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Abstract: A derivation of anomaly-induced transport phenomena—the chiral magnetic/vortical
effect—is revisited based on the imaginary-time formalism of quantum field theory. Considering
the simplest anomalous system composed of a single Weyl fermion, we provide two derivations:
perturbative (one-loop) evaluation of the anomalous transport coefficient, and the anomaly matching
for the local thermodynamic functional.
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1. Introduction

Quantum anomaly is one of the most fundamental properties of quantum systems, which keeps
staying in the low-energy regime once it appears in an underlying UV theory [1,2]. As a
consequence, the low-energy dynamics is strongly influenced by the existence of the quantum anomaly.
A well-known example is the chiral anomaly in QCD, which gives rise to the Wess-Zumino term in the
low-energy effective theory of QCD (the chiral perturbation theory) describing the neutral pion decay
into two photons (® = 99) [3-5]. The notion of anomaly can be generalized to discrete symmetries
of systems such as time-reversal symmetry. The anomaly matching argument [6,7] is actively applied
to restrict the possible nontrivial ground states (See Refs. [8-19] for recent applications).

It has been recently noticed that quantum anomaly also appears even in the effective theory
describing the real-time dynamics of nonequilibrium systems, e.g., hydrodynamics and the kinetic
theory, and it affects the macroscopic transport properties in the hydrodynamic regime [20-61] (See also
pioneering works by Vilenkin [62,63]). For example, the simplest anomalous system composed of a
single right-handed Weyl fermion coupled to a background electromagnetic field shows interesting
transport . When this system is put into an environment with a temperature T and a chemical potential
1R, the chiral anomaly induces the dissipationless current along the magnetic field B! given by

2 2
<]A§Q>an0=(TBBi+0’a;(ul with op = f%, Oy = %4‘%, 1)
where ( J 1@&“0 denotes the anomalous part of the expectation value of the right-handed current, and op
(0w) is regarded as the chiral magnetic (vortical) conductivity. The first and second terms in Equation (1)
are called the chiral magnetic effect (CME) and chiral vortical effect (CVE), respectively (See Figure 1).
It is worth pointing out that even in the weak coupling limit, g and o, do not diverge unlike the
usual conductivity because their existence is protected by the quantum anomaly.

These anomalous transports are believed to be universally present when the system under

consideration contains the chiral anomaly. For example, they are expected to take place in the
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quark-gluon plasma created in high-energy heavy-ion collisions [64-74], astrophysical plasma
including neutrino process [75-80], and Weyl semimetals realized in condensed matter physics [81-90].
While we have not observed clear experimental signal of the anomaly-induced transport in the first
two systems, it has been recently reported that the experimental signals of the CME are achieved in
the Weyl semimetal [91-93].

(a) Chiral Magnetic Effect (b) Chiral Vortical Effect
<
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Figure 1. The schematic picture of the anomaly-induced transport phenomena: (a) Chiral magnetic
effect. (b) Chiral vortical effect.

The theoretical derivation of the anomaly-induced transport phenomena has been remarkably
developed in the past ten years, e.g., the direct field theoretical evaluation [20], the fluid/gravity
correspondence [21-23,25], the phenomenological entropy-current analysis [24], the linear response
theory [26,31,34,50,58], the kinetic theory [27,28,33,36,37,41,42,44,48,49,51-53,55,57,59-61], and the
hydrostatic partition function method and extensions [29,30,32,35,38-40,43,45,46,54]. In this paper,
we review the derivation of the anomaly-induced transport phenomena from the statistical mechanical
viewpoint with the help of the imaginary-time (Matsubara) formalism of quantum field theory [94-97].
In particular, we demonstrate two derivations, which are basically on the same line as the last two
derivations raised above. For that purpose, we consider the simplest anomalous system composed of
a single Weyl fermion coupled to an external electromagnetic field. Although most results given in
this paper has been already known, we give the clear rigorous justification of the hydrostatic partition
function method for the anomalous system based on the statistical ensemble describing systems
in general local thermal equilibrium. This shows that the hydrostatic partition function method
is indeed not restricted to the real hydrostatic situation, but applicable to systems in general local
thermal equilibrium.

The paper is organized as follows: In Section 2, we review the basic setup and formulation
including the Zubarev’s nonequilibrium statistical operator methods [98-100] (See also Refs. [101-104]
for a recent sophisticated revival of a similar idea). In Section 3, we then provide the perturbative
evaluation of the chiral magnetic/vortical conductivity with the help of the (equilibrium) linear
response theory, from which we can read off the constitutive relation for the anomalous current.
In Section 4, we give another nonperturbative derivation based on the anomaly matching for the local
thermodynamic functional. Section 5 is devoted to the summary and discussion.

2. Preliminaries for the Anomaly-Induced Transport Phenomena

In this section, we briefly summarize the formulation to derive the anomaly-induced transport
phenomena based on the imaginary-time formalism [98-104].

2.1. Anomalous (Non-)Conservation Laws for a Single Weyl Fermion

Let us consider the system consisting of a right-handed Weyl fermions ¢ under an external U(1)
gauge field A, in a (3 4 1) dimensional curved spacetime, whose action has the form:

S[E, §+; Ay,e;f] = / d*xel with L= %g* (ea”aaﬁy - 5,40“65,”) & e= det(e;f), ()
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where we introduced ¢* = (1,0') with the Pauli matrices ¢ (i = 1,2,3). Here e;(e”a) denotes
ab — e]fevb g"" with the spacetime curved metric g;,y and

Minkowski metric 77,, = diag(—1, +1,+1,+1). The left and right covariant derivatives are defined as

(inverse) vierbein satisfying ¢,y = e;evb Wabs 1

. . _ 1.,
Dul =8 — (A + A4S, 6D =0,8" +i8" (A + Ay) with A= S0 f"Ey, ()

where we introduced ¥, = i(c%0? — 0?57 /4 with 3 = (—1, ¢'), which satisfies c?5? + ot = 2.
ab 17

Furthermore, employing the torsionless condition, we can express the spin connection cu’fb = —wyb” as
ab 1 gy bp : — ,cC
w, = Ee e’ (Coop — Covu — Cuvp)  with  Cpyp = ey (9vepe — dpeuc). 4)

Although the classical action (2) is invariant under a set of infinitesimal diffeomorphisms, local
Lorentz, and U(1) gauge transformations with parameters x = {¢¥, a,, 6}:

Sxe = 0'Veld + eVl +atef,
i .
oxG = §"0vG — E‘xabzabg'f' 10,
we encounter with the quantum anomaly attached to the Weyl fermion. As a consequence,

the anomalous Ward-Takahashi identities results in the following operator identities corresponding to
the (non-)conservation laws:

VVTP:/ = vafyz
(6)

A 1
vy];u = —gcsﬂVPUFFVFpg- — )\gyvpa-R“ﬁvallepJ/

where we introduced the energy-momentum tensor T, U(1) covariant charge current f# defined as

N j —
i = 225 = —2e 0" DY — Dot)e+ 1D, (et T ) + £,
u
7)
N 146S
=== =g
e 56‘;

The Lorentz invariance implies that the antisymmetric part of the energy tensor vanishes:
TH 4 TYF = 0; thus, T*¥ can be regarded as symmetric one. We also defined a field strength tensor
for the background electromagnetic field F,, = ayA,, — 8VAV, and the Riemann curvature tensor R, vpo
with the totally antisymmetric tensor e satisfying €"1?> = 1/¢. For notational simplicity, we drop
the subscript R for the U(1) current. Here C = 1/(47%) and A = 1/(7687%) denote the anomaly
coefficients coming from gauge and gravitational sectors, respectively. Since )\SWP"R“WVRﬁ xpo contains
four derivatives, it does not contribute to the first-order hydrodynamics that we are interested in.
Therefore, we will omit the gravitational part in the following discussion. Please note that while
the gauge and diffeomorphism invariance provides two (non-)conservation laws, the local Lorentz
invariance results in the symmetric property of the energy-momentum tensor operator. It is worth
emphasizing that [ in Equation (6) is the covariant current which can be related to the consistent
current flo, by

. A 1
Jh= ]élon - gceyvaAvam (8)

An analogue of this relation in local thermal equilibrium will appear in Section 4, and it plays an
important role to see how the anomaly matching is realized for the local thermodynamic functional.
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2.2. Zubarev’s Formula: Decomposing Dissipative and Nondissipative Transport

We then briefly review the Zubarev’s nonequilibrium statistical operator method from the modern
viewpoint (See e.g., Refs. [98-104] for recent discussions) and specify from where the anomaly-induced
transport arises. Assuming that the system is initially in local thermal equilibrium, the Zubarev’s
formula provides us the expectation values of conserved current operators J4 = {T%,, J#} over the
initial density operator in the following compact form:

(Th(t,x)) = (Th(t,x))FC + LI (t,x) VA (%) + O((VA)?), ©)

where we introduced the intensive local thermodynamic parameters A = {B#, v}, which are related to
the local fluid temperature T = 1/, four-velocity u¥, and the chemical potential y through ¥ = But,
v = Bu. We also defined the average over the local Gibbs distribution py[A; t], which describes
systems in local thermal equilibrium, for an arbitrary operator O as

(0)FC =Tr (prc[MH]O)  with prg[Ast] = exp [-S[Ast]],  SIAH] = KA +¥[Ast],  (10)

where the entropy operator S[A; t] is composed of the part including operators 7} and normalization
part for the density operator:

RAe = — /dzty (8 (1, ) Ty (t,0) + v(t, )1 (1,%)], (11)
YA t] = log Trexp [—K[A; 4] . (12)

We here employed the fully covariant notion by introducing the constant time (spacelike)
hypersurface defined by its perpendicular surface vector d%;, = —d®x,/yn,. Choosing a certain
globally defined time-coordinate function £(x), the unit normal vector 1, can be expressed as

n(x) = =N(x)a,E(x) with N(x) = (—0"F(x)9,F(x)) "7, (13)

where N(x) is a so-called Lapse function. In addition, introducing the spatial coordinate on the
%, we have the induced metric v,y = guv + 1y, whose spatial part gives v = dety;; (See e.g.,
Refs. [102,103] for a detailed geometric setup). The introduction of the covariantized notion looks a
little bit complicated, but one can always take the flat limit by setting (F(x), #(x)) = (t, x), which results
ine.g. d%y g = d°x4)). Although it might be desirable to distinguish two coordinate systems defined
by (t,x) and (, %), we will basically omit overline for the later one for notational simplicity since only
(f, x)-coordinate system is mainly used. The normalization part ¥[A; ] is the local thermodynamic
functional called the Massieu-Planck functional, and plays a central role in Section 4.

The crucial point here is that by construction, we can identify the first term in the right-hand-side
of Equation (9) as the nondissipative transport taking place in locally thermalized system, whereas the
second term as the dissipative correction coming from the deviation from local thermal equilibrium.
In other words, the formula (9) gives a way to decompose the non-dissipative and dissipative
transport at least in the leading-order derivative expansion. The second term is proportional to
the (local) thermodynamic forces V,A?, and coefficients in front of them are indeed specified as
transport coefficients such as the bulk/shear viscosity, and conductivity. They are expressed by the
two-point (Kubo) correlation function, which is nothing but the Green-Kubo formula for the transport
coefficient [98-104]. On the other hand, nondissipative part is often assumed to be simply given
by the usual constitutive relation for a perfect fluid. This is the case for parity-invariant systems,
since the nondissipative derivative corrections are accompanied with higher-order derivatives for
parity-invariant systems. Nevertheless, if we consider a system without parity symmetry—Ilike the
Weyl fermion system given in Equation (2)—we generally encounter with first-order nondissipative
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derivative corrections in (7% (t,x))FC. This is the origin of the anomaly-induced transport, and we
will focus on how we can evaluate (7% (t,x))tC in the remaining part of this paper.

Before closing this section, we put a short comment on the absence of the anomalous contribution
to the entropy production. To see this, using the conservation laws (6), we express the entropy
production operator 3[t, to; A] = S[A; ] — S[A; to] as

t A A,
St te; Al = t d*xeV,s" with Vs = — (V)T — (Vv + B'Fu)SJ", (14)
0

where we defined the local entropy production rate V5" with 50(t) = O(t) — (O(1))ES. We thus
find that the local equilibrium part of the constitutive relation (J%)FS which also contains the
anomaly-induced transport as first-order derivative corrections, does not contribute to the local entropy
production. This is perfectly consistent with the phenomenological derivation of the anomaly-induced
transport based on the entropy-current analysis given in Ref. [24].

3. Perturbative Evaluation of Anomalous Transport Coefficients

In this section, we provide a simple perturbative derivation of the anomaly-induced transport
given in Equation (1), and calculate anomalous transport coefficients g and o, at the one-loop level.

3.1. Derivative Expansion of the Local Gibbs Distribution

First of all, we note that the local equilibrium part of the constitutive relation, or (J% (t,x))FC,

is a functional of local thermodynamic parameters A* = {$¥, v} and external fields j = {Ay, ¢, } at
a fixed constant time ¢ since the local Gibbs distribution py[A;t] depends on the configuration of
them. Thus, (J% (t,x))FC inherently contains the derivative correction coming from the local Gibbs
distribution itself.

Suppose that our system is described by the local Gibbs distribution slightly deviated from the
global equilibrium (Gibbs) distribution only with the magnetic field and fluid vorticity. We also turn
off the external fields and take the flat limit. In that situation, approximating the fluid velocity and the
magnetic field as

uj(x) = (xi — xé)aiuﬂx:xo = (xi - xé)eijkwk/

o 1
Aj(x) = (&' = x0)9iAjlx=x, = 5

we can expand the local Gibbs distribution on the top of the global Gibbs distribution as

S . (15)
(x' — xp)eijB",

OLclAt] = %e‘ﬁm_ﬂm [1 + T foﬁ dTAS(t — ir)} with AS = %fd3xeijk(xi —xb) (fka +2T0jwk> ,  (16)

where we defined O(t — it) = eT(H’VN)@(t)e’T(H’F‘N). Here Z = Tr e’ﬁ(HA’VNE denotes the partition
function for the globally thermalized system, and we use (Q)eq = Tr(e PH~#N) D) /Z. Then, noting
that the averaged current in global thermal equilibrium vanishes (f'(t,x0))eq = 0, we can evaluate

<ji(trx0)>11.‘dc as
. 1 [P - ;
it 2iS = 5 [t [ el - )
(4756 = i, )Tt x0))eqB' (1 %0) + 201 (¢ — i, ) (1, x0))eqe (1,30) | 17)
i
= Eejkl [aqu]k]i (wn, q)‘wn:O,q:OBl(t’xO) +28quT0k]i(wn,q)|wn:0,q:0wl(t,xo)} ,

where we performed the Fourier transformation to proceed the second line. It is now clear that
we only need to evaluate two-point imaginary-time—not real-time—correlation functions, namely
(JE(t — it, %) JI(t, x0))eq and (TO%(t —iT, x) Ji(t, x0) )eq, OF their low-frequency and wave-number in the
Fourier space.
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3.2. One-loop Evaluation of Anomalous Transport Coefficients

We then evaluate the anomalous transport coefficients with the help of the Matsubara formalism.
Since we expand the local Gibbs distribution on the top of global Gibbs distribution, the Euclidean
action Sg[&, &1, u] for the right-handed Weyl fermion is simply given by

o' Py,

Sele, &1 =~ Ll(P) (61(P),, &(P) with 631 (P)=0"Pu Go(P) = 55", (19

where a,b(= 1,2) denote the spinor indices, and Gy(P) the free propagator for the Weyl fermion.
We also defined B, = (—iw, — i, p) with the Matsubara frequency wy, = (2n + 1)7T and chemical
potential y. As usual, we introduced the Fourier transformation

psefiwnTJrip-xg(wn,p), (19)

with the temperature T = 1/f. Please note that the argument of the propagator in Equation (18) is not
P but P, and, thus, it represents the propagator fully dressed by the chemical potential . By using
these, we need to evaluate the following diagrams:

P P

A/QMQ\/\/\L{V WW

~ and N (20)

Q Q Q Q
P+Q P+Q

where we will take the long-wave-length limit Q ~ 0.
First, let us evaluate the two-point current-current correlation function given by

P

A’u Al/ d3p (Qg =+ pg)Pp(_TPO‘Vé"T(TV
h = =L “( Q@+ PP ) )

P+Q

where we used the free propagator defined in Equation (18). Here “tr” denotes the trace over the
spinor indices. With the help of the trace formula for the Pauli matrices

trot o5 P = —2ighP 1 2ty — 2yreyvP 4 opkbyve, (22)

we can decompose the two-point functions into the antisymmetric part and other parts. Since we
are interested in the anomalous term which results from the antisymmetric part, we only focus on
that part:

P

A Ay ]
K - _ izgoi‘VP Qp + (symmetric terms) + 0(Q%), (23)

— 47

P+Q
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Next, let us evaluate the two-point momentum-current correlation function. Then, the same
calculus brings about the following result

P
A, 0Gpuw BB 5P ab? gt
L7 im g e o gy ()
Q Q
P+Q

—iQ, (nVOsPHO“ o+ yH0ePY08 - gvepmin 4 5}‘spvf“) (16 5 + 48>

+(symmetric terms) + O(Q?).

Putting these results all together, Equation (17) results in

(it x0))FS = L5 Bi(t,x0) + <]42 + TZ) w' (£ %) (24)
427 N 42 12 T

which is nothing but Equation (1). To summarize the above analysis, we have derived the
anomaly-induced transport—chiral magnetic/vortical effect—for the Weyl fermion by expanding
the local Gibbs distribution. This clearly shows that information on the anomaly-induced transport
is fully contained in (7% (t, x))tC. Although we performed the direct expansion of the local Gibbs
distribution in this section, there is another way to systematically evaluate (7% (t,x))}S as we will see
in the next section.

4. Anomaly Matching for Local Thermodynamic Functional

In the previous section, we have explicitly shown that the local equilibrium part of constitutive
relations (J% (t, x))FC indeed contains the information on the anomaly-induced transport. Although it
is the one-loop perturbative calculation, we expect the result, or the value of anomalous transport
coefficients, is protected by the underlying chiral anomaly, and remain the same even if we take into
account the effect of interactions nonperturbatively. In this section, we provide another way to see
the anomaly-induced transport putting the emphasis on the nonperturbative aspect of the anomaly.
The key quantity is the local thermodynamic functional ¥[A, j; t] already defined in Equation (12).

4.1. Basic Properties of Local Thermodynamic Functional

We here summarize basic properties of the Massieu-Planck functional ¥[A,j;t]: the exact
path-integral expression of ¥[A,j;t] and resulting symmetry properties together with the
variational formula.

4.1.1. Path-Integral Formula and Resulting Symmetry

We will first summarize the key result for the Massieu-Planck functional (See Refs. [102,103] for
the derivation). Using the energy-momentum tensor operator T, and covariant current operator J*
resulting from (2), we can express the Massieu-Planck functional by the imaginary-time path-integral
in the same way with the usual Matsubara formalism for global thermal equilibrium. After a little bit
tedious calculation (See Ref. [103]), we eventually obtain

¥t = [ DeDetexp (Sle. 2% A.), 5)

with the manifestly covariant action S[¢, &'; Ay, 7] given by

~ . 3 ~ ] e ~ ~ ~
3¢, & A e / drdPx {g (eaa D, - D,ﬂ“@f) g] with ¢=det(@f).  (26)
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Here we introduced the thermal (inverse) vierbein ¢/ (¢/') and the external U(1) gauge field ﬁy
in thermally emergent curved spacetime as

ey =e’u”, ¢ =¢e" and Ag=e"u, A=A, (27)

where recalling ¥ (x) = B(x)u*(x) and v(x) = B(x)u(x), we used

) = B(x)/Bo, p(x) =v(x)/B(x), B(x) = \/—gu (V)P ()P (), (28)

with a constant reference inverse temperature ). We also introduced ¢ = dete,/ and the covariant
derivative in thermal spacetime as

=
D¢ = 0,8 —i(Au+ Ay)S,

with 5# = (id+,9;), /Ty = G)Habzub, (29)

N —

<< ~ ~ ~
"Dy =0,8 +igt (A + Ay),

where the thermal spin connection is expressed by the thermal vierbein ¢,f through the same relation
in the original spacetime (4).

As is shown in these, we can say that the Massieu-Planck functional is expressed as the
path-integral in the presence of the emergent background curved spacetime and U(1) gauge field.
Figure 2 shows a schematic picture to compare the imaginary-time formalism in global and local
thermal equilibrium.

(a) Global thermal equilibrium (b) Local thermal equilibrium

Imt

Figure 2. A comparison of the imaginary-time formalism (a) in global thermal equilibrium and (b) in
local thermal equilibrium. Effects of inhomogeneous local thermodynamic parameters such as the
local temperature is completely captured in terms of the emergent curved geometry. The boundary
condition =+ corresponds to the boson or the fermion.

Please note that this background structure is completely determined by configurations of the local
thermodynamic variables A* (and external fields j) on the constant time hypersurface in the original
spacetime. The crucial point here is that all these quantities do not depend on the imaginary-time
coordinate T, which leads to the Kaluza-Klein gauge symmetry. To see this clearly, we express the line
element d3? = E;'e}b HapdX* ® d%’ and U(1) gauge connection A = Zydfﬂ in thermal spacetime as

d5? = —&¥ (dF + adx')? + ydx'dx], (30)
A = Ag(di 4 aidx’) + Aldx’, (31)
with df = —idt. Here we defined the following quantities

a;=—e Tu;, = vij+e¥aa;, A== A;— Apa;. (32)
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Then, in addition to the spatial diffeomorphism invariance—invariance under spatial coordinate
transformation x — x/(x)— we now see the background (30) and (31) is invariant under the
transformation given by

t—t+x(x),
X — X, (33)
a;(x) — a;(x) — 9;x(x).

This is nothing but Kaluza-Klein gauge transformation, and a; is identified as the Kaluza-Klein
gauge field. Please note that 7;; and A; = A; do transform under the Kaluza-Klein gauge
transformation so that 7/ j and g; do not. Therefore, it is useful to employ Kaluza-Klein gauge invariant

quantities 'yfj and g; rather than 7;; and A as basic building blocks to construct the Massieu-Planck
functional. Furthermore, since the system is composed of the Weyl fermion, the apparent U(1)
gauge invariance for Ai is anomalously broken. These spatial diffeomorphism, Kaluza-Klein gauge,
and anomalous U(1) gauge symmetries provide a basic restriction to the Massieu-Planck functional.

4.1.2. Variational Formula in the Presence of Quantum Anomaly

We then provide the variational formula for the Massieu-Planck functional ¥[A, j; ], and show
all information on (7% (t,x))}C is fully installed in it. To show this, let us consider the variation
of K defined in Equation (11) under the infinitesimal general coordinate and gauge transformation
with a set of parameters (# = ef! and 0 = e(v — B - A). (¢ denotes an infinitesimal constant.) As a
result, of the combination of diffeomorphism and U(1) gauge transformations, the variation of the
background U(1) gauge field 5, A, has the simple expression:

SrAy = £gAu + V(v — B A) = Vv + B'Fyp. (34)

The crucial point here is that K remains invariant under the simultaneous transformation acting
on both operators and external fields: 6,K = (SEaraK + 5erK = 0. This invariance can be shown by
recalling all operators in K are u(1) gauge invariant, and, furthermore, rewriting K as

K[t, /\”,e’f,Ay] = /d4x\ﬁ5(t — t(x))nﬂ(x))\”(x)jg(x), (35)

from which we can clearly see diffeomorphism (reparameterization) invariance. Moreover, (5er12
will also trivially vanish just because 67K = [iK, K] = 0. As a result, we have the operator identity
parap
5/\ K_O' . . para 5 . . .o . TR} . .
Then, let us investigate & A K in detail, whose explicit definition is given by

~ ~

oK oK . oK . oK
Wﬁlgt(x) + WE‘BA (x) + Wﬁﬁeﬂ (x) + W(SAAH(X)

To rewrite the first term of this equation, noting 6(t — t(x))n, = —N&(t — t(x))d,t = No,O(t —

t(x)) following from the definition of 1, and performing the integration by parts, we rewrite K in
Equation (35) as

PR = / dix (36)

K[t, At el, Al = — /d4x69(t - t(x))Vy(A”(x)ﬂy(x))

(37)

- /d4x69(t —t(x)) (T@vyﬁv + M (Vv + B'Fo) — éCngVPUFWFpg> ,
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where we used e = N,/ and employed the operator identity for current operators (6) to proceed the
second line. With the help of Equation (34) together w1th VB = e)'£ge,l + pfw,’, followed from the
so-called (torsionless) tetrad postulate Ve + w# be = 0, Equation (37) enables us to obtain

(SK
/d4 /d xy /7Ot — H(x)) | Thtge s + [1o0 Ay — vast‘TFWFpg B, (38
where we defined g’ = —p/n;, and used the operator identity Teb — TP = 0. By using the identity
naspraFvapa = —4S;lv‘oo-nVFp0‘FaM. (39)

the last term in the second line of Equation (38) can be further simplified as

—/d4x\ﬁ6(t— t(x)) %Cvﬁ“nvs””p”Fngw

- /d4x\ﬁ(5(t — t(x))CUBH8) Ay,

/d4x\f'y(5(t —t(x)) ;CV,BWWQSHVPUF;WF;W} (40)

Here we defined the four-magnetic field as B¥ = Wy, = e"Pn, For /2, and neglected the surface
term accompanied by the integration by parts. We thus obtain the following compact result:

[ #5

Equipped with this formula together with £58# = 0,and £gv = £5(v — B- A) + BFLg Ay = BFON Ay,
we are now ready to express (SKaraK in Equation (36) by the use of the variation of the vierbein and
gauge field:

/ d*xp /78 (t — t(x)) [T};ﬁﬁe; +(Jr - Cﬁ’_lvB”)zSAA,J : 41)

0K

5§a“‘1€—/d3xl< ot K)ﬁﬁe +(ﬁf[]“—Cﬁ’ 1v3”}+ ﬁ’“rM )5AA;4 - (42)

Let us then take the average of this operator identity over the local Gibbs distribution prg[A; t].
In the absence of the quantum anomaly, we can simply replace the averaged variation of K with
the variation of the Massieu-Planck functional: (6K/3j)FC = —6¥/8j. Nevertheless, since we are
considering the system with the chiral anomaly, we need to be careful when we take the variation of
the charge density coupled to the local chemical potential. Using the relation d(ef?) / dA, = \/7CB¥

resulting from the covariant anomaly, we can show

A

oK — of0gH w_ gl L‘é
5a; = '+ VICB VT (43)

We can then identify the local Gibbs average of the last term in this equation as the
covariant current in thermal spacetime, which results in the sum of the consistent current and the
Bardeen-Zumino current composed of Ay,:

4\ LG _

1o | 9L ¢ Sertin 08 0¥ Coppr~
:N/DD eSEEAN S — T2 e A F 44
ﬁﬁ<aA;, , C C 5A]4 5Ay 6 vy po ( )

where N denotes a normalization constant, and we introduced a field strength tensor in thermal
spacetime F, = 0, A, — 0y A, together with the totally antisymmetric tensor €*7 = N(Bo/p')el"F7.
Using this together with (6K/ 56};1>1“G = —6%Y/de,/, we eventually obtain the following identity:
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(BPR)EG = [ dx [ (ﬁ’ﬁ(f’;)}G - fjf) £ges + (ﬁ’ﬁ( JHEC — % + %@VWAJPU) HAul.  (45)

Therefore, noting that that this identity holds for an arbitrary variation of the background
vierbein and gauge field, the identity <(5§araﬁ>}c = 0 provides the variational formula for the
Masseiu-Planck functional

. 1 0Y[A )t
< H(t/x)>t ﬁ/ﬁ 56}‘”(.7(') ’ ( 6)
. 1 o6¥[Ajt] C ~
H(t,x))EC = — = - —FPTA L Fe. 47
<I ( )>t ﬁ,\ﬁ (SAF(X) 6 VY po ( )

We thus conclude that the average values of any conserved current operator over local
thermal equilibrium is fully captured by the single (local thermodynamic) functional known as
the Masseiu-Planck functional. It is worth pointing out that because we deal with the average of the
covariant current (f(x))FC, we have the last term in Equation (47) analogous to the Bardeen-Zumino
current [105] (See also Refs. [29,43,47]). In summary, we can identify the Massieu-Planck functional
¥[A, j; t] as a generating functional for a (nondissipative) local equilibrium part of hydrodynamics,
or (Tt 1)LC.

Before moving to the path-integral formula for the Massieu-Planck functional, we put a short
comment on the useful “gauge and coordinate choice”, which we call hydrostatic gauge. Since we have
a freedom to choose the local time-direction and time-component of the external gauge field, we can
employ the hydrostatic gauge fixing condition

t(x) = B*(x)/Bo, ' (x)Au(x) = v(x)/po, (48)

with a constant reference temperature Sy. In this special choice of the gauge, the above transformation
does not induce the gauge transformation because 6 = (v — - A) = 0, and furthermore, thanks to
the refined choice of our local time-direction, the fluid looks like entirely at rest. This is the origin of the
name hydrostatic. Nevertheless, note that this does not means the system is in a stationary hydrostatic
state since we do not assume B/ is a killing vector: £5¢;,y # 0. The main reason the hydrostatic gauge
gives the most useful gauge is that we can equate the background field in original (real) spacetime with
that in (imaginary) thermal spacetime: ¢,{|s = €,/ and Ay[hs = A u- As aresult, the above variational
formula results in (46) and (47) as

N 1 5‘?[)\,]'; t]
(Th(t,x)iC = ——72= (49)
;806 5e;4ﬂ(x) hs
o 1 5‘1’[)\,]'; t] C
iz LG _ = Y2 UM = apvpo
<] (t/x)>t ‘806 &AH(X) he 6 € AVFP17|hs’ (50)

which enable us to regard the Massieu-Planck functional as a usual generating functional.

4.2. Anomaly Matching for Local Thermodynamic Functional

Based on the obtained formulae, we now discuss the anomaly-induced transport from the point
of view of the anomaly matching for the Massieu-Planck functional.

Before moving to the anomaly-induced transport, let us briefly see how we can derive
the constitutive relation for a perfect fluid. Employing the simplest power counting scheme
A=0(VY), j=0(V?), we perform the derivative expansion of the Massieu-Planck function
as follows:

YA =FON, ;6] + YDA, ;1] + O(V?), (51)
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where the superscript represents the number of spatial derivatives acting on parameters A and ;.
Then, the symmetry argument reviewed in the previous subsection tells us that we cannot use the
Kaluza-Klein and U(1) gauge fields in the leading-order derivative expansion. As a result, the general
form of the leading-order Massieu-Planck functional ¥(9)[A, j; ] is expressed as

g2, j:1] / dtd®xep(B,v) / Pxp\Ap(Bv), (52)

where p(B,v) is a certain function depending on  and v. By taking the variation with respect to the
vierbein and gauge field, we are able to obtain the leading-order constitutive relation as

(T“V(t,x))l(“(g = (e+ p)ufu’ + pg" + O(V!), (f”(t,x))l((g = nu' + O(V?). (53)

This is nothing but the constitutive relation for the perfect fluid with ¢, n, p being the energy
density, charge density, and fluid pressure, respectively.

Then, the next problem is to specify the first-order derivative correction of the Massieu-Planck
functional ¥(V[A, j; t], which is present (absent) in the absence (presence) of the parity symmetry.
Since our system is composed of the right-handed Weyl fermion, and thus, there is no parity symmetry,
the first-order correction is not prohibited. In this case, two (anomalous) gauge symmetries again
plays a central role to extract information on the anomaly-induced transport contained in ¥(1[A, j; ¢].
In the following, after giving a bottom up view relying on the one-loop result in the previous
section, we switch to a top down view of the anomaly matching, from which we can derive the
anomaly-induced transport beyond the one-loop level.

4.2.1. Chiral Anomaly in Thermal Spacetime

At one-loop level, we have already derived the anomaly-induced transport given in Equation (24).
On the other hand, we also have the variational formula (47) in a general gauge, or (50) in the
hydrostatic gauge. Let us take the hydrostatic gauge. Then, the combination of the above results
enables us to obtain the following functional differential equation for ¥(1):

2 2
H i 1 Oz]k _ ,’l/l i H L i
. Tl T et A= et (4n2 t)Y ©4)
S

1 O¥iLA it
Bo  0Ai(x)

where we take the flat limit and assume global thermal equilibrium with a constant temperature f in
the variational formula. This equation can be easily solved as

eq 1 .
hs:u 2/d3xyAB’—|—,Bo/d3 <4 — +T2) Ajw’

= 12 — /d?’xso’fk‘uA 0;Ax + Fo /d3x£017k <4 2;4 + 12T2) A;ojuy

FLA, i)

(55)

up to irrelevant constants. On the other hand, we have already clarified that the Massieu-Planck
functional need to respect both U(1) and Kaluza-Klein gauge invariance. This constraint then enables
us to guess the full result on ¥(1) for general local thermal equilibrium though Equation (55) is obtained
by matching with the one-loop result for linear perturbations on the top of global thermal equilibrium.
By using the U(1) and Kaluza-Klein gauge covariant quantities—gg and g;, respectively—together
with Ag = e"p, we specify the first-order derivative correction as

11}2(111)0[/\,]'} t] = % / dPxee’* Ay Aj0; A, + % /d3xeeOijkg%g§ajak,—2cﬁlo /d3xe£0ijkg§8jak, (56)



Particles 2019, 2 273

with C; = 1/12. Please note that Ag and ﬁ: defined in Equations (27) and (32) are manifestly
Kaluza-Klein gauge invariant quantities.

Let us then confirm the consistency for this result based on the anomaly matching for the
Massieu-Planck functional itself. For that purpose, we consider the time-independent gauge
transformation given by 83Ag = 0, 89A; = 9;0(x). Under this gauge transformation, the Fujikawa
method [2] says that the anomalous shift of the Massieu-Planck functional is given by the
consistent anomaly:

S ¥ [N, jit] = —% / B x0ee”%0; Agd; Ay. (57)

On the other hand, one can directly show that the first two term of ‘I’g}l)o [A, j; ] in Equation (56)
correctly reproduces this anomalous shift as

59111211)0 A g t] = % / d3xe80ijkgoai98jg§( + % /d3xe80ijkg%8i98jak
= —% /d3x9es°ifkaiﬁoaj(ﬁk — Agay) — % /d3x9e£0ijkgoaigoajak + (surface terms)
= _%ﬁo / d3x680ijk8igoajﬁk + (surface terms). (58)

Therefore, we see that the anomalous transport coefficients C proportional to the chemical
potential y is indeed related to the anomaly coefficient attached to the Weyl fermion.

Nevertheless, the last term in Equation (56), which brings about the CVE proportional to T2, is not
restricted by the chiral anomaly. From the symmetry point of view, this is just because the last term in
Equation (56) remains invariant under the U(1) gauge transformation. This corresponds the fact that
the entropy production argument with chiral anomaly leads to the existence of both chiral magnetic
and vortical effect [24], in which only the anomalous transport coefficients proportional to the chemical
potential are determined. Then, the natural question is “Does the CVE proportional to T? have any relation
with the quantum anomaly?”

4.2.2. Global Anomaly for Kaluza-Klein Gauge Transformation

It was pointed out the T? term of the chiral vortical coefficient is related to the gravitational
contribution to the chiral anomaly [26,56]. However, unlike the chiral magnetic coefficient discussed
in this section, it is not clear that how the CVE relates to the SVVP"R”‘ﬁ WRﬁ wpo, because the number of

derivative in EVVP”R“ﬂVVRﬁ wpc 18 higher than that in e""?? F;, Fyr. In other words, sP’VP”R“ﬁWRﬁ xpo does
not directly contribute to the first-order hydrodynamics. An alternative explanation of T? term is that
the chiral vortical coefficient is related to a global anomaly [45,46,106]. Here, we show the relation
between the global anomaly and chiral vortical effect.

As a warm up exercise, let us first consider the global anomaly attached to the Weyl fermion in

1+ 1 dimensions, which possesses the chiral anomaly given by

a

ayﬂl = —%Czl)ew/l:w/ with Cop = (59)

1
EI
where [ again denotes the covariant current in 1 + 1 dimensional system. In this case, there are no
chiral magnetic and vortical effects because there is no transverse direction, and thus, no magnetic field
and vorticity. However, there exist nonvanishing (f?) and (T%) caused by chiral and global anomalies.
The direct calculation at equilibrium shows
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On the other hand, the same procedure given above leads to the variational formula in
(1+1) dimensions:

LG _ 1 O6¥[5A]
LB def(x)]

G 1 0¥[EA] 1

t _ﬁ’ﬁégy(x) — 5t

(1%

(61)
A,

(")

where e = N(By/p')e". Then, the matching condition for the momentum density and current

results in
1 5Tano o 1 51{Iano o CZD 2 2
Bo de;  Po a2 frar 2
1 %o  Cop
1 2D, _ ¢ ) 63
Bo OA. + 5 H 2DH (63)

Solving Equations (62) and (63), we find
Yono = Cz%ﬁo /dzgogg — ngl /dzaz. (64)
0

This gives the anomalous part of the Masseiu-Planck functional. To detect anomalies,
we compactify the spatial direction with the length L. Here we will show Yan, has two types
of anomalies. One is the chiral anomaly: Under U(1) gauge transformation A, — A, + 9.6(z),
the anomalous shift of ¥ arises:

56 ano — —% / 1200, Ay, (65)

which correctly reproduces the consistent anomaly in thermal spacetime. The other is the global
anomaly associated with the Kaluza-Klein gauge transformation:

{? — T+ x(2), )

a; — a; — 0zx(2),

where A, remains invariant. Under this transformation, ¥ano also acquires the anomalous shift
given by

C
Oy ¥ano = 7'[‘8—1 /dzazx(z), (67)
0

which is just a boundary term, so that ¥ano is invariant under local transformation with x(0) =
x(L). However, if we consider global transformation, x(z) = —2iByz/L, which corresponds to the
imaginary-time shift T — T + 2z /L that keep the boundary condition, we have an additional phase

Yano —+ Yano — 2miCy, (68)
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which can be understood as the global anomaly associated with the large diffeomorphism.
This anomalous phase is related to the three-dimensional gravitational Chern-Simons term through the
anomaly inflow mechanism, which is also related to the gravitational contribution to chiral anomaly in
3 4+ 1 dimensions [107,108].

This argument can be generalized to higher dimensions. In (3 + 1) dimensions, ¥ano is given in
Equation (56). To detect the global anomaly, we compactify the space to S! x S2, where we choose z as
the coordinate on S!. Under the large diffeomorphism, T — T + 2z /L, the term contributing to the
T? part of CVE transforms as

) 42 s
Yano — Yano — 27T1C1 / T;ESOl]ZaiA;. (69)

This is the global mixed anomaly between U(1) gauge and large diffeomorphism. Therefore, we
see that the chiral vortical coefficient proportional to T2, which is nothing but Cy, is related to the
mixed global anomaly. Nevertheless, it should be noted that the mixed global anomaly only fixes
a “fractional” part of T? term. This is because a shift C; — C; + n with n € Z does not change the
partition functional [54].

5. Summary and Discussion

In this paper, we have discussed two approaches to derive the anomaly-induced transport
phenomena for the system composed of a Weyl fermion: perturbative evaluation of the chiral
magnetic/vortical conductivity with the help of the (equilibrium) linear response theory, and the
nonperturbative determination of anomalous parts of the local thermodynamic functional on the
basis of the anomaly matching. Both derivations are based on the imaginary-time formalism of
the quantum field theory, and we have seen that the obtained anomalous constitutive relations
correctly describe the chiral magnetic/vortical effect. Although it is not so clear in the first
derivation, the second derivation shows that the chiral magnetic/vortical effect results from the
first-order derivative corrections of the local thermodynamic functional, and thus, they are clearly
nondissipative in nature. This is perfectly consistent with the known result obtained from the
hydrostatic partition function method [29-32,35,38-40,43,45,46], and we rigorously clarify why that
method works well. This local equilibrium part of the constitutive relation also complete the application
of Zubarev’s nonequilibrium statistical operator method to derive the hydrodynamic equation for the
parity-violating (anomalous) fluid.

There are several interesting questions related to the current work. It has been already pointed
out that the coefficient in front of the T?-term of the CVE will be renormalized in the presence
of dynamical gauge fields such as the gluon in the QCD plasma [109]. It may be interesting to
examine which part of the anomaly matching argument associated with the large diffeomorphism
(Kaluza-Klein gauge) transformation should be modified due to the existence of the dynamical gauge
field. Another important issue associated with the inclusion of dynamical electromagnetic field is
its dynamics. When we consider the dynamics of the electromagnetic field rather than treating it as
the background one, we encounter with several interesting phenomena such as the chiral plasma
instability [110-114], and mixing of some hydrodynamic modes (chiral magnetic wave) to be the
massive collective excitation (chiral plasmon) [48,65,115,116]. It is desirable to systematically describe
them based on the generalization of magnetohydrodynamics for the chiral plasma by formulating
chiral magnetohydrodynamics. Chiral magnetohydrodynamics is just recently formulated based
on e.g., the phenomenological entropy-current analysis [117] (See also Refs. [118-124]), but less is
clarified from the underlying quantum field theory. Combined with the recent development of the
magnetohydrodynamics itself from the field theoretical viewpoint [125-130], it may be interesting to
formulate chiral magnetohydrodynamics based on the Zubarev’s nonequilibrium statistical operator
method equipped with the path-integral formula for the local thermodynamic functional reviewed in
this paper.
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