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Abstract

Chiral magnetohydrodynamics is devoted to understanding the late-time and long-
distance behavior of a system with an Adler-Bell-Jackiw anomaly at finite temperatures.
The non-conservation of the axial charge is determined by the topological density E - B;
in a classical hydrodynamic description this decay rate can be suppressed by tuning the
background magnetic field to zero. However it is in principle possible for thermal fluc-
tuations of E - B to result in a non-conservation of the charge even at vanishing B-field;
this would invalidate the classical hydrodynamic effective theory. We investigate this by
computing the real-time susceptibility of the topological density at one-loop level in mag-
netohydrodynamic fluctuations, relating its low-frequency limit to the decay rate of the
axial charge. We find that the frequency-dependence of this susceptibility is sufficiently
soft as to leave the axial decay rate unaffected, validating the classical hydrodynamic de-
scription. We show that the susceptibility contains non-analytic frequency-dependence
which is universally determined by hydrodynamic data. We comment briefly on possi-
ble connections to the recent formulation of the ABJ anomaly in terms of non-invertible
symmetry.
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1 Introduction

We begin by briefly stating the problem. A chiral plasma belongs to the same universality class
(in the context of global symmetry) as that of massless Dirac fermions coupled to dynamical
QED at finite temperatures [1-6]. The global symmetry structure of the chiral plasma can be
summarized as follows [7],

1
8, J"" =0, JHY = Ee‘“’ponU, (1
Opin =ke€yypod"VIPY, 2

where the first equation states that magnetic field lines are conserved (as J*” measures the
magnetic flux) and the second equation is the usual Adler-Bell-Jackiw anomaly expressed in
terms of the conserved 2-form current J*”. Here jX is the non-conserved axial 1-form current
and k is the anomaly coefficient, which is k = ﬁ in the precise case of a single Dirac fermion.
We can define the electric and magnetic fields, in the usual way as in electrodynamics, in terms
of the components of the 2-form current as follows: J% = B;. Thus, E; = %ei i ij, Letus denote
the topological density by the operator

Q(x) =€e""PF,,F,,. (3
The non-conservation equation for the axial charge then reads
duiy =—kQ(x). @

The fact that the right-hand side of this expression involves a dynamical operator Q(x) rather
than a fixed external source (as in the case of a 't Hooft anomaly) distinguishes chiral MHD
from the well-understood problem of the hydrodynamics of systems with 't Hooft anomalies
[8,9] (see [10] for a review). In particular, this non-conservation equation leads one to expect
that in a thermal state the axial charge should decay exponentially in time as n, ~ e At

In a formal limit where the anomaly coefficient k is taken to be small, the decay rate for
the axial charge is given by the following formula:

K
[h= 51212}) mlm GQQ(Q:P - O) > (5)

where y , is the axial charge susceptibility and GSQ(Q,I')’) is the retarded correlation function
of the topological density.! This can be obtained from the memory matrix formalism; see

We are grateful to L. Delacretaz for suggesting this route for calculation [11].
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Appendix A for a brief review and references. This expression is perturbative in k but makes
no assumptions on the dynamics of the degrees of freedom entering the topological charge
density. Let us now explore some implications of this formula.

First, we note that in elementary language, Q(x) = 8E - B. Let us consider a state with a
background magnetic field B # 0 pointing along the z axis, and study only the fluctuations of
the electric field about the equilibrium (i.e. assuming that B does not fluctuate). We then find
the following expression for the axial charge decay rate, in terms of the retarded correlation
function of the electric field operator E

k*B? 1
= 64 flzirr%) alm Gg £ (). (6)
XA — zsDg

This formula was derived from an effective theory for chiral MHD in [12]. In particular, we
note that the resistivity p of the plasma is defined in terms of a Kubo formula for the electric
field, as explained in [13]. Thus this expression states that the axial charge relaxation rate is:

T4

64k2B2p
[ =—o.
Xa

This expression can be understood from elementary arguments involving a quasiparticle de-
scription [14], and has also been verified in a holographic model [7]. It has also been sub-
ject to numerical investigation in classical simulations [14,15], where in particular the recent
work [16] displays precise agreement with the effective field theory formula (7).

Importantly, this expression states that as the magnetic field B is taken to zero, the lifetime
of the axial charge is arbitrarily long. Indeed it is this parametric separation of scales that
implicitly lies behind the extensive literature treating the axial charge density using hydrody-
namics [1-6]. We note the recent works [12, 17] treat this problem from an effective theory
viewpoint.

Upon reflection, however, this is a somewhat strong statement — in particular, the right
hand side of (5) does not obviously appear to vanish at zero B. One may imagine that the
thermal fluctuations of the topological density E - B would create a nonzero decay rate which
would become the dominant decay channel when the applied magnetic field is sufficiently
small. This would lead to a crossover between the classical result (5) at moderately strong B
and some nonzero fluctuation-driven effect at small B. If the decay rate does not vanish at zero
B, it would have significant consequences: it would mean that at sufficiently long time scales
the axial charge simply does not exist as a hydrodynamic degree of freedom. In particular,
it would suggest that classical discussions of chiral magnetohydrodyanmics — including the
effective field theories described in [12,17] — are unstable towards the inclusion of fluctuations.

One might be tempted to argue that the right-hand side of (5) is likely to vanish as fol-
lows: the infrared limit of the correlation function is presumably related to the integral of the
Euclidean correlation function of Q(7, X) over all Euclidean spacetime. But we know that Q is
a total derivative:

(7)

Q=9,kt  KH=eMPIAF,,, (8)

and thus the integral will receive contributions only from field configurations with nontrivial
topological structure. However in an Abelian gauge theory with vanishing background B field
there are no U(1) instantons, and thus the integral is zero. The argument phrased above is
somewhat heuristic and it seems to us that it depends sensitively on boundary conditions at
infinity. We were unable to formulate a completely satisfactory version of this argument, and
indeed the art of extrapolating real-time dynamical physics from Euclidean non-perturbative
data is quite subtle (see e.g. [18]).

In this work we thus directly compute the leading contribution to the decay rate Iy from
thermal fluctuations by evaluating the Kubo formula (5) in the state with zero background
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magnetic field from magnetohydrodynamics. In particular, we will evaluate the contribution
to the retarded correlation function Q(x) = 8E-B arising from a one-loop calculation where the
propagating degrees of freedom are diffusive MHD waves, the leading low-frequency degrees
of freedom in the MHD plasma. Importantly, we will demonstrate explicitly that these fluctua-
tions do result in a nontrivial real-time correlation function GgQ(Q) for the topological density
— which we calculate as a function of frequency 2 — but that this function vanishes quickly
enough at small frequency that it does not result in a non-vanishing fluctuation-driven decay
rate. This is consistent with the heuristic argument above, and (to this order) is consistent
with safe use of the effective hydrodynamic description.

The work performed in this paper has previously appeared in the PhD thesis of Arpit Das
(see Chapter 7 of [19]).

2 One-loop hydrodynamic fluctuations

In this section, we compute the finite-frequency real-time topological susceptibility arising
from magnetohydrodynamic fluctuations. In particular, we are interested in computing the
retarded correlation function

GR () = —lf ded®xe’® Tr (e PHIQE, £),Q(0)]) 6(1). ©

where the operator Q = 8E - B. We will now write the retarded correlation function above in
terms of correlation function of E and B; those can then be evaluated using an appropriate
model for the dynamics.

A convenient way to proceed is to express the retarded correlation function in terms of the

Euclidean finite-temperature correlation function GgQ(in), which is defined on a discrete set

of Euclidean Matsubara frequncies i; = 2722. The retarded correlation function at real 2 is

related to the Euclidean one by the usual formula

Goo(Q) = GG, (i = Q2+ ie€). (10)

The Euclidean correlator can be explicitly written as:

B
Goq(ify) = f dr f d’xe”"™7(Q(7, )Q(0)). (11)
0

To proceed, we use Q(x) = 8E - B. We also assume all correlations in the fluid are Gaussian.
This is a reasonable starting point, as generally in hydrodynamics it is expected that the current
densities — which in this case are precisely the components of B and E are themselves weakly
coupled at long distances so that a classical treatment is valid.?

This assumption means that we can factorize the correlators in Euclidean space as follows:

((E-B)(x)(E - B)(0))=56P15" [{E,(x)E,(0)) (B4 (x)B,(0))+(E,(x)B,(0)) (By(x)E,(0))]. (12)

Note that in this expression we have assumed that there is no background topological density,
i.e. (E-B) = 0; this follows from CP invariance of the thermal state.

This can be conveniently interpreted as a Feynman diagram bubble evaluated in Euclidean
spacetime, where the propagators of the bubble are the two-point correlators (E,(x)E,(0)) etc.,

2In low-dimensional hydrodynamics there are known examples where non-linearities are relevant in the IR (see
e.g. [20] for a review) but to our knowledge this is not expected to be the case for (3+1)d MHD.
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see Fig. 1. Indeed, expressed in this form the problem has a great deal of formal similarity to
the classic problem of evaluating (e.g.) a one-loop conductivity in terms of the propagators of
the microscopic charged degrees of freedom — in both cases we are interested in determining
the correlation function of an operator (i.e. Q) which is a bilinear in terms of fields with
quadratic — and known - correlations (i.e. E and E).

G(lﬂl + iwm)
FAF FAF
G(iwm)

Figure 1: A bubble diagram representing the frequency sum in (13). Here G(w)
schematically represents either G, Ej(w) or Gg, Bj(a)).

Following the standard approach for that problem,? it is convenient to write the expression
in (Euclidean) frequency space, where we find that it becomes

. d3p . . S .
GgQ(lnl):64T ZJ w (GEiEj(lﬂl +la)m)GgiBj(lwm)+GEiBj(lQl +lwm)G§iEj(lwm)) . (13)
iwn,

The above expression includes the same sum over the index structure that is present in (12).

We now note that we do not have access to the Euclidean correlation functions of the elec-
tric and magnetic fields Ggi B, etc. in any suitable form. However from magnetohydrodynamics
we do have access to the Lorentzian spectral densities for these correlations at small real fre-
quencies.* It is thus convenient to rewrite this expression in terms of these spectral densities,
which can be done using standard finite-temperature techniques (reviewed in Appendix B) to
obtain:

. d? dw, d —
GSQ(lQI) = _64f ﬁ %% [%] (pEiEj(wl)pBiBj(wz) + pEiBj(wl)pBiEj(wz)) , (14)

where pgr and pgp are the spectral densities associated with the retarded correlation functions
of E and B, i.e.

1
P, (@,p) = ——ImGy ; (w,p), (15)
and similarly. Here f (x) is the Bose distribution function:
1
flw)= o1 (16)

We have reduced the problem to evaluating integrals over these spectral densities. We now
discuss these correlation functions.

2.1 Kinematics of plasma correlations

In the remainder of this section, we discuss the tensor structure of the correlators (BB), (EE)
and (EB), expressing them in terms of scalar functions of momenta and frequencies and de-
scribing what is known about them from magnetohydrodynamics.

3See e.g. [21] or a review in a holographic context in [22].
“It is in general not trivial to analytically continue approximate expressions from real to Euclidean frequencies.
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2.1.1 Tensor structure of correlators

In this work we are interested in fluctuations about the plasma at finite temperature with
zero background magnetic field B, = 0. We will restrict attention to a parity-invariant theory.
Here we record the constraints on the correlation functions arising from parity invariance and
magnetic flux conservation.

The most general possible tensor decomposition of the retarded correlation functions is,

. .. .PiDj L
(EE;) = A(w, p)6;; + X (o, [B) = + Uw, [Bleijrs,
p? B
. L DiPj o Dk
(B;B;) = C(w, |B)5;; + Y(w, |B)—2 + V(w, BDesjr iz » (17)
p? 3]
k

(EB;) = M@, [B)5; + N, )5 + Ko, e

where we remind ourselves that p? above denote the square of the norm of the 3-vector: p.
At times we will use the short-hand notation for the above scalar functions, Z“ to denote
2(w,B). ]

Noting that E is a vector and B a pseudo-vector under parity, the scalar coefficient functions
U®,V®, M® and N are all odd under parity and thus vanish in a parity-invariant state. Thus,
A®,X® and C®,Y“ will be expressed in terms of the diagonal components of the (E;E;) and
(B;Bj) correlators, respectively. On the contrary, K will be expressed in terms of the off-
diagonal components of the (E;B;).

To impose the constraints from conservation of J*”, let us assume a plane wave basis of
the form e/®¥~©)_ without loss of generality, in this section we take the spatial momentum
to be aligned along the z-direction, that is, p, # 0 implying, p? = pf and |p| = p,. Now let us
look at the various components of Eq. (1). Individually, the temporal and z components give:
J% = 0. The remaining spatial components, that is for i € {x, y}, we get:

Jzi — _JOi , (18)
Pz

Using Eq. (18) and the definition of E, B in terms of the components of the 2-form current,
we can find expressions for the scalar functions, given in Eq. (17), in terms of the relevant
two-point functions of the form (J*"JP).

Let us first look at the (B;B;) correlator. Since J % = 0, we have (B,B,) = 0. This implies,
C®+Y® = 0. From the diagonal x, y-components, we find C* = (B;B;), where i € {x,y}.
Following a similar analysis for the (E;E;) correlator, we get from its diagonal z-component:
A® + X® = (E,E,). Its remaining diagonal components give: A = (E;E;). Finally, we can use
Eq. (18) to relate A“ and C* as follows,

2
P g (19)

w __
C =z

The value of the scalar function K¢ is yet to be determined. This can be done by looking
at the cross correlator: <El-B ; >, which we do next. First of all, note that for i # j we have,
k k

(E:B;) = Kfijk% =(BE;), (BiE)= —Keijk%l =—(E:B;) -

Now since any correlator with B, in it vanishes, as J% = 0, we have from above that any
correlator with E, in it should also vanish. This is because these correlators just differ from
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each other by a minus sign. So, for non-vanishing cross correlators of the form: (EiBj >, we
must have i, j # z. Choosing i, j = x, y, we get,

EB )=k =(jzgy=_L (jorj0y = _L g p\=_Lco__Pzjpo 20
(ExBy) ( ) pz< ) pz(yy> o ” (20)

where the third equality results from Eq. (18) and the last equality comes from Eq. (19).
Thus, to conclude, we have the following expressions for the correlators of E and B:

R N pp
(EiE;) = Alw, [B)5;; + X (o, B =7,
P
2
p - DiPj

pk
(E:B;) = Ao, [Bleiji -

So far our considerations have been purely kinematical. We now turn to the specific dy-
namics of the finite-temperature plasma; now the low-frequency limits of these functions can
be obtained from magnetohydrodynamics.

A general formulation of magnetohydrodynamics in terms of higher-form symmetry was
given in [13]. In particular, the transverse channel A“ contains the physics of diffusion of
magnetic field lines, and the precise correlator needed was recorded in [23].

—iw?p

—_—, 22
w +1Dp2 (22)

G_I;zx’sz(w:pz)MHD =A(w, |P)vup =

Here p is the resistivity of the plasma, and D the diffusion constant for magnetic field lines. It
can be expressed in terms of the resistivity and magnetic permeability® = of the plasma as

D=

ml|o

(23)

The longitudinal channel X appears only in the electric field channel and controls the physics
of Debye screening. It is not expected to have any universal hydrodynamic structure, and is
presumably analytic in frequency and momenta at low frequencies. We will see explicitly that
it does not contribute at this order to the correlations of the topological density ij wy,

2.2 Computation of correlator

Now we are set to compute the factors in the momentum space version of Eq. (12). The first
term in this factor which consists of same pairing correlators is given as,

2 ) .

86  [(EiEr) e, (BiB)w, | = %5”5“ [{A“’l Sk +X“’1pl—2"} {A“)Z (6ﬂ — pJ—ZZ)}]

3 p p
_2p?

2
2

A1A®2 (24)
w

A similar computation for the second term, which consists of cross-correlators, gives,

595" [{EiB)., (BjE),,, | = 575" {_Awle”mp_m} {_sze"j”i}
2 w1 (©)

n 2
—pergoa PP jkme 2P jeipen(g5)

W1 Wy o W1y

>The magnetic permeability can formally be thought of as the 1-form charge susceptibility, i.e. the thermody-
namic quantity that measures the amount of magnetic field created by an applied field.
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Now we can compute the product of spectral densities as given in Eq. (14), using the above
eqautions and Eq. (15).

12p

1 p a®rq®?
2 WWy

PEE( 1)PBB( 2) = 2 2 > PEB( 1)PBE( 2)=—
Wy

a®ta®. (26)

where a® = ImA®.

2.3 Correlation of topological density
We now compute the correlator of the topological density (14). More precisely, we will explic-
itly compute the following frequency-dependent quantity

K e

Evaluated at 2 = 0 this determines the decay rate of the axial charge, as explained in (5).
However in this section we will compute its full frequency dependence.
From Eq. (14) we have,

oo
dw; dw —
Im GR,(Q) = —64 f ar [ derden [He)F )] 50, — w,—0) 2 2(w1 w;)a®a®.  (28)
—0Q

To obtain the above we used ; = —i€2 + € to go to real frequencies in Eq. (14) and used the
identity,

1
Im( , )277:5(0)1—0)2—9).
W] —wy——i¢

Next we evaluate the w; integral and replace w, by w for notational simplicity. Then we have
(see Eq. (5)):

64k? 1 Oo477:p2dp r p? W0+Q
L(Q)=— 2 o 2ny f 5 (0 +Q)—f(w)] mﬂa a® ¢, (29)
0 —0Q0

where we have changed to polar coordinates in momentum space using d>p = 4np2dp.

Given an explicit expression for a®, the above expression is in principle exact (again, as-
suming only Gaussian correlations in the plasma). To obtain an explicit answer, we now com-
pute the contribution arising from hydrodynamic fluctuations alone, i.e. we set a® equal to its
results from the MHD correlator from Eq. (22). In a given UV complete theory, this is not the
full answer, as a® will not agree with the MHD result at high frequencies; however we expect
that it should capture the dominant infrared contribution. Plugging in the MHD value (22)
for a®, we find,

_ 64k* 1 0047'cp2dp r p>
Q)= — 1, 0 J 2n) f 3 f(w0+92)—f(w)] mﬂ
w?p (w+9Q)%*p
8 (w2+D2p4)((w+Q)2+D2p4)}' (30)

Simplifying this result we find:

2 2 X 0 4
L) =~ | dw([f(w+ﬂ)—f(w)]w(w+ﬂ)2 [ dp [(w+m2+D2§,4][wz+sz4]). (31)
—00 0
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This integral is even in 2, as can be seen from the change of variables w — —cw and the
identity f (x) + f (—x) = —1. This is expected from (5) and the fact that the imaginary part of
the retarded correlator of the bosonic operator Q is an odd function of frequency.

Next, evaluating the p-integral we find

oo

2.2
FA(Q)=—&Jdw[f(w+Q)—f(a))]w(w+ )(\/ T —lol). 32

24/2m4D3y, Q2w +Q)
—OoQ0

The remaining integral over w is not trivial and displays interesting structure in 2. For
concreteness we first study the case Q > 0. Let us denote the integrand in (32) by L(w, Q).
We begin by noting that the integrand is now non-analytic as a function of w and w+, arising
from singularities in the integrand of (31) at small p when either of these frequencies vanish.
We must thus separate the w integral into the following three ranges

w € (—oo,—N)U(—0,0)U(0,00). (33)

First let us perform the integration for w € (0, 00), i.e. the integral of interest is:

oo

F@)= [ do Lo+ @) (@) St (a5 /3). G4
0

We wish to extract the dependence on Q in the limit that Q2 < . This integral is convergent
and can readily be done numerically; however obtaining an analytical handle on the small £
limit of this integral is subtle. To see this note that expansion of the integrand in powers of Q2
leads to an expression which is analytic in Q. Naively, proceeding this way one is led to believe
that T is also analytic in 2. However, this is not the case; if we attempt to proceed naively, the
integral over each term in the Taylor expansion in (2 fails to converge near w = 0, indicating
that the integral itself not analytic as a function of Q though the integrand is.

We thus need to carefully extract this non-analytic dependence of the decay rate on Q. To
do this we use the fact that there is a hierarchy of scales Q < B! to introduce a cut-off A
such that Q < A < B~1. With this, we can separate the integral in Eq. (34) into an IR part
w € (0,A) and a UV part w € (A, o0). The non-analytic dependence on 2 will come from the
IR part. At the end of the calculation we will show that nothing depends on A.

To do the IR part, we expand the integrand about 3 — 0, and work to all orders in Q2. We
then integrate the resulting expansion for the range: w € (0, A). We find the following result,
which we have presented in a series expansion in (2.

. (VR B BN 13/2) (5 n sinh_l(l)) 3/2
I (Q)IR—( 2/3+ 0 2390 +0O(AB2) o+ 66 " av38 2438 Q

1 5BA%2 3372
( p 2PN 3P +0(AM2) |02
8BvVA 288 4480
1 1 3A5/2 5A9/2
+( - _ 196 b +0(A¥®?) | a?
24BA3/2 28800 = 24192
+( 1396 Bm Psinh” 1(1))
10080 192v2  96v2
o 56 133A32
640BA5/2 " 15364/A 55296

9] (A7/2)) *+0(Q%), (35)

Note the presence of a non-analytic series of terms starting at O(£22). An interesting thing to
note is that, in the above equation, the analytic terms in O depend upon the cut-off A, while

9
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the non-analytic pieces are independent of A, and are exact expressions which are functions of
B. This suggests that the analytic pieces will receive contributions from the UV part while the
non-analytic pieces are exact. Also, in the above equation there seems to be IR divergences in
the analytic pieces about A = 0. As we will see below these will be cancelled from the UV part
of the integral; of course the final answer cannot depend on A.

We now turn to the UV part of the integral w € (A, 00). Here we can simply expand the
integrand in powers of ; the integral over each term will converge, with any putative IR
divergences cutoff by A. So, the UV limit of integration is simpler; expanding the integrand
we find:

. Bwpr ., 3/2 2
LY (w, Q) a0 ePpe Q+ﬁm(Zﬂwcoth(ﬂ—w)—S)csch(ﬁ—w) 0?2
4(1—ePw)? 64 2 2
2 4
/57!85csch (ﬁTw) (4B w (2 + cosh (fw)) —15sinh (Bw)) 23
[5(4[530)3(11 cosh(/%w)-i-cosh(3/57“’))—5(3+16ﬁ2w2+(—3+8/32w2) cosh(f co)) sinh(ﬂTw))
+

94

19265 (1—eb) w32
+0(2°). (36)

The linear in Q piece in the above expansion is free of any IR divergences and can be imme-
diately integrated over the full range, w — (0,00). The term in Q2 is slightly more subtle;
integrating it over w € (A, ©0) we find that the leading dependence on A is —W, which
indeed precisely cancels the A-dependent divergent term in the quadratic piece in Eq. (35). We
have explicitly verified that a similar cancellation takes place for the terms up to O(Q*), and
on general grounds it must happen to all orders in the Q expansion. Next we can numerically
integrate the UV part, term by term in the range w € (A, 00) and finally take A — 0.

Note that, the non-analytic pieces are controlled only by the IR integral while the analytic
pieces received contribution both from the IR and the UV parts of the integral. Hence, in this
sense, the non-analytic pieces are universal.

We may treat the remaining two pieces of the integral in (33) in the same way; we leave
the details of these integrals to the Appendix C. Now gathering everything together we find

the Q-dependence of the integral for 2 > 0 to be:

16k?p? 0.3236
p { T Q32 Q2+ P72 _ 0 .00518 63204 + 008 |

,(Q) =
A 24/2m4D3y, (24/2p VB 962

(37)

where the numerical coefficients of the analytic pieces are obtained by numerical integration
and hence are approximate values. On the contrary, the numerical coefficients of the non-
analytic pieces are exact values which do not receive UV corrections, and their dependence on
the IR data p and D is expected to be universal.

We now recall that our computation above assumed Q > 0. Note that, due to the non-
analytic dependence on ), strictly speaking we do not know the behavior of the integral for
Q < 0, though the answer is constrained by known transformation properties of the spectral
density. We explicitly compute the 1-loop integral for Q < 0 in Appendix C.2 and show that
indeed T,(—Q) = I4(Q2) as required. So, for Q2 € R, the decay rate is given as,

_ 16k?p> pus 3/2 _ 0.3236 12 T 7/2 3/204 6
I,() iy, {mﬁ 1| L0 + 5ol 0.00518 3/20% + 0(Q®) }, (38)
which is now manifestly even.

Finally, we may note that Eq. (38) implies that [}(2 — 0) = 0. We see that the 1-loop
contribution to the decay rate itself vanishes in the vanishing magnetic field limit. We discuss
the implications of this result further in the conclusion.
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3 Discussion

Above we presented an explicit calculation of the real-time topological susceptibility —i.e. the
retarded correlation function GSQ of the operator Q = 8E - B - arising from hydrodynamic fluc-

tuations about an equilibrium with vanishing magnetic field B = 0 in a magnetohydrodynamic
plasma.

In the presence of a finite B field a classical calculation leads to Ty ~ B;—f at zero frequencies,
as shown in (7). The goal of this calculation was to determine the leading fluctuation-induced
contribution to the decay rate at vanishing B field. If this is non-zero, then strictly speaking in
the infrared limit axial charge should not be considered a hydrodynamic variable.

Importantly, however, we found after a calculation that the resulting correlation function
vanishes at low frequencies, as shown explicitly in (37). This has the immediate implication
that in a chiral plasma, the decay rate of axial charge (as computed to one-loop order in
hydrodynamics) remains zero if background magnetic field is zero, i.e. the classical analysis
here is trustworthy. In our analysis we have also computed the first few terms in a small
frequency expansion in £2; it is interesting to note that the presence of gapless diffusive modes
results in a non-analytic dependence on £2, though this dependence begins at (’)(Q%) and so is
soft enough not to contribute to the decay rate itself.

It is interesting to compare this to corresponding results for a non-Abelian plasma, where
the quantity analogous to (5) is the Chern-Simons diffusion rate, i.e. the low-frequency limit
of the correlation function of the non-Abelian topological density Tr(F svl:" @By, This quantity
has been extensively studied both at weak-coupling [24-26] and from holography [27], and
is certainly not zero.

A universal way to understand the difference between the Abelian and non-Abelian case
is the following: in the Abelian case studied here the topological density in question can be
understood as a bilinear in a conserved 2-form current J*¥ = %e‘“’PUF bo» 1.€. the anomaly
equation (2) reads:

JHY e, (39)

3u]£ =keyvpo

This 2-form current is associated with the continuous U(1) 1-form symmetry that protects
magnetic flux conservation in electrodynamics [28]. The presence of this continuous 1-form
symmetry gives a great deal of extra structure to this problem. This structure is not present
for non-Abelian gauge theory, where at most we have a discrete 1-form symmetry. At a cal-
culational level, it was the presence of this continuous symmetry current (and its subsequent
realization in thermal equilibrium) which allowed us to obtain non-trivial constraints on the
infrared physics from magnetohydrodynamics.

More generally, it has recently been shown that a precise characterization of the anomaly
(39) is possible in terms of non-invertible symmetries [29, 30] (see [31-37] for reviews on
this subject): i.e. there still exist topological operators that count axial charge, but these
operators no longer obey a standard group composition law, and there is no longer a simple
conserved current. Our understanding of the dynamical consequences of such non-invertible
symmetries is still in its infancy. However it seems that one way to understand the calculation
above is that the finite temperature dynamics of a charge density protected by a non-invertible
symmetry is somewhat constrained — for example, it will not relax to nothingness unless an
external magnetic field is applied. This result is philosophically consistent with [38], which
showed that at zero temperature a form of Goldstone’s theorem applies to such non-invertible
symmetries in that there is a protected gapless mode when the symmetry is spontaneously
broken.

This suggests that the calculation above could be reorganized to make the role played
by the non-invertible symmetry more manifest. One possible way to do so would be to use
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at one-loop level the effective theories constructed in [12, 17], which realize the symmetries
more directly. It would be very interesting to obtain a robust argument for the vanishing of
this relaxation rate to all loop order in hydrodynamics. Another direction for future work is
to compare our results for GSQ(w) to real-time lattice computations such as those in [14,15],
where one might hope that the non-analytic dependence on Q2 in (37) — which are in principle
fully determined by hydrodynamic data — could be verified from the lattice. We hope to return
to this in the future.
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A Memory matrix review

For a system at finite temperature T that undergoes a generic time evolution, it is common to
assume that most of the operators O will decay away at late times as encoded by the retarded
Green’s function Ggo(t) ~ exp(—TIpt). For a theory with a hydrodynamic description, it is
implicitly assumed that there are only a few ‘long-lived’ operators where F(;l is much larger
than a typical time scale (set by temperature and other macrocopic quantities), namely the
conserved charge densities. Often, it is assumed that all other, non-conserved, operators have
already decayed away by the late times at which the hydrodynamic descriptions is applicable.
However, it is sometimes possible to have a situation where the lifetimes F(;l of non-conserved
operators are parametrically large enough such that they can interfere with the hydrodynamic
modes.

When there are only a few of these long-lived operators, the memory matrix formalism [39]
(see also [40-42] for a more recent discussion) is a powerful tools to understand the correlation
functions of such systems. In particular, it allows one to extract the decay rate, or inverse-
lifetime, of long-lived operators in terms of simple 2-point correlation functions:

.1 R >
lim —ImG@@(w,p =0), (A.1D)

P
© Xoo ©=0w

with @ = 8,0 and yo is the susceptibility of the operator O.
For completeness, we review the derivation of this formula. The starting point is to realize
that one can formally define an inner product between operators

1/T
Cap(t —t") = (A(t)|B(t") = (Ale (=)L |B) = TJ dAA(O)B(t' +iA)), (A.2)
0

with (...) is the average over either quantum or thermal fluctuation and L = [H, o] is the
Liouville operator. The relations between C4p, and its Laplace transformed C,z(w), can be
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shown related to the standard correlation functions via

1

Cap(0)=(AB)=Tyxap,  Caplw)=(Al |B)=%(G§B(w)—G§B(0)). (A.3)

w—L

This translation to the inner product allows one to employ standard linear algebra techniques
to show that, for a long-lived operator O

~ 1
C = - , ([\.4)
oo(w) ;XOA(_MUX_’_(N_FM))AB XBO

where the sum is done over sets of long-lived operators A, B and where the matrix N,z = (A|B)
vanishes in a theory with time-reversal symmetry. The matrix M,z is the memory matrix de-
fined via .

Mas(00) = = (Alg———B), (A5)

T w—qlLq

where q is the projector that satisfies q|A) = 0 when A is the long-lived operator and q|A) = |A)
when it is not. By relating the Laplace-transformed C ap(w) in (A.4) to (A.3), one can see that
the decay rate encoded by a pole Gy(w) ~ (iew—Tp)* can be obtained by diagonalising the
matrix (y ' M)z.

This formalism can be readily applied to a system with ABJ anomaly, provided that we
assume the hydrodynamic description so that the energy E, momentum P and the magnetic
field B are the only conserved quantities and that the axial charge density n, is long-lived. At
zero magnetic field and zero axial charge density, one can show that the only non-vanishing
‘overlap’ of these operators are

(ulna) =Tyxa,  (B'B))=Typé", (A.6)

where y,, yp are the axial charge and magnetic susceptibility respectively. Thus, we easily
obtain the correlation of axial charge density

XA
—lw+ MnAnA/XA

CﬁAnA(CO) = (A.7)
It is clear that decay rate is controlled by the memory matrix M, ,, (o — 0) which can be
written as
I N A o1 R

M, (0 —0) = T illn)o(ndmmA) =T })ILHO Cpyny (@) = 01)1£n>0 ZImGﬁAﬁA(a)) , (A.8)
where we use the fact that ny = kQ = 8k(E - B) is not a long-lived operator (due to the r.h.s.
containing the non-conserved electric field E) and thus q|r,) = |f4). Upon converting (A.7)
back to the retarded correlation function via (A.3) and extract the decay rate [, from the pole
GR (w)~ (w—T,)7 !, we are then able to express the decay rate in terms of the correlation

nany
function of Q as in (5).

B Finite temperature conventions and Matsubara sums

Here we collect some identities that are useful for performing the frequency integrals in the
main text. All of these results are standard, and further background can be found e.g. in [43].

Consider a quantum field theory with a bosonic Hermitian operator O(t,X). We study the
theory in the thermal state with temperature . There are various basic two-point functions
for O, including the Euclidean correlation function,

GE(7,%) = (O(t,%)0(0)), (B.1)
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and the retarded real-time correlation function

GR(t,%)=—i0(t) Tr (e PH[O(¢, %), 0(0)]) . (B.2)
The Euclidean correlation function in frequency space can be written in terms of the spectral
density p(£2):
. dQ p(Q)
e =| —————. B.3
(feon) Jzniwn+9 (®-3)

We may also obtain the retarded correlator from the Euclidean one by evaluating the latter at
a real frequency:
GR(Q) = GE(iw; = Q+ie). (B.4)

Inserting (B.3) into (B.4) and using the identity

Im ( L - ) =mnd(x), (B.5)

x—ie
we conclude that the imaginary part of G?(w) directly measures the spectral density.
ImGR(w) = —np(w). (B.6)

It is shown in [43] that for a bosonic operator p(w) is an odd function of w, and furthermore
is positive for positive w, i.e. wp(w) > 0.

B.1 Performing Matsubara sums

We will need to perform a loop sum over Euclidean frequencies. Here we review a standard
trick to express such sums in terms of the corresponding spectral densities, following the dis-
cussion in [22]. Consider summing over a set of discrete Matsubara frequencies if2,, = Z”Tm,

m € Z. We can express this in terms of a contour integral over a contour C in the complex w

plane, i.e.
1 1
T - — dw—coth(ﬁ—w) . (B.7)
“ 27t ). 2 2

iy,

Here the hyperbolic function in the integrand has poles at each of the discrete Matsubara
frequencies along the imaginary axis, and the contour C is a series of disjoint circles which
encircles each of these poles.

To see an application of this, consider evaluating the following sum, where if2; is a Mat-
subara frequency and w, , are two real frequencies:

1 1
S(iQy,wq,wy)=T - - B.8
(i€, 01, 2) Z Wy +Q)—w i, —w,y (B.8)

iwn,

From above we see that this can be written as the following contour integral:

S(iQy, wy, wy) = LJ dwlcoth(ﬂ—w) ! L . (B.9)
C

2mi 2 2 Jwo+id—w; w—w,

Now consider deforming the contour C into two parallel lines, one running down the imag-
inary w axis at infinitesimal real positive w and the other running up the imaginary w axis
at infinitesimal real negative w. We can now attempt to deform these lines away to infinity.
At large |w| the integrand behaves as |w|™2. The contribution to the integrand at infinity can
be neglected, and the full integral arises from the contribution at the non-Matsubara poles of
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the integrand, which appear only at w = w; —i; and w = w,. Performing the integral by
residues we find

S(in,wsz):—% (coth(w)—coth(ﬂg)z)) ! ) (B.10)

wq — 1] — wy

which after some algebra can be seen to be equal to

flwy)—f(wy)

S(iQZ,(J)l,wz):— - ,
w1 —lQl — Wy

(B.11)
where we have used the fact that e? = 1 on a Matsubara frequency. Here f(w) is the Bose

distribution function:

1
f(@)= o

Let us now use this form to perform a frequency sum. In the bulk of the text we will find
ourselves needing to calculate sums of the form

(B.12)

F(i) =T Y GE(iy +iw,)GE (iw,), (B.13)

W,

where here Gf ,(i€2) are two (possibly different) Euclidean propagators. It is very convenient
to express this in terms of the spectral densities p; 5(w) associated with these propagators. To
do this, we first use (B.3) and then perform the sum over iw,, using (B.11) to find

FG) =—f 01903 (1 (00y) — (o)) 2P C2) (8.1
T 27 w1 — i) —wy

This expression is used to obtain (14) in the main text.

C Details of the 1-loop integration

Cl Q>0

Here we give details of the remaining parts of the 1-loop integration with > 0.
As described around (33), the frequency integral in (32) must be split up into three parts

w € (—oo,—)U(—0,0)U(0,00). (C.1)

The last integral was performed in detail in the bulk of the text. In this Appendix we perform
the other two using the same methods. We begin with w € (—,0). To do this integral let us
perform the following change of variable: « — —w and then perform the integration over the
positive range: w € (0,£). The integral of interest is:

Q

Q= J do [f(Q—w)—f(-w)]

0

w(Q—w)?

To do the above integral, we expand the integrand about f — 0 and then integrate term by
term. We get,

(=2+v2sinh™' (1) s/ | B(=26+15v2sinh (1)) 7,
26 1440
. B3(214— 105«/§sinh_1(1))911/2
2419200 ’

Q)=

(C.3)

15


https://scipost.org
https://scipost.org/SciPostPhys.17.2.042

e SciPost Phys. 17, 042 (2024)

As expected the above integral is non-analytic in Q and these pieces, as discussed before, do
not receive any UV corrections.

Next let us move on to performing the integration over the range: w € (—o00,—Q). As
before let us do the variable change: w — —w and then the integration has to be performed
over the range: w € (€, 00). The integral of interest is:

oo

Q)= J do [f(Q2—w)—f(-w)]

Q

w(Q— co)

220 («/ —Jo), (C.4)

We can perform the above integration using the methods employed to do the integration in
Eq. (34). We obtain the following results.

_ (VA BAYE BEAO2 13/2) 1 v sinh™ (1))
IZ(Q)IR—(%— 50 4330 +0(AR?) Q+(@—4ﬁ/3 T,

1 5BA%Z 3B3A72
+ ﬂ _ /3 +O(A11/2) QZ
8BVA 288 4480
1 3A5/2 5A9/2
1 1P _b +0(A¥®?) 03
24BA3/2 28800 24192
+( 436 Bm Bsinh” 1(1))
10080 192v2  96v2

11 58 13B3A3/2 ;
+ + — +0O(A?) |Q% + 0(0). C.5
(640ﬂA5/2 1536/A 55296 (A7) ) (€5)

Comparing Eq. (C.5) with Eq. (35) we see that, for the analytic pieces: the terms with odd
powers of Q are of opposite signs and the terms with even powers of 2 have the same sign.

C2 Q<0

Here we work out the 1-loop integration with £ < 0. For simplicity, let us define t = —Q with
t > 0. From Eq. (32) we get,

oo

2 .2
FA(—f)=—16k—p5fdw [f(w—0)— flo)] 22— (\/ —tl— o) .

22r4Diy, (0w
(C.6)

From the structure of the square-root above we see that the integral should be integrated over
the following intervals,

w € (—00,0)u(0,t)u(t,o0).

Contrast this to the intervals in the €2 > 0 case. Both are mirror images of each other. Now
let us do the integral over the range, w € (—00,0). This integral, after a change of variable:
w — —w becomes,

oo

16k2p? f w(w +t)?
L) =——P | do[fco—0)—f(- JoTi-vo
0= Sty | VOO NG )
oo (C.7)
_ 16k2p? w(w+ t)?
_—mfdw[f(w+t)—f(w)]m(vw+t—vw),
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where to get to the second equality we used the identity: f(—x) =—1— f(x). Note that the
above integral is the same as the integral in Eq. (34).

Similarly, using the above identity, one can show that [,(—t) for w € (0, t) matches with
the integral in Eq. (C.2) and T4(—t) for w € (t, o0) matches with the integral in Eq. (C.4).
Thus, we find T[4(2) = I[,(—), as expected.
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