with spacing a = 0.102fm (left) and for the 16® x 6 lattice with
spacing ¢ = 0.095 fm (right). For the latter lattice the temperature is T = 350 MeV = 1.127T.
and the theory is in the deconfinement phase. In the quenched theory the critical temperature
of the deconfinement transition is not affected by the magnetic field. The temperature T = 1.12
corresponds to the chirally restored phase.

One can see that without the magnetic field the correlators decay quickly in the confinement

8 a, fm | N3 x N; | T/T. | #conf
3.2810 | 0.102 | 143 x 14 | 0.43 30
3.2810 | 0.102 | 163 x 16 | 0.38 30
3.3555 | 0.089 | 163 x 16 | 0.43 30
3.3250 | 0.095 | 163 x6 | 1.12 30

Table 9.0.1: Lattice parameters used in our simulations. The critical temperature of the decon-
finement phase transition in quenched SU (2) gauge theory is T, = 313.(3) MeV [248].
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Figure 9.1: The correlator (9.0.1) in the confinement (left) and in the deconfinement phases (right)
at T'= 350 MeV.
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Figure 9.2: Spectral functions p;; (w) in the confinement and deconfinement phases.

phase. In the deconfinement phase the decay is significantly slower for all G;; (7). When we
switch on a magnetic field with the strength ¢B = (0.63 GreV)27 in the confinement phase the
correlator G (1) decays much slower and is significantly larger than zero for all 7, much like in the
deconfinement phase. In contrast, the correlators for the perpendicular components of the current
Ggqe (1) and Gy, (1) decay somewhat quicker than in the zero field case. In the deconfinement
phase all the correlators are practically unaffected by the magnetic field.

We now apply the Maximal Entropy Method [240,244,245] to extract the spectral functions
(9.0.2) from the correlators (9.0.1). Our analysis is similar to that of Refs. [240,245]. We used
the model with the default guess m (w) = Mo (b + aw) [240]. Some spectral functions at different
temperatures and magnetic fields are plotted on Fig. 9.2.

In the confinement phase and in the absence of magnetic field, the spectral function has a
distinct peak near w &~ 1 GeV, which corresponds to the mass of the p meson in quenched SU (2)
lattice gauge theory [242,245]. The width of this peak in quenched approximation is a lattice
artifact [245], and should decrease for finer and larger lattices. The spectral function in the limit
of zero frequency, p;; (0), is equal to zero within error range. This indicates that in the absence
of an external magnetic field the vacuum of quenched QCD is an insulator, in agreement with the
results of [244,245]. When the external magnetic field is applied, the peak grows and the spectral
function becomes nonzero in the limit of zero frequency. For other components of p;; (w) nothing
changes qualitatively, but the peak which corresponds to the p-meson becomes somewhat smaller
and shifts slightly to larger w. The conductivity stays equal to zero within the error range. Thus
when the external magnetic field is applied to the quenched vacuum of the SU (2) lattice gauge

102



25 T T T T 25

0,,T=0 —o— 144a 0102fm+
oo T =0 o 7 165, 8= 0.089 fm +--a-
20 F 0, T>Tg vws 1 20 - 16 a=0.102fm v J
Opgr T>T ve
15 :i? - o o _ b ;
> ! 3 ¥oe ¥ 3> 157 T
S 10} i = ;
<3 + E 6 10} 4 Y g
5§ T 1 p -
L ] -+
: S : [
4 : ‘ i L J
0r E A [ ¥ ¥ A4
£ A
-5 L L L L L L 0 L L L L L L
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
@B)"? cev @B Gev
(a) (b)

Figure 9.3: (a) Electric conductivity of quenched QCD as a function of an external magnetic field
at different temperatures. The points for o, and o,, at T>T, coincide within the errors. (b)
Electric conductivity in the direction of external magnetic field o, for different lattice parameters.

theory, the vacuum acquires nonzero conductivity, but only in the direction of the magnetic field.

In the deconfinement phase at zero magnetic field, the spectral function is nonzero at w = 0
and has a smooth peak near w ~ 2 GeV. Thus quenched SU (2) lattice gauge theory is a conductor
above the deconfinement phase transition [240,244]. Since the shape of the correlator G;; (1) is
practically unaffected by the magnetic field, the spectral function p;; (w) and the conductivity o;;
do not depend on the magnetic field.

The electric conductivity o;; as a function of external magnetic field is plotted on Fig. 9.3(a)
for the confinement and deconfinement phases. In the deconfinement phase the temperature is
T = 350MeV. The value of the conductivity was extracted from the value of the spectral function
at w = 0 using (9.0.4). In the confinement phase and at zero magnetic field the conductivity is zero
within the error range. As the magnetic field is turned on, the conductivity o., in the direction
of the magnetic field grows, while all other components of ¢;; remain equal to zero within error
range. In the deconfinement phase the conductivity is isotropic and is practically independent
of the magnetic field. One can not exclude, of course, that there is a weak anisotropy, which
cannot be seen at the small number of configurations that we have. It should be also noted that
in our simulations the value of conductivity ¢ = 15+ 2MeV at T = 350 MeV > T, is still much
smaller than the results obtained in [240,244] in quenched SU (3) lattice gauge theory with light
staggered fermions. This difference is likely to be an artifact of a quenched theory, since in this case
different probes of the confinement-deconfinement phase transition might give different transition
temperatures. In particular, while in quenched SU (2) lattice gauge theory the Polyakov loop goes
to zero at T, = 313.(3) MeV [248], the chiral condensate is not zero above this temperature [249].
The situation might be similar for the insulator-conductor transition, which in the quenched case
might be replaced by a soft crossover with much smaller conductivity at T' > T..

The transport coefficients typically have rather strong dependence on lattice parameters. To
ensure that the nonzero conductivity is not a finite-volume artifact, we have also performed the
simulations at different lattice volumes and lattice spacings (see Table 9.0.1). The values of con-
ductivity o, for different lattice parameters are plotted on Fig. 9.3(b). One can see that as we go
to finer and larger lattices, the conductivity does not change within statistical errors.

Strictly speaking, the expressions (9.0.1) and (9.0.4) are only valid at finite temperature, while
we work with the 14* lattices which are symmetric in all space-time directions and hence correspond
to zero temperature in the standard lattice lore. However, one can still apply the expressions (9.0.1),
(9.0.4) with some small but finite temperature 7" = (Nza) ™!, since real lattices have finite extent
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Figure 9.4: The current-current correlators (9.0.1) calculated on 143 x 14 and 203 x 14 lattices at
magnetic field strength \/¢B = 0.45 GeV with equal values of the lattice spacings.

Ny in time direction. In this case one should make sure that the effects of the finite spatial volume
in the nonlocal observables such as the current-current correlator are insignificant. To this end, we
plot the correlators (9.0.1) calculated on the 142 x 14 and 203 x 14 lattices at magnetic field strength
VqB = 0.45GeV in Fig. 9.4. The correlators calculated on different lattices indeed agree within
error bars for the currents both parallel and perpendicular to the magnetic field. Thus for the
correlators under consideration finite-volume effects seem to be negligible. Correspondingly, the
results presented here refer to the case of small but finite temperature (below the deconfinement
phase transition) rather than to exactly zero temperature.

We conclude that a strong magnetic field can induce nonzero electric conductivity of the vacuum
of quenched non-Abelian lattice gauge theory along the direction of the field, turning it into an
anisotropic conductor!. This effect may be called “electric rupture facilitated by magnetic field”;
it may originate from the interplay of gluon field topology and an increase in the quark zero mode
density due to the presence of magnetic field. It can be interesting to investigate whether there is
some critical value of the magnetic field at which the conductivity becomes nonzero. Transitions
of this type are known in condensed-matter physics [253]. In contrast, in the deconfinement phase
the vacuum is an isotropic conductor, and the value of the conductivity is practically independent
of the magnetic field. Thus, if a strong magnetic field generates an electric current via the chiral
magnetic effect in a CP-odd background, then the sufficiently strong field would guarantee that
the charge will propagate through the media due to finite electric conductivity in the both phases.

Finally, let us comment on possible experimental consequences of the phenomenon described
above. The expectation value (ji (z)j; (y)) is related to the polarization of soft photons and,
hence, to the angular distribution of soft photons and dilepton pairs emitted in the process of
collision [244, 254, 255]. According to the results presented above, the conductivity tensor can
be represented as o;; < B;B;. The dilepton emission rate in the dilepton center of mass frame
is [254,255],

g « / g‘(‘; (gz _ (g_ﬁ)2> x sin?(6), (9.0.6)

where 77 is the unit vector in the direction of the momentum of one of the leptons and 6 is the angle
between 77 and the direction of the magnetic field. Therefore, there should be more dileptons in
the direction perpendicular to the magnetic field, which can be observed as an additional elliptic
flow for soft photons and leptons?.

IThere are also models suggesting superconductivity of the QCD vacuum, if the magnetic field is above some
critical value [250-252]
2There is a typo regarding the excess of the dileptons in [5,10] corrected in [11,256]
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Chapter 10

Fractal dimension of the
topological charge distribution

Topological charge density is an important characteristic of the QCD vacuum, recently involved
in phenomenological studies of many new hypothetical effects [8,41,157,158,257,258]. However,
the spatial structure of the topological density distribution seems to be not well defined since
the relevant properties of the underlying vacuum structure depend on the measuring procedure
[259-261]. The classical instanton approach [262] assumes that the nonperturbative physics is
governed by the scale of Agcp, which means that the dimensionful quantities like volumes occupied
by topological fermion modes should depend on Agcp but not on the lattice spacing. On the
contrary, the lattice measurements demonstrate that these volumes do depend on the spacing (i.e.
on the measurement resolution) and shrink to zero in the continuum limit [263-267].
It turns out that the continuum definition of the topological charge density

q(z) = ﬁe“mﬁ Tr (G5, Gip) (10.0.1)
cannot be directly applied to the lattice gauge theory, since the discretized version of (10.0.1) is
no longer a full derivative. There are two widely used methods to study the topology of gauge
fields on the lattice. First, one can apply a smearing procedure, which makes the gauge fields
smoother and thus closer to the classical fields. Second, one can rely on the lattice version of the
Atyah-Singer theorem and define the total topological charge of a gauge field configuration as the
number of zero modes of the overlap Dirac operator [198] on this configuration. The corresponding
local density of topological charge can be defined, for example, as follows [196, 268, 269]:

q(x) = —Tr [75 (1 — gD(x,x))} , (10.0.2)

where D(z,x) is the zero-mass Neuberger operator and the trace is taken over spinor and color
indices. Another attractive property of this definition is that it allows us to measure a local
imbalance in the number of left- and right-handed quarks (chirality), which is important for lattice
studies of the local CP-violation in strong interactions [30,41-43]. A typical result of the lattice
simulation for this quantity (without cooling) is shown in Fig. 1.1(b).

At the moment there are many investigations related to the spatial structure of the topological
charge distribution [266,267,270-279], which use both of the alternative definitions. The measure-
ments which rely on the cooling procedure mostly suggest an instanton-like picture of the QCD
vacuum [280], while the definition (10.0.2) typically shows that the topological charge is localized
at low-dimensional objects (defects) [266,267,273-279] and has a very-long-range structure of the
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DISTRIBUTION

| Ié] | a [fm] | L3 x L, | V [fm"] | # conf |
3200 0.117 [ 123 x12 | 3.93 50x13
3.295 | 0.100 | 143 x 14 | 3.90 50x 13
3.332 ] 0.094 | 153 x 15 | 3.89 50x13
3.365 | 0.088 | 163 x 16 | 3.88 50x 13
3.425 | 0.078 | 183 x 18 | 3.87 50x13

Table 10.0.1: Lattice parameters used in the calculation: couplings 3, lattice spacings a, lattice
sizes L3 x Ly, physical volume V, and number of gauge field configurations.

distribution [274-279]. At the qualitative level it is known that both definitions yield the topo-
logical charge densities which are strongly correlated [270,281,282]. For an alternative filtering
method based on adjoint fermions see Ref. [283].

The aim of this chapter is to fill the existing gap in the literature and to demonstrate in what
way the cooling procedure affects the dimensionality of regions where the topological charge density
is localized. We use the definition (10.0.2) based on zero modes of overlap Dirac operator and show
that as the gauge field configurations are cooled the dimension of these regions gradually tends
to 4, which is the total space dimension. The procedure makes the effective resolution of the
measurement lower and thus provides a result close to the instanton picture. We verify our result
using several measures of the localization [263,265,284].

10.1 Technical details

We work in the quenched SU(2) lattice gauge theory with the tadpole-improved Wilson-Symanzik
action [243]. Lattices we used are listed in Table 10.0.1. We also implement the cooling procedure
described in Ref. [271] with coefficient ¢ = 0.5 for the APE-smearing. For each lattice spacing we
consider thirteen different stages of the cooling procedure: 0, 1, 2, 5 - 12, 20 and 50 iterations of the
algorithm. For valence quarks we use the Neuberger’s overlap Dirac operator [198]. Its eigenvalues
and eigenfunctions are given by the following relation

Dipx = Ay (10.1.1)

The quantities we measure in the present work are functions of two basic ingredients: the
“chiral condensate” computed on a mode with eigenvalue A,

pA(z) = P3* (2) Yra (@) (10.1.2)

and “chirality” computed on a mode with eigenvalue A [in agreement with the definition (10.0.2)],

i) = (13 ) 03 s wila). (10.1.3)

Here we sum over spinor and (omitted) color indices. The total values of both chiral condensate
and chirality are given by an infinite sum over all eigenvalues. Lattice studies [212,285] suggest that
the long-distance properties of QCD can be treated with a finite cutoff of the fermionic spectrum.
We hereby restrict our consideration to the IR part of the Dirac spectrum consisting of zero modes
(A =0) and few low-lying modes (A # 0).

Inverse participation ratio (IPR) for an arbitrary normalized distribution «/(z) is usually defined
in the following way

IPR = {Nza%)

> a(z) = 1} , (10.1.4)

x
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10.1. TECHNICAL DETAILS

where N is the total number of lattice sites . From this definition one can clearly see that IPR = N
if a(x) is localized on a single site and IPR = 1 if a(z) = const, i.e. the distribution is unlocalized.
In general IPR is equal to the inverse fraction of sites occupied by the support of a(x). Since this
fraction of sites can be thought of as a number of four-dimensional lattice hypercubes covering the
support, the Hausdorff dimension d of these regions can be extracted from the asymptotic behavior
of IPR at small lattice spacings a

c
IPR(a) = e (10.1.5)
where ¢ is a constant. It is also useful to mention, that in physical units IPR™! is equal to the
part of the total volume occupied by the distribution.
In the following sections we will modify the standard definition (10.1.4) to adapt it to our
particular cases (i.e. unnormalized or non-normalizable distributions, etc.). The final result will
show an equivalence of the chosen definitions.

10.1.1 Ordinary IPR for zero modes.

In this section we compute the inverse participation ratio for the fermionic zero modes according
to the one defined in Ref. [265]:

> (po(@)?

IPRg=N |[—2— , (10.1.6)

<Z Po(l“))
x A=0

where the brackets [...]x—o denote an averaging over all zero modes and further averaging over all
gauge field configurations. Results are presented in Fig. 10.2.

The left-hand figure shows how the localization depends on the lattice spacing a - the finer the
lattice, the larger the IPR. This fits very well to the idea of vanishing total volume occupied by
fermionic zero modes in the continuum limit @ — 0 (see Ref. [259,260] for a review). Using the
fit (10.1.5) we recover the fractal (Hausdorff) dimension d of the volume. Results for the fits with
fixed numbers of cooling steps are presented in the Table 10.1.1. Here, to minimize errors, we also
prepared an alternative sample consisting only of those configurations which do not lose all the
fermion zero modes during the cooling. We picked then the values with better (and also sufficient)
statistical significance.

10.1.2 Chiral IPR for low-lying modes. First definition.

In this section we modify the IPR to measure localization properties of the topological charge

distribution. The average chirality [Z pi(m)] is zero, therefore we have to use either the
A

x

absolute value |p3 (z)| or the square [p3(z)] ®. Here we stick to the definition from [284], which in
our terms has the following form

IPR) =N | -2—— . (10.1.7)
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DISTRIBUTION

Number of Fractal Standard
. . . P-value
cooling steps dimension error

0 2.84 + 0.44 15% 0.008
1 2.66 + 0.66 25% 0.027
2 2.49 + 0.46 18% 0.013
5 2.17 + 0.49 23% 0.021
6 2.75 + 0.66 24% 0.025
7 3.17 + 0.51 16% 0.009
9 3.71 + 0.34 9% 0.001
12 3.88 + 0.23 6% 4.107%

Table 10.1.1: Fractal dimension of the fermionic zero modes and, equivalently, of the topological
charge distribution.

Results are presented in Fig. 10.3. From the plots we conclude that the topological charge
distribution behaves similar to the zero modes, tending to occupy a vanishing volume in the
continuum limit. We can also compute the chiral IPR for small but nonzero eigenvalues (in our
case we pick first 7 eigenvalues, A < 200 MeV),

S (@)’

IPR},y =N | ——— : (10.1.8)

2
<Z P (@)
z A#0

Chiral IPR for these modes is small (Fig. 10.4) and thus the topological charge distribution at this
part of the spectrum is delocalized.

10.1.3 Chiral IPR for zero modes. Second definition.

Finally we consider a second definition of the chiral IPR according to [263]:

> i)

IPR) =N | —2—— , (10.1.9)

(Z ng($)|>
x A=0

where, as before, pf(z) denotes the chirality on a zero mode (10.0.2). Results are presented in
Fig. 10.5. As can be seen from Figs. 10.2, 10.3, and 10.5 the IPR for the zero modes and for the
topological charge density on these modes are the same up to negligible deviations. Results of the
fitting procedure coincide for these three cases and are shown in Table 10.1.1. The coincidence is
not accidental, because for the zero modes [D,~°] = 0 and v°|yg) = %[1)g). This means that on a
given mode po(z) and p(z) are equal to each other up to a sign.

| 2

10.1.4 Fractal dimension. Results and conclusions.

To conclude, we demonstrate that the topological charge is localized on low-dimensional fractal
structures, whose fractal (Hausdorfl) dimension depends on the number of cooling steps. The
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Figure 10.1: (a) Fractal dimensions at various cooling stages. The solid line is shown to guide the
eye. (b) Mean action at various cooling stages.

obtained dimension is about d = 2 + 3 for a few (n < 6) steps of the cooling, while it grows to
d = 4 with further iterations (see Fig. 10.1(a)). For a long cooling (n = 20) the result becomes
insignificant, because the procedure leads to a delocalization of the distributions as can be seen
in Figs. 10.2-10.5 (otherwise IPR remains consistent with a constant within error bars). We
suppose that it can be caused by the annihilation of the instanton/anti-instanton pairs. Indeed,
comparing the mean action evolution (Fig. 10.1(b)) with the one from e.g. Ref. [286] we see that
the annihilation phase in our case could start already from n ~ 20. In Ref. [271], where the same
cooling algorithm is used, the annihilation takes place even at a smaller number of steps.
The main conclusions of the chapter are the following;:

(1) Fermionic zero modes and chirality are localized on structures with fractal dimension d =

2 + 3, which is an argument in favor of the vortex/domain-wall nature of the localization
[287-289].

(2) A long sequence of iterations of the cooling procedure provides a result close to the instanton
picture, i.e. destroys the low-dimensional structure of the QCD vacuum.

The low dimensional structure of the vacuum, if true beyond the probe quark limit, may lead
to a new phenomenology relevant for the heavy-ion experiments [8,15,143,290]. One of the most
promising effects appearing due to the nontrivial topology of the QCD vacuum is the so-called
“chiral magnetic effect” (CME) [30,41-43], which states the generation of an electric current in
parallel to an external magnetic field. Topological charge density in this case can be understood
as an imbalance in the number of left- and right-handed light quarks induced by a nontrivial
gluonic background. At the current level of analytic studies CME is considered as an effect on the
background of spatially homogeneous axial fields [30,41-43], while the lattice simulations predict
an irregular structure of the would-be axial field (see Fig. 1.1(b)). This spatial inhomogeneity
can be treated within a chiral superfluid model [8], where the chirality is carried by an effective
axion-like field. Knowledge of the nature of the topological charge localization can help us to
translate lattice Euclidean properties of the chirality to the language of an effective Minkowski
field theory [291].
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Chapter 11

Chiral superfluidity of the
quark-gluon plasma

Chiral properties of the strongly coupled quark-gluon plasma (sQGP) have attracted much at-
tention in light of recent measurements performed within the heavy-ion programs at RHIC and
LHC. The analysis of charge-dependent azimuthal correlations by STAR [37,38], PHENIX [39]
and ALICE [40] collaborations suggests a possible local P-violation in strong interactions, which
manifests itself as an asymmetry in the charged particle production with respect to the reaction
plane. One of the most popular theoretical approaches to study the observed phenomena is to
seek for new electric currents of a specified direction in the QGP phase (see e.g. [30,41,42,157]).
Since the physics of sQGP is essentially nonperturbative, there is a lack of models based on the
first-principle calculations, i.e. starting from the QCD Lagrangian. In this chapter we establish
such a model for sSQGP in the range of temperatures 7. < T < 27T, i.e. slightly above the decon-
finement transition. We choose the range mainly because of two reasons: first, it is estimated to
be typical for SQGP at RHIC [292]; and second, we can use hydrodynamic models to describe the
system [16,17,293-297].

Lattice calculations [243,249,298] demonstrate that the Dirac spectrum for massless quarks
at these temperatures contains a peak near zero virtuality separated by a gap from the bulk of
the spectrum (Fig. 11.1(b) and Fig. 11.2). Therefore, it is natural to introduce a two-component
fluid model for the sQGP: one component, carrying chiral properties of the fluid, and the rest,
corresponding to the bulk of the spectrum. In our case it turns out that the fluid is described by a
system of equations similar to ones of a relativistic superfluid [299,300]. This fact, of course, does
not directly lead to the conventional superfluidity, since the “normal” and “superfluid” components
in our case carry different U(1) charges. We also do not assume any hidden symmetry spontaneously
broken in the system. Instead, we treat the term “superfluidity” in a phenomenological sense
traced back to the Landau’s formulation [301], i.e. a combination of two independent (curl-free
and “normal”) motions of the fluid separated by an energy gap.

Before proceeding with a formal derivation let us provide a few hints supporting the exis-
tence of the “superfluid” component. In Refs. [274-279] it has been discovered and confirmed
by [266,267] that topological charge density forms long-range coherent global structures around
a locally one-dimensional network of strong fields (so-called “skeleton”). Though the simulations
were performed for low temperatures, the skeletons could very well survive slightly above the de-
confinement transition, since there is a corresponding long-range order of gluonic fields [302] in
the case of nonvanishing topological susceptibility. The extended character of the skeleton can be
interpreted as a long-distance propagation of (quasi-) particles, carrying finite chirality and thus
forming the chiral “superfluid” component.
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Figure 11.1: Fermionic spectrum of the chirally symmetric Dirac operator in a finite volume and
quenched limit for T' < T, (left), T, < T < 2T, (center) and T > 2T, (right).

In addition, the lattice data [9,266,267,273-279] suggest that the topological charge density
itself (for uncooled configurations) is localized on low-dimensional defects with fractal dimension
between 2 and 3, i.e. presumably on (percolating) central vortices (see also [263,265] for a similar
result based on the scalar density distribution and [303,304] for a localization on vortex inter-
sections). Omne can demonstrate [265,304-306] that removal of the central vortices eliminates all
zero and chiral near-zero modes from the fermionic spectrum. The converse statement is also true:
small eigenvalues can be generated at separate center vortex configurations [305]. It seems natural
to consider the vortices as spatially one-dimensional “guides” for light fermions. Since massless
fermions propagate in (14+1) dimensions with the same speed (speed of light), we can consider
their bilinear combinations as bosonic excitations, even without assuming their interaction with
each other. A similar effect of binding for light fermions along 1D defects, without making use of
the Goldstone theorem, was considered in [307,308] for non-Abelian fields and in [158,214,215] for
a strong external magnetic field.

It is also known that monopole trajectories and central vortices populating QCD vacuum and
leading to the confinement at low temperatures [309] become Euclidean-time oriented (static)
at high temperatures [310]. Static nature of the vortices makes it possible to continue them to
the Minkowski space-time by considering their intersections with planes of constant Euclidean
time. These intersections are in general percolating strings, which, according to the polymer
representation of the field theory [311-313], can be interpreted as a 3D scalar field with non-
vanishing vacuum expectation value. If this field is complex, then its phase can describe a new
Goldstone mode in the deconfinement forming the superfluid component of sSQGP [291,314]. Taking
into account the vortex picture of the topological charge generation [315,316] it seems interesting
to apply the arguments of [291,314] to the chiral superfluidity (we do not implement it here).

Other arguments in favor of the superfluidity were presented in recent analysis in the framework
of stringy models [317-319], where a new formulation of the superfluidity with vanishing chemical
potential has been suggested.

In what follows we do not specify the way quarks are bound to each other and form a “super-
fluid” component, leaving the question open for the further studies (possible examples are given
above and in the main text). Regardless of the nature of the “superfluid” component, we obtain
the same universal phenomenological predictions, namely the chiral magnetic, chiral electric and
dipole wave effects.
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11.1. DERIVATION OF THE EFFECTIVE LAGRANGIAN

11.1 Derivation of the effective Lagrangian

It is known that many of the essential properties of the QCD vacuum (such as the value of the
chiral condensate, electric and magnetic characteristics, etc.) can be determined from the IR part
of the fermionic spectrum [6,7,51,221,266,320,321]. This makes it possible to introduce a finite
cut-off A for the fermionic spectrum, without affecting the values of the observables (indeed, our
phenomenological results do not depend on A, see Section 11.2.2). In this section we perform
the bosonization procedure with a finite cut-off [322] for the SU(N¢) X Uem (1) theory and derive
an effective Lagrangian. This procedure leads to appearance of a dynamical axion-like field 6(x),
which we identify with the propagating chirality (i.e. local difference between numbers of left- and
right-handed fermions) in the system.

11.1.1 The functional integral
The gauge fields of the theory are represented by

Ay =A0TO 4+ gGoT* = ALT®, A5, = A5\ T°, (11.1.1)

where {T“ a=1,(N2-1) } are the SU(N,) color matrices normalized by Tr(TT?) = §%° /2 and
T° = . Here Ag and As° play a role of Abelian fields, while G}, are gluonic fields. The axial-vector

i
field As,, is an auxiliary external field and will be turned off at the end of the procedure. The
Euclidean functional integral for Dirac fermions (Ny = 1) in external vector A, (x) and axial-vector

As,,(z) fields is given by

Z(A, As) = /wa exp {—/ dtz (I — z’m)w} = det(p —im), (11.1.2)
v
P=—i(@+ A+ ).
The eigenvectors of D are defined by!

They form a complete orthonormal basis {¢,|n € N} in the space of square-integrable spinors.
According to the general prescription [322-324], we expand 1 and % into this basis and cut the
summation after first N basis vectors:?

N N
V(@) = D antn(w), D) — Sl (@)b, - (11.1.4)
n=1 n=1
Then the functional integral (11.1.2) can be rewritten as
N N
Zn = / [ dbndan exp$ — > by (Wn|B — im|yw)a p = det(D —im)y , (11.1.5)
n=1 n,k=1

N
(E—im)Nzl—PN—FPN(Iﬁ—im)PNy PNEZ|¢n><wn|

n=1

IThe Dirac operator I) should be Hermitian, therefore formally the axial field has to be rotated As — iAs
from the beginning and then rotated back As — —iAs in the final result. We stick to conventions of [322] and
choose Hermitian gamma-matrices v7 = v and v5 = —y9y1727v3, while in Fujikawa’s earlier works [323,324] they
are anti-Hermitian.

2We do not consider zero-modes, otherwise the functional integral (11.1.2) will vanish in the chiral limit. We are
not interested in the global topological properties of the system.
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CHAPTER 11. CHIRAL SUPERFLUIDITY OF THE QUARK-GLUON PLASMA

From the gauge invariance of (1) —im)y it follows that the projector Py commutes with the Dirac
operator [lﬁ, PN] = 0, which will be used in the further calculations.

For the regularization we need to introduce a mass parameter A, to be discussed below. It will
be defined via |Anx| < A < [An42|.- The projector Py can then be replaced by

—ig)

2 o0
Py=0 <1 - %) = / 27m_(%exp [z{(l — /A2, (11.1.6)

— 00

where 6(z) is the Heaviside step function. We also replace all the indices N by A.

11.1.2 Vector currents conservation

The functional integral (11.1.2) is invariant under the gauge transformation

Ay — Ayt 0ouat[A ],
ASI - A5/ )
‘ 8 11.1.7
6 = (1), (ALL7)
v = Y(l+a),
where o« = a®T'%. Therefore,
07 (A 5
Zp(A) = Zn(A + da) ~ ZA(A)+/d4x A(4) - 9,0% (). (11.1.8)
dAL(x)
After integration by parts we get
6Zx(A)
LY 11.1.
al 5142(%) 0 ( 9)
which means that the vector currents
4 d 1 0Zx(A) _ . < ; Py )
R () = ——— 2 =iTr [ YT 2| ——"—|2 11.1.10

are conserved. To derive the last expression one can use the equivalences exp Trln(-) = det(-) and

1 Py
————=1-Py+ - 11.1.11
(ID —im)a D —im ( )
as well as the general identity for projectors
PP'P = P(P?/P=2PP'P=0, (11.1.12)
where the prime denotes a derivative of P with respect to an arbitrary parameter.
11.1.3 Anomaly for the axial current
Let us perform the chiral transformation of the functional integral
A/}. i Au )
As) = As) +0,e
g 5 o 11.1.13
d_} - (_1 + ’Y56),¢) ) ( )
(0 - 1/1(1 + ’756) )
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11.1. DERIVATION OF THE EFFECTIVE LAGRANGIAN

with € = €79, Then in analogy with the previous section we get

5ZA (A5 ) 6)
A5 (x)

0ZA(As,€)

ZA(As) = Za(As + Oe,€) ~ Zn(As) + /d4x 5e(a)

- Ope(z) + /d4x ce(x) .

(11.1.14)
The second term here is due to a nontrivial transformation of the integration measure of the

functional integral, and was absent in the case of vector current. The projector Py and combined
operator I) — im also transform under the chiral rotations:

Py — (1 +’Y56)PA(1+’Y56), (],D—Zm) — (1+’Y56)(m—im)(1+’}/56). (11.1.15)
OPA () 5(I) —im)(x) )
Ser) {75, Pa(x)} 6(x — 2'), o) —2imys0(x — ). (11.1.16)
If we introduce the axial current as
. 1 0Zx(As)
)= ——— A 11.1.17
R R (1L.1.17)
then from (11.1.14) it follows that
.5 ]. 5ZA(A5)
= T 11.1.1
aH]A ZA (56(1‘) ( 8)

The latter is equal to

1 0Za(45) _ — Tr [(]D; (_MDA +25ﬂ(w —im)Pa +PAWPA>:|

" Zn be(x) —im)py \ de | e
=2imTr [ ~° Oa:Lx v(+2 (x T
—2im T (1T el 5ol ) 4 2T el Pa L) (11.1.19)

where we used (11.1.11, 11.1.12, 11.1.15, 11.1.16) and the commutation properties of /). By means
of (11.1.6), the second matrix element in this formula can be expressed as

5 5 d'k d¢ —ika LiC(1—1P?/A?) jikz
Tr(y°(z|Pylz)) = Tr { /(2704 / 271_2_((_1,6)(3 ke gid(1=P7/A%) gik (11.1.20)

— 00

+oo 2
d*k ¢ , k22 D
=Tr 75/ ) / amic i) P [z( (1 Ve pk”Du(x) - F)} (11.1.21)

~ to
— d4]€ Cng 7:((1—]::2) 4 9 7y ) 2% ) :|
__/(27r)4 / imi(C —ie) Ir [%(D +4A2 (B*D,)% + A <D)

1
+ 0 (ﬁ) , (11.1.22)
where k = E/A. Using the algebra of the gamma-matrices, we write

2 1 174 v
D" = -D¥ — AMA,, + A% — (0" A5,)7° — Y (Dyvuds, — A5, Dv,) 2", (11.1.23)
2 I;
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CHAPTER 11. CHIRAL SUPERFLUIDITY OF THE QUARK-GLUON PLASMA

where Dy = —i(0 4+ A), and finally obtain

1
1672

1 2 1 2
+ WTI‘ (8},‘8“‘8”1451, —|— § {{8‘“’1451/71451/} ’A5/1'} + g {8}LA5H7A5VA5V} + §A5N8”A5VA5M>

=0 UV AK 1
8”.]/5\/ = 2mp15\ + et A "Tr <A/LVA)\K + §A5HVA5)\,{)

A? , 1
+ 55T (9"45,) + 0 (F) : (11.1.24)

where the chirality p? is defined by

A=iTr(4° Oxipj\ T
i =it (271 | ) (11.1.25)

and the field strengths are

A,u,u = 8}1.Al/ - 81/14/1, + [A/u Al/] )
A5y,1/ = 8}1.A5V - 8VA5H, + [A/I,7A51/] - I:AV7A5H,] = 8}1.A5V - 8VA5H,-
The first line in (11.1.24) is the usual chiral anomaly with a mass-dependent term and the topolog-

ical term. The rest of (11.1.24) can be subtracted away by adding to the Lagrangian the following
gauge-invariant term:

AL =

1 1 2 2
5 (31\2 (A5, As") + 5(aMAw) — (A5,45") ) . (11.1.26)

11.1.4 Axionic Lagrangian

The external axial-vector field A5, should be now switched off, which is equivalent to considering
the pure gauge A52 = 0,0, since one can always generate a pseudoscalar field 6 by the local chiral
rotation A — A ++°@0. In other words, the quadratic term in (11.1.26) is required by having the
chiral transformation consistent with the correct form of the chiral anomaly. In the chiral limit
m — 0 the total effective Euclidean Lagrangian is given then by?

4 1 apv va 1 4 ja a ]
,CSE‘) =AL+ ZG . G/Lu + ZFM Bl —J MAN o j5uA5'?”
1

1 . casa Bu
=AL+ ZGGWGZV + ZFWFW — ]ONA}OL —gj*"Gy, — ],5\’ 9,0

1 1 , :
~ GG, + TF F = AL — 95 G

y13%
A2N, g> ~ N, ~
——0"00,,0 + Z—=0G*"G* ——O0F*"F,,

+ P 0"00,0 + 162 GG, + 82 "
N,

N,
2 c N 2
S0 — 555 (0160,6)" (11.1.27)

_|_

where we used the anomaly expression (11.1.24) and integrated by parts. Kinetic terms for the
electromagnetic and gluonic fields could be introduced already in (11.1.2) and do not affect the
derivation. As we see, the kinetic term for 6 even being absent in (11.1.2) is generated dynamically?,

3Currents j% can be sourced by fermions from the scales above A.

4The 6-field does not appear in the integration measure and hence should be treated as a classical low-energy
excitation. It is possible due to the fact that the loop corrections by 6-fields are finite in 4D and depend on the
powers of external momenta divided by A, i.e. such loop amplitudes are suppressed by powers of A.
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see also [325,326] for similar examples. Appearance of the quartic terms in (11.1.27) is due to the
fact that the bosonization procedure in 4D is not exact. One can in principle derive an infinite
number of higher-order terms suppressed by powers of A, but we drop them for simplicity. If we
drop quartic terms and replace conventions A?L — A, j% — j#, then the effective Lagrangian is
reduced to

2 1 apv a 1 v H rGe
ESE) = ZG WG, + ZF} Fu — " A, —gi""Gy,
AN, g
—=0"60,,0

This Lagrangian describes a generalization of the axion electrodynamics [327], where the new
terms are due to gluonic fields. It seems interesting that the axionic field §(x,¢) appears within
QCD coupled to QED, without any further assumptions as e.g. the Peccei-Quinn mechanism [328].
Similarly to the ‘true’ axion, 6(z,t) is a propagating dynamical field. However, the value of the

~ N ~
0GH G, + 3 SOFME,, . (11.1.28)

T2

2A
decay constant f = —+/ N, turns out to be of order of scales appearing in QCD (see below),
T

while in cosmological scenarios this value is usually around 10° — 102 GeV. The formal similarity

of (11.1.28) to the axion Lagrangian allows us to derive an explicit expression for the mass of
O(z,t) [56,329,330],

maf? = x(T), (11.1.29)
where x = limy _ @ is the topological susceptibility related to fluctuations of the topological
charge @). Lattice simulations demonstrate that y goes (almost) to zero at temperatures above the
deconfinement transition [243,298,331-333], this behaviour is also confirmed within the interacting
instanton liquid model [330]. Meson masses in the deconfinement interpolate between their values
at T' < T, and approximately twice the lowest quark Matsubara frequency (i.e. 2n7') [334]. These
two facts allow us to consider the axion-like field 0(x,t) as a nearly-massless field, an essential
requirement for a superfluid mode.

Instead of considering @ as a real particle we rather tend to interpret it as a collective excitation
(quasi-particle) of the medium in the nonperturbative regime of QCD (e.g. combinations of chiral
quarks). As will be shown in next sections, the excitation carries chirality and can be considered
as a 4D generalization of the Chiral Magnetic Wave [158]. These excitations can also be exactly
massless (compare with phonons or sound waves) and, at the same time, not necessarily consisting
of massless quantum particles, appearing as Goldstone bosons of some broken (e.g. Peccei-Quinn-
like) symmetry®. A straightforward derivation of this collective solution made out of quarks and
gluons is not worked out at the moment. However, there are some evidences that it could exist, see
e.g. comments on binary bound states in sSQGP [336,337], lattice results on a screened attractive
force in the color-singlet channel [338] and ideas mentioned already in the Introduction.

11.1.5 Interpretation of A

The scale A can be studied by considering Ny = N, = 1 in the limit of a constant background
1 = const, us = const and negligible anomaly (i.e. slow varying 6 = iustg). In this case, keeping
also the quartic terms in (11.1.27) for generality, we get

DS I 1.
=— i E (= Sy 11.1.
Ps R S 5 <7r> M5+ 3.2H5 ( 30)

In other words, the value of A can be read off from the dependence of chirality ps on the chiral
chemical potential ps. We consider here three existing examples one can find in the literature.

5Even if we assume that U(1)a symmetry is broken spontaneously, as suggested in [335], then the bosonization
procedure does not describe 7/, since it is a spin-0 particle, which can not carry chirality as 6 does.
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(1) At high temperatures, neglecting effects of gluons and assuming equilibrium, one can define
the thermodynamic grand potential as [41]

d3
0= [ o

where w = (p+sus)? +m? and one also assumes an approximate conservation of the axial
charge. Dlﬁerentlatlng the grand potential with respect to ps and taking the massless limit
one obtains [41]

wp,sth
wps + T log(l+e™ 1 )1 , (11.1.31)
+

1 2 M L3

Comparing (11.1.32) with (11.1.30) we conclude

= w\/71/T2 + = (free quarks) . (11.1.33)

In [30,41] this scale is compared with the inverse radius of a typical sphaleron at given temper-
ature. Notice, that in the high temperature limit 7' > p and T' > ps we get simplifications
A oc T and ps oc A%us o< T? s,

(2) In case of a strong external magnetic field (eB > pu2/2) one can construct the grand potential
for fermions on the lowest Landau level [41]

eB wptu

Q== d®p), wp—i—TZlog (1+e 7 )1 , (11.1.34)

where w = (p + ps)? + m? and p|| denotes a component of momentum parallel to the
B

magnetic field. This gives us ps = % s and hence

™

A =2veB (free quarks and strong B). (11.1.35)

T

Upon the redefinition  — 0 the kinetic term for 6 in the effective Lagrangian

V2N.eB
1

(11.1.27) takes a canonical form 5(8“9)2, while the quartic terms are suppressed by factors

1/B and 1/B?, respectively. Therefore, the bosonization procedure becomes exact in the

limit B — oo as in [158].

(3) To include effects of gluons one needs to perform a lattice calculation with finite p5, which has
been done in [53,54]. Slope of the curve ps = ps(us) obtained in the paper® is approximately
one (in lattice units), which being translated to physical units and compared with (11.1.30)
gives us

A ~3GeV (dynamical lattice fermions, Ny = 2, N, = 3). (11.1.36)
Appearance of this scale (much larger than Agcp) is not surprising, see e.g. [339,340].

It is worth to mention that all three predictions even if being affected by either rough initial
assumptions or lattice artifacts, still provide a finite and reasonable value of A.

SThere is no a priori introduced UV-cutoff in the paper since the inversion of the Dirac operator is done by
means of the BiCGstab solver

118



11.1. DERIVATION OF THE EFFECTIVE LAGRANGIAN

140 T T T T T T
eB=0 :

120 - eB=(1.1GeV)? oo .
g 100 [
=) .
E i
2
@ 80
E=y
[
S 60t T=346MeV=13T,
_8
£ :
2 40 ;

20 — ””:'”

‘_I 1 1 1 I"'E 1 1

0
0 100 200 300 400 500 600 700
Eigenvalue (MeV)

Figure 11.2: Typical fermionic spectrum in the deconfined phase as seen by a SU(3) quenched
lattice simulation with tadpole-improved Liischer-Weisz action and overlap fermions (§ = 8.45,
a=0.095fm, V =16% x 6, Ny = 1,T. ~ 260 MeV).

11.1.6 Fermionic spectrum and chirality

The Dirac spectrum for massless fermions is schematically shown in Fig. 11.1.7 Lattice studies can
be found in [243,249,265,284,298]. Below the critical temperature T, the spectrum is a continuously
growing function in \.

In contrast, at T. < T < 27T, the spectrum consists of three parts: exact zero modes (and
near-zero modes), followed by a gap for the low-lying modes and a continuous spectrum starting
from a finite Ap. Presence of the near-zero peak can be interpreted as a manifestation of a (small)
remaining chiral condensate [249, 298], which is, however, not yet rigorously proven. Both the
chiral condensate and topological susceptibility x(7') are defined from the near-zero modes, since
the exact zero modes do not survive in the thermodynamic limit [320,332,333]. It is important,
that x(T') is small enough (to keep mg small), but still not zero (otherwise 6 itself does not exist).
This forces us to choose the window of temperatures T, < 7' < 27,. At higher temperatures
T = 2T, the peak disappears completely and all the correlations between quarks supposed to be
washed out by thermal effects. The gap width seems to be temperature dependent and grows with
the temperature [243]. The right bound Ap is natural to identify with an effective quark mass,
since on the corresponding fermionic mode

Mg = Pp = P = m2 s | (11.1.37)

A very strong external magnetic field can slightly shift the right bound of the spectrum to the left®
(see Fig. 11.2), but for magnetic field strengths occurring in heavy-ion collisions [30] the principal
shape of the spectrum remains the same.

"We show here only the non-negative part of the spectrum. In the chiral limit it is symmetric with respect to
the reflection A\ — —A.
8We are grateful to Victor Braguta for making this observation from our data,
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Let us demonstrate that chirality is determined by the first part of the spectrum.

TA5
pr = iTr (75@'7(12) f?m)/\ ) Z o WZZA

0<|A|<A

iy %_vwzf;x s DI PN

-\ —im A2 4+ m?
0<A<A 0<A<A oonen M T

/d/\u 2% [EEIVN (11.1.38)

where () denotes the spectral density for an eigenvalue A. Here, as before, we dropped the exact
zero-modes. Then, using the identity

m

we find the following expression for the chirality

1im0p = —27T/d)\1/ N oa Ty = —7 hm v(\) Ux 7% (11.1.40)

From this expression we see that the chirality can be determined exclusively from the near-zero
fermionic modes. It is suggested and tested on a lattice [298] that this part of the spectrum is
originated from the zero modes of separate topological defects populating the vacuum, because
interactions between the original zero modes break their degeneracy. So the exclusion of the exact
zero modes from our analysis does not affect much the main results (for additional arguments see
also [51]).

11.2 Quark-gluon plasma as a two-component fluid

We now consider Minkowski version of the effective Lagrangian (11.1.28) for the quark-gluon plasma

with one quark flavor?,

1 1
£(2) - _Ga,u,uGZV _ _F/U/E“/ _ jNAp, _ gja/LGZ

4
2
S 50"00,0 + (’;9 0G ™ Ga, + ﬁeFWF,W, (11.2.1)

2A
where, again, the decay constant is defined by f = —+/ N, and the anomaly coefficients are given
T

N, 9
byCvzmanng:m.
Varying the Lagrangian (11.2.1) with respect to ¢ and vector fields A, and G¢

i1» we obtain the
following equations of motion:

L C LV C Lva a
0"0,0 = e L F" - 4fg2 GreGe,, (11.2.2)
DuFM = —j¥ 4+ C(9.0)F™ (11.2.3)
8MGIW(L + gfachZGul/c _ _gjua + Cg(ang)émza’ (1124)

9The metric we use has the signature (— -+ ++)
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where f2¢ are the structure constants of SU(N). Bianchi identities are given by
O F" =0, (11.2.5)
BG4 g f*eGLGM = 0. (11.2.6)

Interestingly, 6(Z,t) obeys a wave equation which is sourced by the U(1)4 chiral anomaly. This
makes it a four-dimensional generalization of the so-called “Chiral Magnetic Wave” which has been
recently proposed in [158].

11.2.1 Hydrodynamic equations

The hydrodynamic equations may now be derived from the effective Lagrangian (11.2.1) and the
corresponding equations of motion (11.2.2)-(11.2.6). Taking the divergence of (11.2.3) and using
the Bianchi identity (11.2.5), we obtain the conservation law for the electromagnetic current,
0,7" = 0, provided that the topology of the #-field is non-singular with!?

[0, 0,10 =0. (11.2.7)
Varying £(?) with respect to the axial-vector —0,0, we obtain the axial current

b = rro"e. (11.2.8)
This current satisfies the anomaly equation

w Gy

aﬂ«]f) __T nv

F*E,, — %Gﬂ”aé“ (11.2.9)

as can be seen by substituting the equations of motion (11.2.2) into the divergence of (11.2.8).
Notice that U(1)4 is still broken in the deconfinement [332,333].

The total energy-momentum tensor is a sum of both electromagnetic ©4” and gluonic ones
©F” and the stress-energy tensor of the fluid T#”. The energy-momentum tensors of the free
electromagnetic and gluonic fields are given by

17 1% 1 174 (0%
OH = FHFY )\ — 19" FosF A (11.2.10)
174 a va 1 v a apa
oL = GMeGy® — 19" Gop"G Pa (11.2.11)
Their divergencies can be found by means of the equations of motion (11.2.3, 11.2.4),

8,01 = —F"jy — C,F" F,,0"0, (11.2.12)
9,01 = —gG" % — CyGY G "0"0. (11.2.13)

Substituting this into the conservation law of the total energy-momentum,
Ou(TH + ©F" + 08") =0, (11.2.14)
we get (see also [343])

OuTH = F s + gG 5 + Co "X ™0 + Cy G2 GS,.07 (11.2.15)

10delta-function on the r.h.s. of (11.2.7) would generate an axionic string [341]. For relevant phenomenological
consequences see [160,342].
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The first two terms on the right hand side are the standard terms for a work done by external
fields. The last two terms is a work done by a Witten-like current [344]. Finally, keeping that
ps = j¥ = f20°0, we obtain an expression for the axial chemical potential,

5L3
5 = =—0y0. 11.2.16
He = 5 ( )
When boosted this turns into the Josephson-type equation ps = —u#0,,0, where u* will be chosen
later as the velocity of the “normal” component, normalized by the condition u,u* = —1. We also

should assume, that 90 is slow varying in time, i.e. 9,0 ~ O(p®), so the changes in chiral (axial)
charge are small at the scale of QGP lifetime [142,345], otherwise the chiral chemical potential is
not well-defined. Hydrodynamic and constitutive equations are then of order O(p?) and O(p!),
respectively.

In summary, the system of hydrodynamic equations is given now by

BT = F"(jx + Cy Frn0%0) + G*(gj§ + CyG."0"0) , (11.2.17)
Opjs = —%F"”EW - %G“”“@Zu, (11.2.18)
Oui" = 0" =0, (11.2.19)
uP 9,0+ s =0, (11.2.20)

where the last one is the Josephson-type equation. Corresponding constitutive relations in gradient
expansion, satisfying (11.2.2) and (11.2.17-11.2.18), can be represented by

T" = (e + P)uru” + Pg"” + f20"00"0 + 7" , (11.2.21)
gt = put + v (11.2.22)
G = ply 4 e (11.2.23)
jg _ f28“0 + Vg7 (11.2.24)

where €, P, p, p® are the energy density, pressure, electric charge density and color charge density,
respectively. Terms 7/, v#, v and vt denote higher-order gradient corrections and obey the

Landau conditions
u, ™ =0, urt =0, u =0, uvt =0. (11.2.25)

The stress-energy tensor TH" consists of two parts, an ordinary fluid component and a pseudoscalar
“superfluid” component. This modifies the Gibbs relation

dP = sdT + pdy — f?d Baﬂe aue} , (11.2.26)

where s is the entropy density. Being additionally supported by the results of the Section 11.1.6,
we can describe the fluid content as a mixture of two components, originated from different parts
of the fermionic spectrum,

(1) Zero and near-zero fermionic modes, which are involved into a potential (curl-free) motion
of the chirality described by jz = f20,0 = psus,, where ug, = 59,0 is the “superfluid”
velocity.

(2) The rest forming an “axially-neutral” component described by an electric j, = pu,, and color
Ju = p“uy, currents and separated from the curl-free component by a finite gap.

There are numerous studies (e.g. [30,132,346]) suggesting generation of a finite chirality in the
processes of heavy-ion collisions, so we can assume (ps) = f?(us) # 0 within an event. Such kind
of initial conditions is not captured by lattice simulations ({p5) = 0 after averaging over gauge
configurations [6,7,51]), unless the finite (us) is introduced ad hoc [53,54].
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11.2.2 Phenomenological output, possible tests of the model

Electric and magnetic fields in the fluid rest frame are defined as

- 1
Bl = Fry,, BHt = Fhvy, = 561'“*%,1?&5. (11.2.27)
One can also rewrite these definitions in the following way
Fu = €uvapu®B? +u, By — u, B, (11.2.28)
Fry = €uapu®E? +u, B, —u, B, (11.2.29)

which we will use later.

The second term in first brackets (11.2.17) or equivalently the second term on r.h.s. of (11.2.3)
has an interesting phenomenological interpretation as an additional electric current, induced by
f-field, i.e. associated with the “superfluid” component. This current is conserved due to the
Bianchi identity and vanishes in absence of either external electromagnetic fields or 6. Let us split
this term in three pieces using (11.2.29):

38 = O, FAe0%0 = C10"0 (us By + €xrapu®E® — u\B,,) (11.2.30)
= —Cyus By + Crerangu®d“0E" — C,u\ (90 - B).

The first term in the sum is nothing but the Chiral Magnetic Effect (CME) [41], i.e. generation of
the electric current along the magnetic field. The second term is analogous to the Chiral Electric
Effect (CEE) [258], i.e. generation of the electric current perpendicular to applied electric field
and to both (normal and superfluid) four-velocities. The third term is a dynamical realization
of the domain wall polarization [42,43] or simply the fact that the “would-be” axions acquire an
electric dipole moment in a magnetic field [327]. Keeping in mind a wave-like profile of the 6-field
we could call this effect the “Chiral Dipole Wave” (CDW). First term contains us which is in our
case deriwed within QCD in contrary to other CME models. Last two terms are specific for the
two-component fluid model and can be considered as a possible experimental test of the model. A
concrete quantitative prediction and comparison to the experimental data are beyond of the scope
of this chapter and will be presented in a future publication. Some preliminary experimental ideas
are presented in Section 11.2.4.
The same analysis can be applied to the color current

jYe = %éxnaaﬁe, (11.2.31)

which is the second term on the r.h.s. of (11.2.4). The corresponding effects can be called “Color
CME”, “Color CEE” and “Color CDW” | respectively. We are not focusing on these effects, since
the color currents cannot be observed directly. It is also important to mention that both currents
(11.2.30, 11.2.31) do not depend on the UV cutoff A introduced in the preceding sections.

11.2.3 Change in entropy and higher order gradient corrections

mz

In previous sections we kept higher-order corrections 77, v*, v#* v undetermined. These correc-
tions incorporate possible dissipative effects (in presence of e.g. viscosity or electrical resistivity)
and can be found from the constraint d,,s" > 0 on the entropy current s [130]. A priori it is not
obvious whether they can interfere with the result (11.2.30) or not. Indeed, within the ordinary
hydrodynamics the chiral magnetic effect can be found as a part of the v* term [3,4,140]. In this
section we show that there are no higher order corrections to the electric current j, arising in our
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case and affecting the phenomenological results of Section 11.2.2. Following [140], we transform
the quantity

I =u,0,T" + pouj* + ps0,j% (11.2.32)

using hydrodynamic and constitutive equations and equate both resulting expressions.

Constitutive equations
Using the second law of thermodynamics € + P = T's + pup and (11.2.21)-(11.2.24), we can rewrite
this quantity as
I =u,0,((Ts+ pp)u*)u” +u, (T's + pp) u*0,u” + 1,0, Pg"”
+ 1y, [2070 0,,0"0 4w, 2010 9,0"0 4 u, 0, T
+ 10, (put + V") + 15 £20,,0"0 + ps0, VL . (11.2.33)

Using the normalization condition u*u, = —1, the Josephson equation u#d,0 + ps = 0 and the
following identities

duut = inv = dou’ = 0, (11.2.34)
1

u,ut o u” = 5 (wput o u” + uu"oyu,) = ut0,(uvu,) =0, (11.2.35)

u(put) = u"dup + po,ut = utd,p = inv = u’dop = 0 (11.2.36)

we can simplify the expression for I to
I =—T0, (u!s) —u" {s0,T + pdup — 120,600,070 — OuP} + u, 0,7

C ~
+ uO v + s OVt + 20, us BBy — 79;456*"’”“6‘;” : (11.2.37)

The sum in the curly brackets is identically zero due to the thermodynamic relation (11.2.26). Also
U, 0, " = —7" 0, u,, because of the Landau frame condition (11.2.25). This leads to the further
simplification,

C -
[=—-T (au (sul) — %@ﬂ/”’ - %a“yg) = T Oy + 20 B By — L pusG Gy, (112.38)

Hydrodynamic equations
Let us rewrite I again using the hydrodynamic equations (11.2.17-11.2.18). Then
I =F”)‘ul,p ux + u F" vy + gGl’)‘“ul,p“ uy + guyG”)‘aug
+ Cuy FY F. 070 + Cyu, G*GS,. 050
C rva Na
+ C,Y/J,5E)\B)\ — IgME)GM G;w

C ~
= — E\xv* 4+ 20, us E* By, — Tg%GW“G;V , (11.2.39)

where we used the Josephson equation, the definitions of the electric and magnetic fields (11.2.27)
and the corresponding inversed relations (11.2.29).
Combining this result with (11.2.38) we obtain

T (8 (su”) - Lo - %aﬂu';) = T, — B, (11.2.40)
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Then dividing by —7" and adding —1/"’8,,,% — ug"aﬂ@ to the both sides we can rewrite the result

T
as

O (su” - %1/" - %I/g) = —%(@LUV)T’“’ - <8M% - %Ep&) - V?@H%. (11.2.41)

Comparing this result with one of Son and Surowka [130], we see that the term proportional
to C, is absent. This fact tells us that the divergence (11.2.41) is well defined, i.e. the entropy
production is always nonnegative, and in contrary to [130] we do not need to add any additional
terms to the entropy current. Therefore, there are no leading-order corrections to j3 coming from
the dissipative term v*. So, all three anomalous effects are present already at the level of the
hydrodynamic equations (11.2.17).

The expression for the entropy current remains unchanged also because the “superfluid” com-
ponent itself has zero entropy. Indeed, considering (11.2.41) in absence of dissipative corrections
we obtain

Ou(sut) =0, (11.2.42)

i.e. only the “normal” component contributes to the entropy current, which is a common property
of a real superfluid. This fact would well agree with the long-range coherence of the chirality
distribution [266,267,274-279,347,348], but should be studied more carefully, since the microscopic
nature of 6 is not known precisely.

11.2.4 Preliminary estimates for the CME

It was proposed [349] to use charge-dependent correlations v, = (cos(¢n + ¢3)) for the mea-
surements of the local P-violation in heavy-ion collisions (see Ref. [177] for a review). Here ¢q 3
with a, 8 = + are the azimuthal angles of the particles with respect to the reaction plane. The
average is taken over all pairs within an event and then over the whole event ensemble. With use
of reaction plane independent correlators d, g = (cos(¢o — ¢g)) and trigonometric identities one
can split the initial correlation function into the “in-plane” (cos(¢q)cos(¢g)) and “out-of plane”
(sin(¢q ) sin(¢g)) components. The latter can be summarized in the following
STAR data [37,38,350] for /s = 200 GeV Au-Au collisions,

<Sin(¢a) Sin(¢ﬁ)>same =~ O, (11243)
(cos(¢a) cos(dg))same < 0, (11.2.44)
(5in(a) $in(33)hopp. = (c03(da) coS(65) opp. > 0. (11.2.45)

These relations can be interpreted as a mostly in-plane back-to-back emission of same-charged
particles, while opposite-charge particles move together without a preferred direction. Equality in
(11.2.45) can be qualitatively understood within the cluster model [34].

ALICE data [40] for /s = 2.76 TeV Pb-Pb collisions,

(sin(¢q ) sin(@g))same 2 (coS(Pa) c0s(¢3))same > 0, (11.2.46)
(sin(¢a) sin(¢g))opp. == (cos(da) cos(ds))opp. > 0, (11.2.47)

differ from the RHIC data, in particular by nonvanishing out-of plane same-charge correlations.
One should also be aware of significant non-flow contributions to d, s in the ALICE data [40]. In
both cases all nonzero correlators are growing in absolute value with centrality.

The data seems to be in contradiction with the predictions of CME. In fact, before drawing
conclusions, one should take into account all possible contributions to the correlators, including
ones coming from the parity-even effects, e.g. hydrodynamic flows. Let us assume, that in order
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Figure 11.3: Absolute value of the charge separation (11.2.50). See explanation in the text.

to separate the elliptic flow contributions we can introduce the following decomposition, in spirit
of [177],

Va8 ~ V2 Fag — HY'S + HY 5, (11.2.48)
Sa,p ~ Fa,p + HY5 + Hig, (11.2.49)

where F’s denote the flow-induced correlators (by e.g. the transverse momentum conservation,
local charge conservation, etc.), and H’s correspond to the flow-independent correlations in- and
out-of-plane (induced by e.g. CME, CEE, dipole assymetry from fluctuations, etc.). Then, by
considering an additional value r, 3 = %2‘;0) we can resolve (11.2.48,11.2.49) with respect
to the shape-independent correlations. The criteria of completeness would be the symmetry of
Fiame, Hsame and Fypp, . Hopp, with respect to zero, as a function of centrality.

As we concluded in Chapter 6, the CME contributes only to the vs-independent part of the
correlators, i.e. to H’s, and, more precise, to Hg“é, since the magnetic field points in the direction
out-of-plane. If there were no other P-odd effects, then the H'™™ part would hold zero. However,
lattice computations demonstrate the presence of temperature fluctuations of the chirality even
for a vanishing magnetic field, which would result in an isotropic parity-violating effect. These
fluctuations can be translated to the total charge asymmetry by means of a static fireball model [51],

2 252
How+H _ —2H,_ ~ Z“T;Tpf (<jﬁ> n 2<ji>) : (11.2.50)
q

where H, g is the shape-independent part of v, 3, 7 is the emission time, p ~ is a charac-

e
teristic correlation length between particles, R ~ 5fm is the radius of the fireball [351], N, is the

number of particles of the same charge produced in one event (we took the data on the multiplicities
from [352,353]), and j, jj are currents induced according to the geometry in Fig. 1.1(a). Results
for the absolute value of (11.2.50) are shown in Fig. 11.3. Taken that (j) for different components
are of the same order at B = 0 [51] we get red and blue points in Fig. 11.3 for the current/charge
fluctuations taken from [51,354]. These results are comparable by one-two orders of magnitude
with the experimental values [37,38], which is remarkable, taken that the lattice data [51] is for
the quenched SU(2) theory, and we did not subtract the flow contributions from the STAR data.
The pattern of growth with the centrality is repeated even without magnetic fields, but because of
multiplicity, which itself depends on the centrality.

We can use (11.2.50) to estimate the magnitude of CME alone. For RHIC the 7 ~ 0.1fm/c is
the lifetime of the electromagnetic fields (see Fig. 1.2), which makes the assumption of the static
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fireball reasonable [25]. From (11.2.24) we get us(z) = f~2ps(z) with f ~ 1 GeV and hence

AN (AQ2)
f4 RG 4

(u2) = f~4{p3) ~ (11.2.51)
where the most optimistic estimate for the topological charge generated in a RHIC collision is
V(AQ2) ~ 40 [346], Ny = 2 is the number of light flavors, R = 1.24'/3 fm is the radius of the
nucleus. Using the estimate (11.2.51) we see that the root mean square of us is only of order of
few MeVs. Taking the highest values of the magnetic field and pus = 10 MeV, we can find the
upper bound on the CME which is CME < 107°. Taking into account the response of QGP to
the e.-m. fields and assuming the magnetic field to be approximately stationary during the QGP
lifetime [28,35], we would get a value, which is two orders of magnitude larger, i.e. CME < 1077,
see Fig. 11.3. The magnitude is too low to explain the charge asymmetry, while the temperature
fluctuations fit better to the data.

11.3 Conclusion

In this chapter we provided a novel treatment of the sSQGP dynamics for the temperatures typical
for recent and ongoing heavy-ion experiments. The main feature of our studies is a combination
of nonperturbative methods applied to a general form of the theory, namely, the QCD coupled
to QED. Our conclusion is that there can exist a light (nearly massless) axion-like component of
the quark-gluon plasma for the given range of temperatures. This component accommodates all
the chiral and anomalous properties of the plasma and is responsible for a plenty of hypothetical
effects leading to the local P- and CP-violation in the strong interaction. The rest of the matter
content of QGP obeys the hydrodynamic equations of a nearly ideal fluid. Both of the components
together form some kind of a superfluid, which we call the “chiral superfluid”. This term should
be understood in a relative sense as a two-component fluid with independent curl-free and normal
motions. The separation between two motions is provided by a gap in the Dirac spectrum observed
in lattice QCD simulations with massless quarks. It is worth to mention, that in our case we do
not obtain the light “superfluid” component as a Goldstone field of a broken continuous symmetry.
Instead, it appears as a consequence of a nontrivial underlying vacuum structure. At the same
time, even not being a conventional superfluid, our system reproduces some usual properties, such
as a (pseudo-)scalar nature of the “condensate”, zero entropy of the “condensate”, Josephson-type
relation, etc. Taking into account only regular configurations of the “condensate” we reserve the
vortex-like solutions for the further studies.

An important issue not covered in this Chapter is the probe limit (quenching) for the lattice
fermions. It is not clear yet, whether the long-range structures survive in the full QCD or they
are destroyed by dynamical fermions. As a crucial test of our model we propose some phenomeno-
logical effects (Section 11.2.2), which can be proven experimentally, i.e. a response of QGP to the
presence of strong electromagnetic fields. A concrete description of the experimental consequences
is currently in progress.
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Chapter 12

On chromoelectric
superconductivity of the
Yang-Mills vacuum

The nonperturbative structure of the ground state of QCD vacuum is one of the most interesting
unsolved problems in quantum field theory. At zero temperature the ground state exhibits a mass
gap, breaks chiral symmetry and supports confinement of color sources, quarks and gluons. The
confining properties of the QCD ground state were intensively studied last decades resulting in a
number of phenomenological approaches to this problem.

One of the popular approaches is the “spaghetti vacuum” picture (the Copenhagen vacuum):
the QCD vacuum is considered to be populated by evolving vortex tubes which carry a chromo-
magnetic flux [355-359]. An isolated color charge — for example, a quark — scatters off the vortices
and develops an infinitely large free energy. As a result, the quarks may appear in the vacuum
only in a form of colourless (hadronic) states bounded by a chromoelectric string [356].

The standard mechanism of formation of the chromomagnetic vortices is as follows. The pertur-
bative vacuum of QCD — which is paramagnetic due to the asymptotic freedom — has an unstable
mode towards formation of a chromomagnetic field [360]. However, in the background of a homo-
geneous chromomagnetic field the gluon part of the vacuum energy develops an imaginary part
to large chromomagnetic moment of the gluon [355]. This implies that the homogeneous chromo-
magnetic field is also unstable towards squeezing of the chromomagnetic field into separate parallel
flux tubes (vortices) [358], similarly to the Abrikosov vortex lattice in a mixed state of an ordi-
nary type-II superconductor in an external magnetic field [361]. Finally, due to global rotational
and Lorentz invariance of the QCD vacuum, the chromomagnetic field has locally a domain-like
structure [357]: the field has different orientation in different domains. Due to the fact that the
vortices follow the orientation of the chromomagnetic field, the vortex lines form an intertwining
entangled structure, hence the name “spaghetti”.

Thus, the Copenhagen confining mechanism has a tight relation to ideas from ordinary super-
conductivity such as condensation and flux tube (vortex) formation. However, in addition to the
mentioned features there exists another, primary phenomenon which is associated with ordinary
superconductivity which is the superconductivity itself (i.e., the perfect conductivity of an electric
current). In this chapter we would like to show that the Copenhagen vacuum is not just “analo-
gous” to an ordinary superconductivity: in this picture the Copenhagen vacuum is a chromoelectric
superconductor from the point of view of the transport properties.

Why the Copenhagen vacuum should be a chromoelectric superconductor? A simple answer is
because in this picture the chromomagnetic tubes are formed due to the gluon condensate while
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the gluons are carrying a color charge. The condensation of the color charges should lead, naively,
to the (chromo)superconducting phenomenon. However, our considerations may contain a caveat:
in the ordinary superconductivity the Cooper-pair condensate has a macroscopic order over large
distances and this property is the core reason why the electric current may be transported by the
uniform condensate without dissipation. On the contrary, the QCD vacuum in the Copenhagen
picture has a domain-like structure with each domain possessing its own orientation (both in color
and coordinate spaces) of the gluon condensate so that the long-range order is absent. Nevertheless,
we argue below that this property is not an obstacle due to the long-range order which is maintained
along the chromomagnetic vortices. We arrive to the picture that in the spaghetti vacuum the
chromoelectric current should be able to stream without dissipation along the chromomagnetic
tubes. Basically, the chromomagnetic tubes work like specific, hollow wires which are able to carry
the chromoelectric current without resistance.

As one of the possible consequences of the color superconductivity one can expect probe quarks
to propagate along the flux tubes over arbitrary distances, so that the tubes can be considered
as “fermionic guides” [143,307,308,342]. From the phenomenological perspective the long-range
propagation of quarks may lead to the phenomenon of chiral superfluidity of the quark-gluon
plasma [8].

The Yang-Mills Lagrangian is

1

L= _ZFﬁVFaW, (12.0.1)

where F}, = 0, A} — 0, Aj, + geabe AP A is the strength tensor of the SU(2) gluon field Aj.
For simplicity, we consider the SU(2) gauge field instead of more phenomenologically relevant

SU(3) fields since the latter solutions may be obtained — following the general construction of

Ambjorn—Olesen [358] — by an imbedding the SU(2) solutions into the SU(3) color group.

The corresponding equations of motion are as follows
OMFS, + ge® A ES, =0, (12.0.2)

Following Ambjorn and Olesen [358] we consider the state of the Yang-Mills theory in a uniform
chromomagnetic field directed along the third spatial axis. In the color space the chromomagnetic
field is assumed to be directed in the third axis as well:

F‘/‘jl’/ext ~ 5(1’3 (5/1«16112 - 5u25u1) . (1203)

In order to obtain such a configuration, one can add a homogeneous Abelian magnetic flux in third
direction in color space [358]:

B B
A == (12.0.4)

For definiteness we take B > 0.

The ground state solution to the equations of motion (12.0.2) has certain remarkable properties.
The solution is a function of the transverse — with respect to the spatial direction of the external
chromomagnetic field (12.0.3) — coordinates x = (z1,22) and it is independent on the longitudinal
coordinates z!l = (xg, z3).

The longitudinal components of the vector fields are vanishing in the ground state, A§ = A§ = 0,
so that the equations of motion (12.0.2) involve only the transversal components A with ¢ = 1,2.
The latter can conveniently be rewritten in the complex notations by introducing the following
combinations for all vector fields O; withi = 1,2: O = O14i05 and O = O —iO5. These relations
imply O = O* for all real vector fields ;. Defining the complex coordinate z = x; + iz and
complex derivative @ = 9; 4 i0s, we find the non-canonical relations 0z = 0z = 2 and 9z = 0z = 0.
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The off-diagonal gluonic fields A}ﬂ can be combined into two complex-valued fields:

1
Af = —
V2

These combinations are not independent, Af = (AE)T, so that below we will work with the A7
field only.

The ground state can be described by two complex functions A = A(z+) and A% = A3(z)
with

(A, FiA2), (12.0.5)

A=A" = A7 +idy, (12.0.6)
A = A 4iA3, (12.0.7)

and their complex conjugates. The combinations (12.0.6) and (12.0.7) correspond to, respectively,
the offdiagonal and diagonal components of the A¢ fields. The color direction is defined by the
background chromomagnetic field. The alternative (barred) combination of the off-diagonal A
fields is zero in the ground state, A~ = A] —iA; = 0. Notice that A* = (A7)* = 0 and
AT = (A7)~

The constraints (12.0.3) for a = 1,2 can now be rewritten as a single complex equation:

9By, (12.0.8)

0A =
which is well known from the work of Abrikosov [361] to possess finite-energy solutions with a
lattice symmetry.
The solution for this equation minimizing the remaining terms contributing to the energy
integrated over the transversal plane

E. = /% (F3)® = /% (B - %|A|2)2, (12.0.9)

was constructed in terms of f-functions. In the background of the strong chromomagnetic field
the vacuum structure resembles the Abrikosov lattice in the mixed phase of the type-II super-
conductors [361]. In analogy with the lattice of the Abrikosov vortices in a superconductor, the
chromomagnetic field in Yang—Mills theory organizes itself in similar periodic structures [358].

The ground state solution by Ambjorn and Olesen is given [up to a gauge factor due to a
different parametrization of magnetic field (12.0.4)] by the following formula [358]:

Alz1,m2) = (boeigBmzmlzmz% (m—;ﬂ762?), (12.0.10)
B
4
3
yo= VB (12.0.11)

V2’ 9B’
where 05 is the third Jacobi theta function and the overall factor ¢g &~ 2.94/B/g is determined by
minimization of the energy functional (12.0.9).
The global energy minimum is reached for the equilateral triangular lattice (which is also called
the hexagonal lattice) solutions of Eq. (12.0.8). Another local minimum is found for a square lattice.
The geometrical pattern of the lattice structure in the Yang—Mills theory is determined by the

Abrikosov ratio,
2
Ba = </dxi|A|4) / (/dxi|A|2> : (12.0.12)
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Figure 12.1: (a) The amplitude of the gluon field (12.0.10) is shown by a density plot superimposed
on the three dimensional plot of its absolute value. A few cells of the hexagonal periodic lattice are
shown in the transverse (z1, z2) plane. All dimensional units are shown in terms of the only massive
scale /gB. (b) The chromoelectric superconductivity coefficient in the London equation (12.0.16)
in the transverse (z1, z2) plane.

which can be expressed in terms of generalized #-functions [358]. The global minimum of the

energy functional (12.0.9) is
5 < 1 )
E min — T 1—— s 12.0.13
(e (12.0.13)

where for the hexagonal structure the Abrikosov ratio is Sa ~ 1.16 similarly to an ordinary type-II
superconductor [362].

It is worth noting that even in models where the forth-order interaction terms are more com-
plicated and, as a consequence, another definition of 34 is needed, one still finds that the global
energy minimum still corresponds to the hexagonal lattice pattern [250-252,362-364].

The gluon field (12.0.10) is shown in Fig. 12.1(a). The chromomagnetic vortices are arranged
in the hexagonal structure. In the center of each vortex the gluon field (12.0.6) is vanishing
and the phase of this field winds by the angle 27, similarly to the usual Abrikosov vortex. The
geometrical vortex pattern Fig. 12.1(a) is identical to the Abrikosov vortex lattice in an ordinary
type-II superconductor.

Does the ground state (12.0.10) correspond to a chromoelectric superconductor? A simplest
way to check an existence of the superconductivity is to calculate a relevant transport property:
the superconducting nature of the ground state should reveal itself as an w = 0 (zero-frequency)
d-function peak in the real part of the complex (chromo)conductivity, o(w) = o1(w) + io2(w).
Alternatively, one can impose a weak external (chromo)electric field and then check that the ground
state supports the London relation for the (chromo)electric currents. These two approaches are
identical.

The London equations were used to argue in favor of existence of a magnetic-fields-induced
electromagnetic superconductivity in QCD [250-252] and in electroweak model [363]. The former
effect is mediated by the p—meson condensation while the latter one is caused by the condensation
of the W mesons [365-367].

Following these approaches we impose a weak (test) chromoelectric field,

Es=ES=Fy, |Es| < B, (12.0.14)
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oriented along the background chromomagnetic field (12.0.3) both in the color and coordinate
spaces in order to check possible validity of the London transport equation.

In order to define the relevant chromoelectric current we notice that the chromomagnetic
field (12.0.3) plays a role of an object which identifies the Abelian U(1) direction in the non-
Abelian SU(2) group. The chromoelectric current associated with this U(1) gauge subgroup is
defined as follows':

Jy = J) = 0"(0,A) — 9,A7). (12.0.15)

We utilize the equations of motion (12.0.2) in the background of the strong chromomag-
netic (12.0.4) and weak chromoelectric (12.0.14) fields and we find the following analogue of the
London equation:

dpJs = —g°|A|PEs, (12.0.16)

Equation (12.0.16) implies, that the chromoelectric current propagates ballistically (i.e., without
dissipation) along the chromomagnetic flux tubes. In the transverse directions the chromoelectric
superconductivity is absent, djo.J; = 0 with 7 = 1,2.

The superconductivity coefficient of the London equation (12.0.16) is shown in Fig. 12.1(b). In
the center of each flux tube the superconductivity is absent and the chromoelectric current may
stream only at the regions in between the touching tubes. Therefore the chromomagnetic flux tube
may be associated with a hollow (chromo)conducting “wire”.

So far in our considerations we have followed the considerations of Refs. [358] where the regular
solution was obtained in a homogeneous chromomagnetic background. In the real vacuum the
flux tubes form an entangled spaghetti structure [357], so that the vacuum between two separated
spatial points is, in general, disordered by the flux tubes. However, as we move along the tubes
themselves they are supposed to keep their field structure in the transverse spatial directions [357].
In lattice gauge theory the thick chromomagnetic flux tubes can be associated with the so-called
center vortices [368,369], which were indeed shown to exhibit the long-range correlations along the
worldsheets of their flux tubes [370].

Interestingly, the chromoelectric currents (12.0.16) are induced by the chromoelectric field E¢
provided it is parallel to the chromomagnetic field B both in color and coordinate spaces. Thus,
the electric currents in the flux tubes are induced if the scalar product (E® - B%) of these fields
is nonzero. Notice, however, that this scalar product is proportional to the topological charge
density [371],

q(z) = ﬁﬂ [F,, EF*],  Fr o= %gﬂmﬂFaﬁ. (12.0.17)
Thus, the topological charge density should induce the chromoelectric currents in the chromo-
magnetic flux tubes. We find it fascinating that the described mechanism links chromoelectric
superconductivity with the topology in QCD.

According to the standard Copenhagen picture the chromomagnetic tubes form an entangled
“spaghetti” structure in the real vacuum. In this chapter we have shown that this spaghetti is
(chromo)superconducting.

I'Notice that the chromoelectric current (12.0.15) is different from the full SU(2) currents DFF, = 0 since the
Abelian and non-Abelian strengths are different: 9, A3 — GVA;Q’L #* Fi’y.
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Chapter 13

Conclusions and Outlook

We developed several systematic approaches to study nonperturbative effects related to the chiral
and electromagnetic properties of the quark-gluon plasma: the holographic framework based on the
fluid-gravity duality; the quenched lattice simulation for two and three colors, and a two-component
liquid model derived from the QCD Lagrangian. In addition, we also make certain predictions
never mentioned before in the literature!', which can be tested experimentally. Among them are
the following: electric conductivity of the QGP induced by the magnetic field and modifying the
elliptic flow for photons; magnitude of the chiral magnetic effect, its independence on the elliptic
flow in QGP; charge separation in QGP induced by an electric field; color superconductivity of the
QCD vacuum state, which may lead to the chiral superfluidity.

To conclude this thesis, we provide a list of open questions, which can be considered as a
possible extension of our studies:

1) In holographic models of Chapter 5 we saw an equivalence between effects induced by a
magnetic field (e.g. CME) and through the rotation of medium (e.g. CVE). This is not a
coincidence, since the angular momentum & is in many respects similar to the magnetic field
B: rotating charged fluid produces a magnetic field, which is a well-known phenomenon in
magnetohydrodynamics; rotating along a loop particle with mass m and charge e acquires
the Aharonov-Bohm phase shift equal to the phase shift due to the Sagnac effect [372] along
the same loop, if B = QT’”JJ'; the same relation holds for a magnetic field generated by a
rotating superconductor [373] and known to be present for any substance as well (Barnett
effect [374]). Tt seems interesting to follow this equivalence from the holographic point of
view. A strong magnetic field in QCD effectively reduces the dimensionality of problem to
2D, since the quarks tend to occupy the lowest Landau level and cannot move in directions
transverse to the magnetic field. From the side of the bulk geometry this corresponds to
the dimensional reduction of the black hole geometry to a BTZ-black hole background [375].
This leads to a natural question, whether the background of a uniformly rotating liquid
(presumably, AdS-Kerr-Newmann BH) reduces to a low-dimensional black hole in limit of
large angular momenta.

2) In light of various superfluid and superconducting properties of the QCD vacuum [8,15,250—
252], Chapters 11-12, it is natural to investigate the spatial distribution of the CME-current
in the transverse to B plane. Does the current density form any kind of honeycomb pattern?
This question can be, perhaps, answered by applying the IPR methods from the Chapter 10.

3) The results of Chapter 3 and Section 8.2 on the chiral symmetry breaking rely on the fact
that the quenched approximation is valid and reproduces the phenomenon of magnetic catal-

Except our own articles.
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ysis [214]. There are, however, recent unquenched lattice data [216,217], demonstrating the
inverse effect (chiral symmetry restoration by the magnetic field) in the vicinity of the conven-
tional chiral transition. This leads to a conclusion that the back-reaction of the sea quarks on
the gauge-field configuration can compete with the dynamical generation of the quark mass.
Holographically, this means, that the backreaction of D7-branes is no longer negligible and
one should choose a more suitable (unquenched) background. The mechanism can be also
studied numerically, by analyzing the value of Polyakov loop in magnetic fields [376].

4) In Chapter 11 we suggested the gauge field defects as an important ingredient of the quark-
gluon plasma. There is, unfortunately, a lack of analytic solutions of the Yang-Mills equations,
which we could use in our studies. In Chapter 12 we used the “spaghetti” picture, which
was originally established in a 1-loop approximation, and, generally speaking, is not proven
beyond 1-loop. This makes it important to search for possible low-dimensional objects in
Yang-Mills theories, as well as in holography [377]. Exact solutions can also shed light on
the problem of confinement [309,311] and the entropy in QCD [378].

5) In the same chapter we presented a spectrum of the overlap operator. It is not clear, whether
the spectrum has the same form for the intermediate temperatures in the case of full QCD,
and whether the remnant zero-modes survive in this case. For the phenomenological applica-
tions one should also study the Dirac spectrum in the presence of non-zero average chirality,
which mimics initial conditions in the heavy-ion collisions. One can, perhaps, do that by
selecting gauge-field configurations with a fixed topological charge.

6) Is there a consistent way to define the topological susceptibility in a finite volume? The
same question can be posed, if we are dealing with vacuum condensates as well as with
thermodynamic phenomena, e.g. superfluidity, in the case of real and hence finite systems.

7) Is the chiral magnetic effect saturated at some critical magnetic field? Such a conclusion can
follow from Section 11.1.5, if considering large B limit,
B
) 5
jome = CusB p? = const. (13.0.1)
Here we used the approximation f o< A o veB when B is much larger than all other scales
under consideration.

8) Do we reproduce the the Chern-Simons diffusion rate [379] within the chiral superfluid model?
One can use the axion Lagrangian (11.1.27) with higher-order terms and calculate the rate
perturbatively in the limit B > T2, which can be considered as an additional test of the
model.

9) Do the lattice data coincide with the holographic results in the large N, limit? Is SU(3) close
to SU(c0)? One can answer these questions by changing our codes for three colors. The
Cabibbo-Marinari heat-bath algorithm allows for such a modification, so one should only
determine the couplings [380] and choose appropriate sizes of the lattices. There are already
hints that the SU(3) gauge theory is very similar to SU(c0) [381,382].

For a list of general open questions related to our studies we refer the reader to an excellent
review [65]. We hope that the ideas contained in this thesis will stimulate further advances in the
intriguing and relatively modern subject of the quark-gluon plasma physics.
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