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ABSTRACT: A system with a one-form global symmetry at finite temperature can be viewed
as a dissipative fluid of string-like objects. In this work, we classify and construct the most
general effective field theories for hydrodynamics of such string fluids, in a probe limit where
the one-form charge density is decoupled from the energy-momentum tensor. We show
that at leading order in the derivative expansion, there are two distinct types of diffusive
transport in a string fluid depending on the discrete spacetime symmetries present in it. One
particular application of interest is magnetohydrodynamics (MHD), where the effective field
theories describe the diffusion of magnetic field lines. Due to the distinction between the
effective field theories for different discrete symmetries, we show that the MHD of a fluid with
charge conjugation symmetry is qualitatively different from that of a neutron star, which we
previously discussed in [1]. The explicit effective actions that we write down can be used to
obtain the dispersion relations w(k) up to cubic order in momenta for each of the different
discrete symmetry choices. As another application of this formalism, we show that when
the one-form symmetry is spontaneously broken, the effective action reduces to the Maxwell
theory. This confirms the interpretation of the photon as a Goldstone boson arising from
the spontaneous breaking of a one-form symmetry.
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1 Introduction

At large distance and time scales, the dynamics of a quantum many-body system are
governed by conserved quantities and have a universal description in terms of hydrodynamics.
For conserved quantities associated with conventional “zero-form” global symmetries, the
formulation of hydrodynamics is well-understood, and governs phenomena such as charge
and momentum diffusion and sound wave propagation. The purpose of this paper is to
systematically study novel hydrodynamic behaviors that arise in the presence of a one-form
global symmetry [2], using the effective action formalism for hydrodynamics developed in [3, 4].

The notion of a higher-form global symmetry was first formalized in [2]. A p-form
symmetry acts on operators supported on p-dimensional manifolds, generalizing the standard



case of a zero-form symmetry that acts on single points in spacetime. Similar to continuous
zero-form symmetries, continuous higher-form symmetries are associated with conserved
currents. In particular, in the case of a U(1) one-form symmetry, we have the following
conservation law for some two-form current J:

D JH =0, JM = —Jvh. (1.1)

This conservation law implies that for any two-dimensional manifold ¥ in the spacetime,
we can define an associated total charge

Os :/E*J, (1.2)

which is unchanged on deforming Y in any direction. A system with a one-form global
symmetry at finite temperature may be viewed as a fluid of one-dimensional objects, i.e.,
a string fluid.

Recently, a systematic approach to hydrodynamics based on an effective action formalism
was developed in [3, 4] (see [5] for a review and also refs. [6-8]). Starting from a current
conservation law, this approach involves writing down an effective action in terms of certain
collective fields associated with the conservation law that are “integrated in” using a Stueck-
elberg trick. Ref. [3, 4] explain how to implement physical conditions such as unitarity of
the microscopic dynamics and local equilibration as constraints on the effective action. The
most general action consistent with these constraints can be written down in a derivative
expansion, leading to constitutive relations for the conserved currents.

In this paper, we will apply this effective field theory approach to a string fluid, starting
with the conservation law (1.1). One physical application of particular interest is the dynamics
of a strongly interacting electromagnetic plasma at long distances and late times, a regime
known as “magnetohydrodynamics” (MHD). The one-form symmetry in this case immediately
follows from the Bianchi identity, which can be written in the form

- 1
Ol =0, I = FI = eI, (1.3)

where F,, is the electromagnetic field tensor. The conserved quantity (1.2) in this case is the
total magnetic flux passing through a surface ¥. Previous works, starting with [9], have used
this one-form symmetry to give a powerful new formulation for studying magnetohydrodynam-
ics (MHD) with strong magnetic fields. (See also refs. [10-23] for various developments, and
in particular [24] for an alternative approach to MHD with strong magnetic fields, including
systems with chiral matter and Adler-Bell-Jackiw (ABJ) anomaly. More broadly, the study of
string fluids was first initiated in [25] and [26], and the relation of such fluids to magnetohy-
drodynamics was first identified in [27].) Ref. [9] used the approach of writing down general
constitutive relations for the conserved currents in magnetohydrodynamics, and imposing
various phenomenological constraints on these relations, under the assumption that all discrete
spacetime symmetries (parity, charge-conjugation, and time reversal) are conserved.

One advantage of the EFT formalism used in the present paper is that it provides a
systematic derivation of the constitutive relations in a regime with strong magnetic field,
without having to impose phenomenological constraints. Moreover, it allows us to work



in a general setting where we consider all possible patterns of explicit breaking of discrete
spacetime symmetries. We work in the probe limit where the conserved two-form current does
not couple to the energy-momentum tensor. As earlier emphasized in [28] for hydrodynamics
of zero-form symmetries, the presence of different discrete spacetime symmetries in the
system can lead to significantly different constitutive relations. We find that this is also
the case for the hydrodynamics of string fluids. For the eleven different choices of discrete
symmetry patterns (see (3.8)—(3.12) for an explicit list), the effective actions at leading order
fall into two classes. These two classes have distinct structures of the diffusive modes and
dispersion relations w(k) at O(k?).!

More explicitly, the eight cases involving charge conjugation symmetry fall into one class,
while the three cases without charge conjugation symmetry fall into another class where
the leading-order effective action has an additional term (see (3.13)—(3.14)). By analyzing
the real-time evolution of various initial configurations of the one-form charge density (i.e.,
the magnetic field line density), we point out sharp qualitative differences in the transport
behavior between the two cases. One system in nature where the second class is realized is
a neutron star, which at the energies relevant for MHD has broken C and P and preserved
7. In the earlier paper [1], we stated the effective action for this case and discussed its
physical consequences, comparing to previous phenomenological models for neutron stars
such as [29]. The remaining discrete symmetry cases correspond to MHD in exotic systems
which may arise in condensed matter setups such as Weyl semimetals (see [30] for a review).
While the leading diffusion behaviour always falls into one of two classes, we also derive
the hydrodynamic effective actions at the next-to-leading order and show that they further
distinguish the discrete symmetry choices.

One can also consider string fluids beyond MHD with a U(1) one-form symmetry, where
the two-form current J#” has a more general interpretation than (1.3). Such string fluids
can be classified by considering other ways in which the two-form current J#” can transform
under parity and time-reversal. For example, while in MHD the action of parity and time
reversal is given by

P (Joi, Jiz) = (Joi, —Jij), (1.4)
T (JoinJig) = (—=Jois Jij),

we may also have a different system where P,7T act as

P (Joi, Jij) = (—Jois Jij), (1.6)
T (Joi, Jij) = (Joi, —Jij)- (1.7)

We will refer to (1.4)—(1.5) as P_ and 7_, and (1.6)—(1.7) as Py and 7;. We may also
consider any other combination of P+ and 7+. We will show that the effective action for each
of these other choices maps to one of the cases of the MHD effective action. This statement
holds to all orders in the derivative expansion. As an example, the effective action for a
system where the only discrete spacetime symmetry is P, 7_ is the same as the one where the

' A partial discussion of the effect of certain discrete symmetries on the hydrodynamics of string fluids was
previously presented in [14].



only discrete spacetime symmetry is CP_7T_. The latter corresponds to the MHD effective
action where the only discrete spacetime symmetry is CPT.

The EFT formalism also provides a natural way of writing down the effective action
associated with the one-form symmetry (1.3) when it is spontaneously broken. In this case,
the effective action turns out to be the Maxwell action, and the dynamical field in the effective
action can be interpreted as the photon. This provides a precise realization of the idea
that the photon is the Goldstone boson associated with the spontaneous breaking of the
symmetry (1.3), which has been pointed out in various references starting with [2].

The plan of the paper is as follows. In section 2, we describe the various inputs and
constraints needed to formulate the effective field theory for hydrodynamics of a one-form
symmetry. In section 3, we write down the resulting effective actions, for which the detailed
derivation is provided in appendix A. In section 4, we discuss concrete consequences of these
effective actions in terms of novel diffusion behaviours. In section 5, we discuss terms in
the effective actions that lead to corrections to the diffusive dispersion relations at cubic
order in momentum. In section 6, we discuss the effective action in the phase where the
one-form symmetry is spontaneously broken.

2 Fields and symmetries in fluids with a one-form symmetry

In this section, we discuss the ingredients required to construct effective field theories of
dissipative fluids with a one-form symmetry. In section 2.1, we discuss the field content of
such theories and the way one-form symmetries constrain the structure of effective actions.
In section 2.2, we then discuss various other symmetries and constraints on the effective
theories, such as microscopic discrete symmetries and unitarity constraints.

2.1 Fields and n-form symmetries

Consider a system with a one-form symmetry at a finite temperature. The generating
function for real-time correlators of the conserved two-form current J#” along a closed time
path (CTP) is given by

ew[bluuvbmw] — Tr [p Peifd4xb1;waW—ifd4xb2;wJéw:| , (21)

where by, and by, are respectively sources for J,, along two legs of the CTP. Due to
the current conservation law (1.1), the generating functional is invariant under a two-form
gauge transformation

W[blum bgw,] = W[ble + 8u)\1u — 8,,)\““ bgw, + o”w\gl, — 8,,)\%]. (2.2)

As in the discussion of [3], the hydrodynamic modes associated with J*” are given by the

Stueckelberg fields for the local transformations of (2.2), which are one-form fields. We will

denote them as A,. Note that throughout this paper, we work in 341 spacetime dimensions.
Using A, we can express eq. (2.1) as

Wb baun] /DAluDAm "SErT (G Gapw] (2.3)



where Sgp is the effective action of Ay, s = 1,2 and depends only on the combinations
Gsuu = bsuu + 8},LASV - 8VAS;,L' (24)

This form of the effective action ensures that (2.2) is satisfied. By definition, G, and thus
SerT are invariant under the following transformations

Asp, — Asp, + a,u,as; (25>

for arbitrary scalar functions as. Using (2.5) we can set Agy = 0.
It is useful to introduce symmetric and antisymmetric combinations of all fields ¢
including J,.,, A, by and G,

_I_
= w, Vo = 1 — P2, (2.6)

[1)]

and write the effective action in terms of these “a” and “r” fields. In particular, we can
obtain expressions for the current in terms of the dynamical variables as:
SSEFT dSEFT

Jru = v Japy = . 2.7
i 5bayuw " by (2.7)

The equations of motion for A,, and A,, then immediately imply the current conservation
equation

B, = 0. (2.8)

Jru can be seen as the expectation value of the current averaged over statistical or quantum
noise, and J,,,, can be interpreted as the contribution from such noises. In the discussion
below, when J,,,, appears without an a or r subscript, it refers to .J;,,,, and we will be mostly
interested in the equations of motion for these expectation values.

To describe the fluid phase where the one-form symmetry is not broken, we require the
action to be invariant under the following transformation:

Asi(t,x) = Agi(t,x) + \i(x), s=1,2, (2.9)

which can be interpreted as the input that each fluid element can transform independently
under the one-form global symmetry. This is the natural analog in the one-form case of the
“diagonal gauge symmetry” which was introduced to describe dissipative hydrodynamics in the
zero-form symmetry case in [3], and justified in detail in that reference.? Requiring invariance
of the action under (2.9) is equivalent to requiring the following symmetry transformation
of the G,,, and Gy, fields:

GrOi (t, X) — Groz‘(t, X), (2.10)
Grij (ta X) — Gm’j (ta X) + al)\j (X) - 8j/\i(x)v (211)
Gap(t, %) = Gap(t,%). (2.12)

2Tt would be interesting to understand whether the formalism developed in [17] can provide a further
justification for this diagonal gauge symmetry.



Due to (2.11), in the symmetry-preserving phase, G,;; can only appear in the effective action
through the expressions dyGri; and H;jj, where H = dG = db (cf. eq. (2.4)), i.e.

H;w)\ = 8,uGu)\ -+ a)\le + &,GAM = (jub,,)\ + 8)\17#” + &,b,\#. (2.13)
A relation which we will often use later is
00Grij = Hoij + 0;Groj — 05Groi- (2.14)

Note that in the absence of sources, the first term on the right-hand side is zero.

We emphasize that in general, the hydrodynamical field A, does not have any simple
relation to a microscopic vector field, such as the photon a, in QED. A, should be thought of
as a collective field describing the low energy degrees of freedom. We will see that A, will only
equal a, when the one-form symmetry is spontaneously broken and the photon a,, is realized
as the Goldstone boson. To describe the dynamics in the phase with spontaneous symmetry
breaking, invariance under (2.9) should not be imposed. We will analyze this case in section 6.

Lastly, it is important to note that the conservation of the energy-momentum tensor,
0,T* = 0, is associated with additional hydrodynamic fields, which can be interpreted as
spacetime coordinates defined on the fluid spacetime background [3]. In this work, we will
not couple the fields G, to those fields, and work throughout within the probe charge limit.
For this reason, the fluid velocity and the temperature fields will remain non-dynamical.

2.2 Discrete symmetries, KMS relations and constraints on the effective CTP
action

From the fact that the theory is formulated on the CTP contour and the microscopic dynamics
is unitary, we need to impose a number of additional constraints on the structure of the
effective action [3]:

1. Every term in the effective action must have at least one G, field, as we must have

S[Gry, Gay = 0] = 0. (2.15)

2. The effective action must obey the CTP reflection symmetry

S* [Gr,ul/a Ga/,w] = _S[Gr,ul/a _Ga,uu]- (216)

3. The imaginary part of the effective action must be non-negative,

Im S > 0. (2.17)

We assume that the microscopic system possesses an anti-unitary symmetry involving
time reversal, which we will denote as ©. Depending on the system, © can be 7, PT, CT, or
CPT, where T, P and C are respectively time-, parity- and charge-reversal transformations.
For example, for a system which is only P7 invariant (but not 7, CT, or CPT) we take
© = PT. For a system which is invariant under all of C,P, and T, © can be any one of
the choices T, CT, PT or CPT. Implications of © at the macroscopic level are imposed



through the dynamical KMS symmetry of [4, 31], which also ensures local thermal equilibrium.
To leading order in derivatives (or in the classical limit), the transformations act on the
two-form fields in the following way?

G (7) = OG gy (1) — 18000OG, 1 (%), Grpw(2) = OG0 (2), (2.18)

where G, denotes the transformed field. The transformation (2.18) is an anti-linear Zs
transformation. Invariance under it imposes a far-from-equilibrium generalization of the usual
KMS conditions and Onsager’s relations on equilibrium correlation functions.

To write down (2.18) explicitly we need to specify how G, transforms under C, P
and 7, which should be the same as how the two-form current J# transforms under these
discrete transformations. By definition, J*” should go to —J# under C. There are two types
of parity transformations that we can impose on the G, field, which will be respectively
referred to as P, and P_ transformations,

Py (Goi, Gij) = (=Goi, Gij), (2.19)
P-: (Goi, Gij) = (Goi, —Gij). (2.20)

Similarly, two types of time-reversal transformations 7, and 7_ act as

T+ (Goi, Gij) = (Goi, —Gij), (2.21)
T <G0i7Gij) — (_GOiaGij)- (2.22)

In the case relevant for electromagnetic plasmas, where the conserved current is (1.3), the
parity and time reversal transformations are P_ and 7_. The alternatives P, and 7; could
for instance describe the hydrodynamics associated with an alternative theory which had
magnetic monopoles but no electric charges, where the conserved current would be J,,, = Fj,,.
See for instance [32, 33] for examples of such theories with emergent magnetic monopoles
in condensed matter systems. In principle there could also be theories with a combination
of for instance P_ and Tj.

As a result, there are four ways that the two-form current J*” can transform under
combined P+ and Ty operations, i.e. under any of {P.T;, P_T4,P+T_,P_T_}, depending
on its physical interpretation. We collect the transformations of J*¥, the Stueckelberg field
A, and spacetime coordinates in table 1.

With 4 possible choices of © = T, PT,CT,CPT and 4 possible patterns of discrete P+ 7+
transformations of J* (or G,), there are potentially many different choices for how to
impose the dynamical KMS relations (2.18). It turns out there are only four inequivalent ones:

KMS; : (0 =7T_) = (0 =CT.), (2.23)
KMS;; : (e T, ) = (©=CT), (2.24)
KMS;17: (@ =P T )=(0=P_T,)=(0=CP_T_) = (0 =CP,T,), (2.25)
KMS;y : (O = 7> 7') O©=P,T)=(©=CP,T.)=(0=CP_T,). (2.26)

30¢(z) = (—1)"¢(Ox) denotes the transformation of ¢(z) under © with n the O-parity of ¢.



C T P PT CPT

xh xH (=20, 2%) (20, —2%) — (2%, 2%) | — (20, 2%)
S e O e B N O A B I

TR | =g | (IO, =) | (J, =g | e — g
TR | = | (=0T | (=% ) | g .y
ng:t By (_J0i7 Jz'j) (1]017 _Jij) By JH
AT A, | (Ao, —A) | (Ao, —A3) | A, —A,
AT —A, | (Ao, —A) | (—Ag, A) | —A, A,
AT —A, | (Ao, A | (Ao, —4y) | —A, A,
AT 24, | (<40 A) | (—Ag A | Ay —A,

Table 1. Discrete transformations.

The corresponding transformations (2.18) for each of the cases are:

KMS;:  Ga0i(©2) = —Gaoi(®) — iB000Groi(), Gr0i(07) = —Groi(2),
Gaij(0x) = Guij(x) + iBo00Grij (), Grij(O1) = Gyij(z), (2.27)
KMSrr:  Gaoi(O2) = Gaoi(z) + iBo00Groi(), Gr0i(07) = Groi(),
Gaij(01) = —Glij(x) — B0 Grij (), Grij(02) = —Grij(x),  (2.28)
KMSi17: Gapw(02) = Gop(2) + iB000Grun(x),  Gruw(07) = Gru(x),  (2:29)
KMS;v:  Gow(01) = —Gop () — iB000Grw (),  Gruw(02) = =G (). (2.30)

3 Effective actions

Having discussed the field content and symmetries of a hydrodynamic action with a one-form
symmetry in section 2, we are now ready to write down the most general such CTP action for
a dissipative theory of string fluids with an explicitly realized one-form symmetry at non-zero
temperature. Depending on which combinations of discrete symmetries are preserved by the
system at microscopic level, we will find different actions. As mentioned earlier, to impose the
dynamical KMS symmetry we assume there is an anti-unitary discrete symmetry ©. There
can be additional discrete symmetries. We list all possibilities in table 2.

When there is more than one conserved anti-unitary symmetry, any of them can be
chosen as ©. They lead to equivalent theories and some of the KMS transformations in (2.27)—
(2.30) are equivalent. For this reason, below we just choose one of these options below. For
example, when both PT and CPT are conserved, we only mention © = PT explicitly, with
the understanding that © = CPT leads to the same theory. The possible hydrodynamic
theories can then be classified as follows:

1. All discrete symmetries are preserved. In this case we can choose © to be any of T, PT,
CT, or CPT, which should be all equivalent. From (2.23)—(2.26), all different choices
of P+, T+ should then yield the same action. There is thus a unique theory. We will
denote the corresponding Lagrangian density Lo.



C|P|T|CP|CT |PT|CPT
X
X
only © ”
X
© and P e .
X X X
© and C . . .
X X
© and CP e .
X X X
O, Cand P | X | X | x | X X X X

Table 2. We show the different possible combinations of discrete symmetries that can appear in the
effective action. Each of the 11 rows shows a different allowed combination. For example, fifth row
tells us that if we want the only discrete symmetries to be © and P, then depending on the choice of
O, there are two possible sets of symmetries that the effective action can have: either {P, T, PT},
or {P, CT, CPT}.

2. P is conserved but not C. There are two independent choices of ©, © = T,CT. Together
with possible choices of Py, Ty, there are four different theories:

(P+,©0=T4)=(P+,0=CT-), (P+,©0=T7_)=(P+,0=CT,), (3.1)
(P.O=T.)=(P.,0=CT), (P.,0=T)=(P_.,0=CT}). (3.2

We will denote the corresponding Lagrangians respectively as Lp, 7., Lp, 72, Lp_c7,
£p7 T

3. C is conserved but not P. There are two independent choices of @, © = T, PT, as well
as the different choices of P+, 7+. Due to the various equivalences between different
KMS transformations in (2.23)-(2.26), we end up with a total of two distinct cases:

C,0=T), (C.0=P_T). (3.3)

We call the associated effective actions L¢ 7 and L¢p_7 respectively.

4. CP is conserved but not C or P. There are two independent choices of ©, © = T,CT,
as well as the possible choices of P4, T1. Since CP+ acts on G, as P+ we get the



same four theories as in P conserved case, i.e.,*

Lep, 1 =Lp_cT s (3.4)
Lep_cr =Ly, 70, (3.5)
Lepy 7 =Lp_ 72, (3.6)
Lep_ 7 =Lp. 7. (3.7)

5. O is the only discrete symmetry. In this case there are altogether four different theories
corresponding to the four possible KMS transformations (2.23)—(2.26). We will denote
the corresponding Lagrangians respectively as Lo, L1, Lep 7, Lp_7-.

To summarize, based on the above classification, we have ended up with eleven different
possible effective actions. We can choose to represent each of these by specifying which
discrete symmetries are satisfied assuming that the parity and time reversal transformations
are P_ and 7T_:

Lo=LeT P (3.8)
Lt Let Lep 1, Lp 1, (3.9)
Lp_cT Lp T, (3.10)
Lo, Lep T, (3.11)
Lep 12, Lep_cT - (3.12)

When parity or time reversal acts as P, or T, the actions for each of the different
choices of discrete symmetry can be mapped to one of the cases in (3.8)—(3.12), and the
mapping can be inferred using points 1 through 5 above, together with (2.23)-(2.26).

Below, we will write the effective actions for each of these eleven cases to all orders in the
field Gr;, and perform a systematic expansion in derivatives. We will see that all theories
are dominated by diffusion at leading order, so that in the derivative counting we should
assign weight 2 to dy and weight 1 to 0;. Since G; is assigned weight 0, by (2.14), Gy4;
has weight 1. Then since both sides of the dynamical KMS relations (2.18) should have the
same weight, G,0; and Gg;; have weights 2 and 1 respectively.

We will write the actions in each of the symmetry cases up to weight 3. We state the
results here, leaving details to appendix A.

For each of the symmetry cases, we find that the action starts with terms of weight 2. It
turns out that for each of the eleven cases in (3.8)—(3.12), the weight 2 part of the action,
L£? | is always one out of two options. Since the weight two part of the action will turn
out to determine the nature of the diffusive transport in the system, we will label the two

options £§2 and 51()2% respectively. In all cases with any discrete symmetry involving charge

“Here we have underlined the notation we will be using from now on for these effective actions, in two
cases replacing the notation introduced in point 2. Since the P_, 7_ symmetries apply to the case of an
electromagnetic plasma and therefore have the best-understood physical interpretation, whenever we have
an option between labelling an action with the P_,7_ symmetries and labelling it with P4, 7+ or some
combination such as Py, 7_, we will choose to label it with P_,7_. In fact, we will find that all possible
effective actions can be labelled with combinations involving C, P_, and 7_.

,10,



conjugation the weight 2 part of the effective action is £](32%, while in all cases without any

symmetry involving charge conjugation, we have Eg%. That is,

2 2 2 2 2 2 2 2
43} = ﬁé}?_,?’_ = %E,CT_ = ég_,C’r_ = Eég_,T_ = 5(,)7_ = Eé,%’_’f_ = (c%_ = Eég_T_v
(3.13)
2 2 2 2
=L =P =LP. (3.14)

Note in particular that for describing magnetohydrodynamics in neutron stars, we should
treat the charge conjugation symmetry as broken, as the energy is high enough that we can
treat electrons as relativistic, but not high enough for the existence of positrons. Depending
on whether we assume that the effect of parity breaking due to weak interactions is significant,
the relevant effective action may be Lp_ 7 or L7, both of which have the same leading
diffusive transport behaviours due to (3.14).

5(33 and Eg% are given as follows (Note that in these and all other equations below,
coefficients denoted by small letters such as a, d, d are arbitrary real functions of G2y, unless
specified otherwise.):

51(32% = a Gr0iGaoi + (0051 + d €ijmerinGromGron) Gaij (iGaki — BoOoGria), (3.15)
and
51(32% = 51(32% + POir€jinGronGaijO0Grii- (3.16)

Using (2.7), the constitutive relations from these actions are respectively

JY, = a Gy, (3.17)
J]i)j1 = —200(d ;1,05 + jﬁijm€klnGrOmGrOn)aOGrkl7 (3.18)
I8 = T8y, Ty =I5+ p(Oikejin — dix€itn) Grondo G- (3.19)

Note that in the discussion of this paper, we set the fields G, to zero in the constitutive
relations, which corresponds to neglecting the effects of statistical or quantum noise. We will
discuss the physical consequences of these constitutive relations for the diffusive transport
behaviour of the system in section 4. Readers who are only interested in those aspects
can directly jump to that section.

We now separately list the effective actions up to weight 3 for the different symmetry
cases. In the expressions below, tensors such as Fjjx, Ojjk, Vijr are all constructed from
combinations of Gyro;, d;5, and ;5 and have weight zero. The (0) and (e) superscripts specify
whether the tensor contains an odd or even total number of factors of G,g;. In cases where no
superscripts are specified, we can have arbitrary numbers of factors of G,q; in the tensor. We
can have arbitrary combinations consistent with these conditions and the tensor structures,
except in some special cases where we specify that the tensors are constants with respect
to Go; or specify their symmetries under exchange of indices. In section 5, we will discuss
more explicitly which of the weight 3 terms are relevant for the linear response theory and
can lead to cubic corrections to the dispersion relations.
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3.1 Invariant under all discrete symmetries

We first consider the simplest case: the underlying system (i.e., the microscopic Lagrangian)
is invariant separately under all discrete spacetime symmetries. In this case, all different
choices of Py, 71 and O yield the same action at least up to weight 3, which we call £y. The
weight 3 part of the action turns out to be zero imposing the KMS conditions. We have

o) =), £ =0, (3.20)

so that the constitutive relation for this case is given by (3.17)—(3.18), with no corrections
from weight 3 terms.

3.2 No discrete symmetry other than ©

Now consider the other extreme: no discrete symmetry is present other than ©. In this case,
there are four possible theories corresponding to four different ways (2.23)-(2.26) of imposing
the dynamical KMS symmetry. They are given as follows.

321 (©=T)=(0=CT,)
In this case we use KMS; as given in (2.27). The resulting Lagrangian is:
2 2
£ = b, (3.21)
and

»Cgi) = lglzGQOZa G'rOk

2
+ 00 (=i GGt + GujduGroi + GunsdnGirye

+ OE]I)@(GGOiaoGTjk — Gojk00Groi)
e .2
+ ng)lm <150GaijakGalm + GaijakaOGrlm + aoGrijakGalm>
Vzgiz)zm(Gaij 0k00G rim — 00GrijOkGaim)

+C) (GaijGakiOmGron) + 180G aij00GrkiOm Gron) )

ijklmn

+ szklmn Gaz’j oG ki 8(mCJr‘On)

ijklmn

3 2
+ R( ) (GaijGaleamn + iiﬁoGaijGaklaOGrmn - %)GaijaOGrklaOGrmn>

S(O)

ijklmn

(GaijGar190Grmn + 180G aij00Griki00Grmn).- (3.22)

and F'9) = F(e) Q) is the most general

Here, F(®) is a constant independent of G2y, ik

tensor structure consistent with the condition kalmn = le”mn

322 (@=CT.)=(©0=T,)

In this case we use KMSy; as given in (2.28). The resulting Lagrangian is:

) =l (3.23)

— 12 —



and

E((%)i = FijxGa0i0;Grok
+ Oijk(Ga0i00Grjk — Gaji00Groi)

.2
+ Vijkim (-lﬁo

+ Cijtmn(Gaij GakiOmGron) + 160G aij00Grid(mGron))

GaijakGalm + GaijakaOG'rlm + 80GrijakGalm>

3 2
+ Rijkimn (GaijGaleamn + 5250GaijGaklaOGrmn - %)GaijaoGrklaOGrmn> ,

(3.24)
where F' is a constant independent of G?«om and Fjji = —Fpj;.
323 O=CP_-T)=0O=P,T)=(0O=P_T4:)=(0© =CP+T+)
In this case we use KMSy; as given in (2.29). The resulting Lagrangian is:
2 2
L& 7 = LB, (3.25)
and
@3 _ 2
Lep 7+ = Oy _'L%GaOiGajk + G4k 00Groi + Ga0iO0Grji;
+ Vijkim (G aijO0k00Grim — 00GrijOkGaim)
+ Qz’jklmnGaij aOG(rkla(mG(rOn)
3. 5
+ Rijkimn | GaijGaktGamn + §ZBOGaijGaklaOGrmn - ?GaijaOGrklaoGrmn ,
(3.26)
where Qijklmn = _leijmn-
3.2.4 (@ = 'P_T_) = (@ = P+T+) = (@ = C'P+7'_) = (@ = CP_T+)
In this case we use KMSyy as given in (2.30). The resulting Lagrangian is:
2 2
L5 = L, (3.27)

,13,



and

£(3) S =F, f;’,ﬁ G0i0;Grok

e .2
+ Oz(jl)g ( B GanGajk + GajkaoGTOi + GaOiaoGrjk>

+ Oz(jl)c(GGOiaOGTjk - GajkaoGr(]i)
o [ .2
+ Vi (_ZﬁGaijakGalm + Gatj OO0 Gyt + 80ij8kGalm)
0

ijklm

+ ng)lm(GaijakaOGrlm — 00G+ij0kGaim)

+ C(jlzlmn (GaijGakla(mGTOn) + iﬁOGaijaoGrk’la(mGrOn))

ng klmn Gaij 0 Grki 8(m G’/‘On)

3 2
+ R( °) (GaijGaleamn + §i50GaijGakl80Grmn - BQOGaijaOGTklaoGrmn>

ijklmn
+ Sz(glzlmn(GaijGaklaoGTmn + Z.BOGCLUaOCTYrk:laoGrmn)7 (328)
where F(© is a constant independent of G,q;, F(]k) ,gﬂ, and Q”klmn = lemmn

3.3 P is conserved, C is not conserved

The actions Lp_ 7 and Lp_c7 in this case can be obtained from £7 and L p 7 c7
respectively of the previous section by imposing parity conservation.

331 (P_,0=T.)

In this case, the Lagrangian can be obtained from (3.21) by imposing P_ invariance which gives
£y - =c5), LY, =o. (3.29)

3.3.2 (P_,0 =CT.)

In this case the Lagrangian can be obtained from (3.26) by imposing P_ invariance. The
result turns out to be the same as (3.20), i.e. Lp_c1 = Lo.

3.4 C conserved, P is not conserved

The actions L¢ 7= and Lep_7- in this case can be obtained by from Le7- and Le_p_ 7o
by imposing C conservation.

34.1 (€,06=T7.)

This action can be obtained by imposing C invariance in (3.21). We find

£l =), (3.30)
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and

ﬁgzr_ = F ~<8)Gao¢6j Grok

ijk
+ Ogj,l(Gaoz-aoGrjk — Gojk00Groi)
e 2
+ ‘/zgk)lm <—15GaijakGalm + GaijakaOGrlm + 80GrijakGalm>
0
+ Cz‘(;lzlmn(Gaij Gakla(mGron) + iBOGaijaOGrkla(mGTOn))

o 3. i
+ R/Ejl)glmn (GaijGaleamn =+ §ZB0GaijGaklaOGrmn - BQOGaijaoGrklaDGrmn> )

(3.31)
where F(©) is a constant independent of Gg;, and ﬂ(je,g = —F,Sz
3.42 (C,06=P_T.)
This case can be obtained by imposing C invariance in Lep_ 7 . We find
L = L), (3.32)
and
r® - 09 —'EG Gt G 00Got: G000 Go
C,P_T- ijk 160 al0t“Tajk + ajk0Tr0e + Ga0i0o rjk
+ Viﬁ)lm(GaijakaoGrzm — 00G Ok Gaim)
+ Qrgjo'])glmnGaijaoGrkl8(mGr0n)
o 3. 2
+ Rz(jl)clmn (GaijGaleamn + §Z60GaijGakl80Grmn - @GaijaOGrklaoGrmn> )
(3.33)
where ngl)ﬂlmn = _Ql(c(l)gjmn'

3.5 With CP but neither C nor P
3.51 (CP-,0=T)

In this case the Lagrangian can be obtained from Lop_ 7 by imposing CP— invariance. We find

LS r =LY, (3.34)
and
(3) () (_.2
Lep 7 = Oy _Z%GaOiGajk + Gujk00Groi + Ga0iOoGrjk
+ Vig?c)lm(GaijakaoGrlm — 90GrijOkGaim)
+ QZ(';])glmnGaijaOGrkl8(mGrOn)
e) 3. 53
+ Rijklmn GaijGaleamn + §Z60GaijGakl80Grmn - ?GaijaOGrklaoGrmn )
(3.35)
where nge'l)clmn = _Ql(:h)ljmn'
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3.5.2 (CP_,© =CT.)

In this case, the effective Lagrangian can be obtained from Lp_7- by imposing CP_ in-
variance. We get

o) (3.36)
and
Lép e = FiiGaodiGrok
+ O (Ga0iO0Grji — GajrdoGiros)
+ ‘/;g'(;c)zm <—i§0Gazj hGaim + GaijOkdoGrim + 0oGrij akde)
+ C 5t Gaig Gabton Gron) + 150G aig D0 GrkaOm Grom))
N Si;,llmn(Gaz‘jGaklaOGrm” + 180 Gaij 00 Gri100Grmn), (3.37)

where F(© is a constant independent of Grg;, and FZ(;L) =-F ,gjz)

4 Diffusion behaviours of a one-form charge density

We now proceed to study the characteristics of transport phenomena in the theories con-
structed in the previous section.

For the purpose of analyzing transport behaviors at the level of linear response, we
assume that G,q; has a background value p; which is constant with respect to x and ¢, and
that it can have small fluctuations f.o; around this value,

Groi = i + froi- (4.1)

froi can be seen as including both fluctuations in the source fields b,¢; and the contribution
OpA; — 0;Ag from the dynamical fields. In much of the discussion below, we will set the
fluctuations in b,g; to zero, so that

froi = 00A; — 0; Ay (4.2)

and
00Grij = Hoij + 0;Groj — 0jGroi = 0 froj — 0j froi- (4.3)

We can then expand all coefficients appearing in the effective actions (which are functions
of GZ;) around their values at u?, in order to obtain expressions for J*” up to linear order
in the fluctuations fq;.

For convenience we take the equilibrium vector chemical potential p; to point along
the z-axis with the magnitude p and use Latin indices from the beginning of the alphabet
a,b,... to denote the remaining two spatial directions, x and y. We can decompose the
current into J# into J% = (J%%, J%) and J¥ = (J%%, J%), where we write J% = €,J% with
€ab = €zap, and J: = %eabJ“b. A similar decomposition can be done for the background
field bij, into brOi = (bz,ba), Eij = _HTOij = (EZQ,EZ), and Bzab = Hzab- Eij and Bzab can
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be seen as higher-form analogs of external electric and magnetic fields, and should not be
confused with the physical electric and magnetic fields in MHD. To keep the discussion of
this section general and applicable to any string fluid, we will not assume any particular
physical interpretation of J*¥, and for the most part will not explicitly refer to physical
electric and magnetic fields in MHD.

Three key transport coeflficients that appear in the discussion below are the higher-
form “conductivities” oll, o1~ and o5. The linear response interpretation of these and other
coefficients in terms of retarded Green’s functions is discussed in detail in appendix C of [1]
(see in particular equation (C24)). By comparing these Green’s functions with those that
appear in the discussion of string fluids in section 5.4 of [14] derived using an alternative
approach, we find that ol o and o3 can be identified respectively as the coefficients T
r) and 7, appearing in that reference.

4.1 Equations of motion in D1 case

4.1.1 Diffusion equations

(2)

In cases where the effective action up to weight 2 is given by L], the constitutive relation
is (3.17)—(3.18). Using (4.1) and expanding various coefficients in the effective action to
get JH up to linear order in f.o;, we find

Jby = ap; + (adi; + apis) froz, (4.4)
JB) = —2B0(ddik651 + d é€x1)00Grit, (4.5)

da(G%,) ‘
dGro) >
constants evaluated at G2%,, = 2. Recall from (3.13) that if P, 7T are taken to be P_,7_

r07
in (1.4), (1.5), then all cases with any symmetry involving C lead to these constitutive

where a = 2

€ij = €k, and the coefficients in (4.5) should now be seen as

relations at leading order in derivatives.

For the rest of this subsection, to simplify the notation we will drop the D1 subscript in
the currents. Now consider the physical interpretation of various coefficients in (4.4)—(4.5).
The static susceptibilities can be defined as

J% =xlp,, g% = L, (4.6)
From (4.4) we have
X” =a+ ap’, ij = X 10ap = a0gp. (4.7)

X+ must be diagonal as an off-diagonal term would be incompatible with the three-dimensional
rotational symmetry of the underlying theory. We see that coefficient @ controls the asymmetry
between the directions longitudinal and transverse to the direction of xf. The “conductivities”
under an external “electric” field can be defined as

J* =ohE,, J*=0lE,. (4.8)
From (4.5), we find that

0ay = 010 = 2B0dda, ol = 260(d + 2dp?), (4.9)
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with d controlling the asymmetry between conductivities in the directions parallel and
perpendicular to p?. One can check that from the condition (2.17), ¢l and of- are both
non-negative.

The equations of motion are simply the conservation equations

9,77 =0, (4.10)
oI + 9;J7 = 0. (4.11)
Let us first consider p = 0 for which
JOi = afr()i, (4.12)
ij _ 2Bod 03 0i
JU = =260d (0ifroj = O froi) = == = (01T = 05 J7) + -+, (4.13)

where in the second equality we have only kept the lowest order term in derivatives. Equa-
tion (4.10) then reduces to 0} fro; = 0, while (4.11) leads to the standard diffusion equation
QBod 0

OJ" = DO =0, D=="==", o=26d, x=a (4.14)

With g = 0, there is only one conductivity ¢ = i and susceptibility x = x .
Now consider p # 0. At leading order in derivatives we have

JOZ =ap + XHfrOza JOa = XJ.fTOm (415)

which are related by eq. (4.10), i.e. 9,J% + 9,J% = 0. The spatial components of the
current can then be written as

Oa 0z
J* = _Uf_(aszOa - 8afr0z) = _Uf_ 0 - Ou] ’ (4-16)
X1 X|
R 1 [
J? = *GabJab = —O'Heabaaf,«()b = —ieabanOb. (4.17)
2 X1
Eq. (4.11) for i = z then leads to
0z 2 2\ 70z i i
00J% — (Dyo2? + D102) J =0, Dy=°L D=°L (4.18)
XL X||
which leads to dispersion relation
w=—i(DykZ + D k7). (4.19)
Eq. (4.11) for i = a gives
0a 1 142 | 92] 70a ol 0’1L 0b
0% — — o102 + ol 3| o + [ == = 2L ] 9,0,0% = 0. (4.20)
XL XL X

Acting with d, on the above equation, we find a diffusive equation for 9,J% which is the
same as (4.18). This can be expected from (4.10) as 9,J% = —9,J%. Projecting (4.20) to
JE“, the component perpendicular to k%, we find a diffusion equation

i _ I
(90— Dyo2 = DL33) S =0, D) = ;T (4.21)
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with dispersion relation
w= —Z'(D“k‘z + DLk'g). (4.22)

To summarize, due to the constraint (4.10), we have two independent decoupled com-
ponents of J%: one is proportional to JE“ and satisfies diffusion equation (4.21); the other
is a combination of J% and the longitudinal component of J% (i.e. the part proportional
to 0,J°%), and satisfies the diffusion equation (4.18). More explicitly, we can write these
two components in momentum space as

J(kH) = e2 JV (M), a=12 k=0 e =6 k = [k2+k
1 1
1_ = 2_ - (_ o 2 _ 2 2
e _h( ky k2, 0), e _kkL( Kok, /-cykz,/ﬂ), k= /K2 + k2.
(4.23)

The evolution of .J12 is respectively governed by (4.21) and (4.18).

While it is not surprising that in the presence of the vector chemical potential, the
diffusion processes are no longer isotropic, the equations (4.18), (4.20) and (4.21) provide
precise predictions for the diffusion patterns and the corresponding diffusion constants.

4.1.2 Real time evolution in the D1 case

It is instructive to see how an initial charge density actually diffuses when it is governed by
equations such as (4.18), (4.20) and (4.21). Below, we consider some initial conditions to
illustrate the diffusion behaviors that appear, although these may not correspond to realistic
initial conditions for physical applications.

Let us first consider the simplest case, where we set the chemical potential p; = 0. Now
the time-evolution of the charge density is described by (4.14), and all spatial directions are
equivalent. To analyze the temporal evolution of the initial charge density J%(0,x), we first

Fourier transform J% to spatial 3-momentum space via

JY(0,x) = / (g:; e 700, k). (4.24)

Then eq. (4.14) implies,

. A3k . . 4
70 (¢, x) = / We’k'xe’l)‘k|2(t’t°)JO’(O,k) = / &P Gt x — x)J%(0,%).  (4.25)

where the Green’s function of the diffusion equation is given by the standard expression

Bk o) — DIk 1 _Gex)?
Gt,x — %) = / (277)36 k- ( )~ DIkt _ W@ iDt (4.26)

Consider for example an initial configuration of a constant charge density excited along an

infinite string pointing in the z direction, i.e.

JU0,%x) = Jo 6(x)0(y)0%. (4.27)
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From (4.25), we find that the charge density JY% diffuses cylindrically around the string
and that the J%® components remain zero:

-
= 47;7103756_ o7, (4.28)

JO(t, x)

As another example, consider an initial charge density which is composed of two semi-
infinite lines meeting at an angle of m/2. We set the coordinate system so that the string of
charge J%® runs along the positive z-axis and the string of J% charge along the positive y-axis:

J%(0,%) = Jo [9(@5@)5@)5” - 5(:5)9@)5(2)5@] . (4.29)

The time evolution of this J% then becomes

Jo
A7 Dt

) 2a? 02422
JO%(t,x) = [F(t,x) e~ it §' — F(t,y) e bt 6’3’} , (4.30)

where F(z,t) is expressed in terms of the error function:

F(t,z) = % [1 + erf (\/4%)} . (4.31)

Note that in (4.30), the direction of the charge density at ¢ > 0 becomes dependent on the

location in the z-y plane, but it does not develop a non-zero J% component anywhere.
Now consider the case where p* = ;1 6%, with non-zero p. To study the time evolution,

we decompose the initial charge density J%(0,x) at t = 0 in terms of the two modes e!*?

in (4.23), i.e. J%0,x) = JY(0,x) + JY(0,%), where

. 3 .
JYH0,x) = / (;ZW’;S e®* )\ (ke (k), (4.32)
JY0,x) = / éﬂ’;g e® X\ (k)e? (k). (4.33)

The time-evolution then takes the form

; ek, >
JU(t, x) = / 2n)? elkx (M(k)eil (k)e*leit + Ag(k)ez(k)e*leit) e~ Dikzt (4.34)

(2

Let us now look at some initial configurations. First consider the case where the initial
charge density is a Gaussian of some finite width centered around the z-axis and pointing
in the z-direction,

1 z2+y2

07 _ - 1z
J (O,X) == jo@ € 2§ s (435)

k%oQ k2o?
For this case, (k) = 0 and Ap(k) = 27 Jo0(kz)e” 1 1. The charge density spreads
out cylindrically, and its direction remains constant at all points,

Jo 7452-:3—2 2 gi
_— 72 0%, 4.36
74Dt + o?) ¢« (4.36)

JOt, x) =
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Figure 1. Time-evolution of J% for the initial charge density (4.37) in any plane orthogonal to the
y direction in the D1 case, with ¢ =1, D)y =8, D; =1, and D, = 4. J% and J°% are zero for all
times at all points.

In this case the pattern of the evolution is the same as that for y = 0, although the diffusion
constant is different.

Next, let us take the initial charge density to be a Gaussian cylinder orthogonal to p;,
1 x2+22

0z _ - 7
J0,%) = oz et 6", (4.37)

2 2 202
for which A\ (k) = 27700 (ky)e™ S-S and A2(k) = 0. The time evolution of the charge
density is

z2 _ 22
JOi (t, X) — _ jo 6_4Elt+02 4D”t+02 5iy‘ (438)
/(44D + 0?)(4tD) + 02)

Under time-evolution, the charge density continues to point in the y direction at all times.
It spreads in an anisotropic manner, so that the surfaces of equal charge density in the
x-z plane are ellipses. See figure 1.

If the charge density is neither parallel nor perpendicular to y;, the time evolution of
J% becomes significantly more complicated, exhibiting both an intricate pattern of spread
and a time-dependent motion of its direction. Let us take the initial Gaussian cylinder to be
centered on a line in the x — 2z plane that passes through the origin and makes an angle ¢
with the z-axis, and take the direction of the charge density to be along this same line,

1 v2+y2

02 _ - i
J0.%) = Jo — e 7.8 (4.39)

where we have changed coordinates from z, z, and y to u, v, and y, with
u=zxcosp+ zsing, v=—xsing+zcosy, 0% =cospd® 4 sinpd. (4.40)

In momentum space, (4.39) has the form

. o2 .
JY%(0,k) = 20Ty e~ T KR 5 (k) 5%, (4.41)



which can be decomposed along the two modes e!? and evolved in time to find J%(¢,x) =
JV(t,x) + JY(t,x), where

02 ~ . .
JY(t k) = —21 % 5(1@)’“?’;& e~ T kAR o~ (DLKL DY (_ e 5o 4 | 510, (4.42)
iR
TVt K) = 200 0 (k) o e T WK o~ (DLELADYRDE (Lo ko giT — Jo |69 4 K2 §°%).

(4.43)

Note that (4.42) and (4.43) are written in the x, y and z coordinates. On numerically
Fourier-transforming back to position space, we get the time-evolution shown in figure 2.
We observe the following features:

1. The magnitude |J%| of the charge density vector and its J°* component diffuse anisotrop-
ically in the v — y plane.

2. Although the initial charge density is entirely in the u-direction, J% and J% components
are generated by the time-evolution and subsequently diffuse. These components acquire
both positive and negative values depending on the location in the v — y plane.

As another example of the initial charge density, which will be useful for comparison
with diffusion phenomena coming from other effective actions with various discrete symmetry
violations, we can consider a configuration which is extended over all space, points in the y
direction everywhere, and has an oscillatory dependence on the z coordinate:

JY(0,%x) = Jo cos(Kz) 6%, (4.44)

Such an initial charge density simply decays in magnitude exponentially at all points, with
no change in its direction or the shape of its spatial distribution:

JOt,x) = Jo e P cos(KC2) 8. (4.45)
This time-evolution is shown in figure 3.

4.2 Equations of motion in D2 case

Let us now understand the diffusion behaviour in the effective action Eg%. The results in

this subsection were previously summarized in [1], where it was noted that E](DQ% describes
magnetohydrodynamics in neutron stars. In this case, after expanding the constitutive
relations to linear order in f,¢;, we find new terms in the current and charge densities in
addition to those in the Jéj from (4.4)—(4.5):

Jl%il = JI%ila jl%2 = j627 (446)
J[Z)% = J]%% +pueabaOGrzb~ (447)

In the rest of this subsection we drop the explicit D2 subscript. The susceptibilities x| and
x 1 are the same as in the D1 case. However, for the conductivities we now find

Uzjz_b = Uf_éab - O'jeab = 2B0ddap — PHEab U” - 2/Bo(d + 262/1/2)7 (4'48>
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Figure 2. Evolution of the magnitude and different components of J% with the initial condition
in (4.39) in the D1 case, for any plane orthogonal to the u-direction in which the initial charge density
points. We set the parameter values o = /4, 0 =1, Dy =8, D, =1,and D, = 4.

with o; having a new Hall-like term, which leads to a current density J** (J*¥) in response
to a higher-form electric field E#¥ (E**). This term involving o5 will lead to differences
in the dispersion relations and the equations of motion at quadratic order in momentum
relative to the D1 case.

4.2.1 Diffusion equations

Let us define x1, x|, af- and ol as in the D1 case, and

oy = —pi. (4.49)
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Figure 3. Evolution of the initial condition (4.44) in the D1 case. We show the dependence of the
charge density component J% as a function of time along the z-axis in units of D = 1/4, Jy = 4 and
K = 1. Different instances of time (normalized by 4D K? = 1) are plotted as different colors from red
at t =0 to blue at ¢t = 12. J% and J% remain zero at all points and all times.

Then the relevant parts of J* for understanding the equations of motion to order k3 are

J% = ap+ x| froz,

J* = —olewdafron-

where we have used (2.14) in J**. The equations of motion then become

80 JOZ

mﬂ—r#£+ﬂﬁyﬂ+<ﬂ
X1 X1 XL

J%% = x| froa, (4.50)
JH = _Uf_(azfr()a - aafrOz) - Ué_eab(azfrob - abfrOz)y (4'51)
(4.52)
IR L ol ;02 02l 0b
—oyp | —0; + —0;| J7F + ——€40,0,J" =0,
XL X X1
(4.53)
€ 0?2 OO0,
—ﬁ>@mﬂﬁwﬁwlﬁﬂ+bﬂﬂ:a
X|| X1 X||

(4.54)

All three equations are now coupled. However, there should again be only two independent

modes due to the requirement that the charge density is divergenceless. Indeed, acting with
0, on (4.53) and acting with €.,0. on (4.54), we find that

(80 + D) (Ql) =0, D=
Q2

where
_ 0
QQ = fcaacj a7

1 1
D11 = —O'f' [83 + 82] = O'f'

X1 X||

XL

02 92 k2 k2
Doy =0y <Z+“> =0y <Z+Xa ,
I

XL X| X1

1 1 o+ o+
@+%L Dig=——29% = "2}?
XL

D11 D12
Doy Dyy )’

Ql = 8a<]0a = _8ZJOZ7

X|| X1

Doy = _ L [afaﬁ + 0“85] = XlJ_ [afkf + a”kg] .

XL
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Requiring that the determinant of the coefficient matrix of the system of equations (4.55)
vanishes, we obtain the dispersion relation

B —z'DH + Doy + /(D11 — D22)? +4D12D2)
2

i - I - 1\ 2 1\2
ST ST (AR o PPN Y (U o RS o R PPN GV P
X1 2\x1  x 2\ \x1 x X1 X||

The quantity inside the square root of (4.60) can in principle be negative, and thus the right

(4.60)

hand side of (4.60) can contain a real part.

4.2.2 Real time evolution in the D2 case

Similar to the discussion around (4.32) and (4.33), we can decompose a general initial charge
density in momentum space along two modes &' and &2, which can be deduced from the
eigenvectors of D. The dispersion relations w; 2(k) for these modes are given by the two
values in (4.60).

For an initial condition pointing entirely in the pu; direction, the new contribution to
the equations of motion from o3 does not lead to any new effects, and we still see isotropic
time-evolution without any change in the direction of the charge density.

If we consider an initial condition with a Gaussian cylinder along the y-axis and pointing
in the y-direction as in (4.37), we now see qualitatively new effects in the time-evolution
compared to the D1 case. Unlike in the evolution for that case, shown in figure 1, we now find
in the presence of ag that J% and J% both develop non-zero values under time-evolution
and subsequently diffuse. See figure 4.

As another example with a striking difference from the case with all discrete symmetries
preserved, consider the initial charge density pointing in the y-direction and with a cosine
dependence on the z coordinate, as in (4.45). Now since J°® is dependent only on z and
J% = 0, the dispersion relation from (4.55) simplifies, and we have

€L L
+
iwk? (4.61)
XL

which can also be obtained by setting k, — 0 in (4.60). The corresponding modes in this
case also become simple, and are given respectively by

& =(1,4,0), &2 =(1,-i,0). (4.62)

Decomposing the initial condition (4.45) along these modes and evolving in time, we see a
“circular diffusion” pattern with a complex diffusion constant,

JY(t,x) = Jp cos(Kz) e~ DIkt [— sin <U2K2t> 0" + cos <02K2t> 5”4] . (4.63)
X1 XL

This time evolution is shown in figure 5 and 6, and should be contrasted with the simple
exponentially decaying behaviour in figure 3 for the theory with all discrete symmetries
preserved, where we see no change in the direction of the charge density.
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Figure 4. Evolution of the different components of J% with the initial condition in (4.37) in the D2
case, with a Gaussian density centered on the y axis and pointing in the y direction. This should be
compared to the simple evolution for the same initial condition in figure 1 in the D1 case.

5 Corrections to diffusion at cubic order in momenta

So far, we have analysed the two possible types of diffusion behaviours resulting from the
effective actions up to weight 2. In this section, we will discuss the weight 3 terms that are
relevant for the linear response theory. Like in the discussion at the beginning of section 4,
we will consider the equations of motion up to linear order in f,o; and set a-fields to zero
in the constitutive relations. This means that in the most general effective action (A.13) of
appendix A (before assuming any particular choice of discrete symmetries), we can ignore
the C,Q, R, S, T terms, and consider

£(linear) — E(Q) + FijkGaoiajGTOk (5.1)
+ MijiGaoiGaji + NijrGajr00Groi + OijeGa0idoGrjk
+ UijklmGaijakGalm + ‘/ijk’lmGaijakaoGrlm + mjklmaoGMjakGalm. (53)

In all cases, the KMS conditions will determine the tensors U and W in terms of V', and M and
N in terms of O. The precise relations, and whether some of the tensors (or their even and odd
parts under G,o; — —Gpro;i) get set to zero, will depend on the choice of discrete symmetries.
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Figure 5. (Left) Evolution of the initial condition in (4.44) in the D2 case, as dictated by eq. (4.63),
with the choice of parameters o3 /x 1 = —4D)| and in units of D = 1/4, Jo = 4 and K = 1. We plot
the dependence of the charge density components J°% and J% along the z-axis. Different instances of
time are plotted as different colors, organized according to hue — from red at ¢t = 0 through yellow,
green and towards blue at t = 12. (Right) The components J% and J% plotted at z = 0 for different
times, which are represented by the same color coding as in the left panel. At t = 0, the charge density
is aligned with the y-axis (cf. eq. (4.44)).

Figure 6. Decaying circularly polarized J% in the D2 case is plotted for the same parameter choice
and units as in figure 5. Different values of z are plotted as different colors for half a period of z € [0, 7]
with hue running from red at z = 0 to blue at z = 7.
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The general correction to the constitutive relations from (5.1)—(5.3) takes the form

IO = Ji3) + (Fijk + 204139 Grok, 54)
T = J3) + 2Nyi100Gror + 4(Viijikiim] — Wiimikisg)) 960G rom, (5:5)

where J(“Q’; refers to the constitutive relation from the weight 2 terms in the action, and we
have used (2.14) and kept only linear in fo; terms.

Let us now write down a general expansion for each of the independent tensors F, O,V
appearing above, separating the terms which are even and odd under G,o; — —G,o;. (Note

that for instance F' = F(©) 4+ F(©)) Below all small alphabets other than the k; will refer

2

70i» and the k; are arbitrary real constants. We use the

to arbitrary real functions of G
notation &; = €;j1Grok-
Due to the KMS conditions in all cases, Fj;;, is antisymmetric under exchange of 7 and

k. The even and odd parts of the most general tensor of this kind are

FZ(JCI‘Z = k1 (=€;Grok + €k Groi) + k2Grojéin, (5.6)
Ffﬂf) = kS(Gr0i5jk - Gr0k5jz‘)~ (5.7)

Next, consider the terms in (5.2). We can expand

0L = 11Gyo;0i, (5.8)
OZ(;])€ = lQGy-Oigjk + lgeijk. (5.9)

The same set of tensor structures appear in Ni(jolz’(e) and Mi(]f),z’(e), with coefficients that are
related to those in O in a way that depends on the KMS transformations. Finally, consider
the last line of (5.3). We have

Viﬁ)zm = V1€ik€jim + (V20101m + V305mOk1) Groi + (V4046 jm + V5€i5€1m) Grok
+ v6Gr0iGrokGroidjm + v7Gr0iGroiGromd;ik, (5.10)
and
‘/ig'i:)lm = V80k1€ijm + V90km€iji + (V100jkE1m + V11€jk01m + V12€jm k1) Groi + V13€:0k1Grom
+ v14Gr0iGrok€jim + V15GrokGroi€ijm + v16GrokGromeiji + vV17Gr0i Grok Groi€im.-
(5.11)

U and W have a similar structure, and the coefficients are related to those appearing in V.

By relating various terms above or setting them to zero according to the KMS conditions
given in appendix A, (5.6)—(5.11) together with the constitutive relations (5.4)-(5.5) can be
used to obtain dispersion relations w(k) up to cubic order in k for the different symmetry
classes. More explicitly, we can invert the constitutive relation for J% coming from (5.1)—
(5.3) to obtain an expression for f,o; in terms of JY up to first order in spatial derivatives,
generalizing (4.50). By substituting this expression for f,o; into the constitutive relation
for J¥ and using the current conservation equation (1.1), we get an equation involving
various derivatives of J% up to weight 3, which can be used to derive w(k). The resulting
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expressions are complicated in general and we do not write them down explicitly here, but
they can be simply worked out using this procedure for any particular application. Note
that since there are no weight 3 terms in Lo, Lp_ 7, and Lp_ 7, the dispersion relations
in these cases will not be corrected at cubic order. In the remaining cases, some of the
tensors appearing in the above expressions can drop out of the dispersion relations due to
cancellations between different terms in the equation of motion, even if they naively appear
in the effective action and constitutive relation.

6 The symmetry-broken phase with relativistic invariance: the Maxwell
theory of electrodynamics

Let us now turn to the setup where the one-form symmetry in the fluid is spontaneously
broken. As explained in [3], the effective field theory for a fluid with a spontaneously broken
symmetry can be formulated in terms of the same set of dynamical fields that appear in
the symmetry preserving phase, with the difference that we no longer impose the diagonal
gauge symmetry which allowed the different fluid elements to transform independently. In the
one-form context, this means that we should write down an effective action in terms of the
fields (2.4), but without imposing (2.10)—(2.12). Anticipating that we will set the external
sources by, to zero so that G,,, and Gy, are both small, let us write down the “ar” part of
the effective action to quadratic order in G, and zeroth order in derivatives:

Lsp = aGa0iGroi + b€ijkGaijGrok + c€ijtGa0iGrik + dGaijGrij- (6.1)

If we further impose Lorentz-invariance, we must set d = —a/2 and ¢ = —b. Then we get
Lon = ~5GunG + S eupaCL G (62
= 3G Gl +b Go G, (6.3)

where we have used the flat Minkowski metric with the mostly positive signature, and GTW
is the Hodge dual of Gy,

1
Gruv = 56,“,,)0(?5”. (6.4)
This leads to the following two-form current:
JH = —aGH 426G (6.5)

The relativistic effective theory with a broken one-form symmetry, expanded to leading
order in derivatives, is thus precisely the Maxwell theory of free photons (see also refs. [34-36]).
Note that, so far, we have not imposed any discrete symmetries, which is why the current
has two independent pieces. In the standard language, the effective action is
FWF’“’> : (6.6)

1 1
_ 4
5= [ (~ gl + 5
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where F},, = 0,a, — 0ya,, is the electromagnetic field strength and its Hodge dual is Frv =

%e‘“’ P9 F,. In terms of our effective action, we can either choose to identify

Guw =Fu or G, =F,. (6.7)

Using the definition (2.4) in the absence of an external two-form b, we thus conclude that
the Stueckelberg field A, is either the photon a,, or by writing ]*:'W = 0,0, — 0,ay, the
magnetic photon a,. The hydrodynamic gapless mode has become the Goldstone mode of
the spontaneously broken one-form symmetry: the photon. This is precisely analogous to
the situation with a spontaneously broken zero-form U(1) symmetry discussed in [3], where
the symmetry-broken phase is a superfluid.

7 Conclusions and discussion

In this paper, we provided a general classification of the effective actions for hydrodynamic
modes associated with a one-form U(1) symmetry, in a probe limit where the dynamics of
the one-form charge density is decoupled from that of the energy-momentum tensor. We
studied the two possible types of diffusion that can be exhibited by such a system depending
on whether or not it involves a charge conjugation symmetry, deriving both the dispersion
relations and the real-time evolution of various initial configurations. We presented the terms
that can give corrections to the dispersion relations at cubic order, which take different
forms depending on the precise discrete symmetries present in the system such as parity,
time-reversal, and charge conjugation. We also derived the effective action in the case where
the one-form symmetry is spontaneously broken, and showed that it reduces to the Maxwell
action, providing an explicit realization of the idea that the photon is the Goldstone boson
associated with spontaneous breaking of a one-form symmetry.

One physical application of these effective actions, which we discussed in detail in [1], is
to the case of neutron stars. An interesting future direction would be to find other concrete
physical realizations of the various discrete symmetry classes discussed in this paper, for
example in various exotic condensed matter systems. While the weight 2 terms in the
effective actions fell into just two cases for all discrete symmetry cases, the weight 3 terms
can further distinguish the hydrodynamic behaviours for the different discrete symmetries at
next-to-leading order. It would be interesting to better understand the physical consequences
of the various weight 3 terms, both for the dispersion relations and for the real-time evolution
of initial charge densities.
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A Deriving the effective actions

As discussed in the main text, when doing the derivative counting, we should assign weight
2 to 0y, weight 1 to 0;, and weight 0 to Gr;. Under this assignment, Gij, Gaoi, Gaij have
respective weights —1,2, 1. Recall that each term in the action must have at least one a-field,
and that G;;; can appear either as dyG;j, which has weight 1, or H,;;, which has weight
0. H,iji can therefore appear an arbitrary number of times. For the purpose of finding the
dispersion relations, we can set external sources to zero, so we will not explicitly write down
terms involving H,),,. Recall that in the absence of external sources,

00Grij = 20;Groj,  Hoijr = 0. (A.1)

The form on the lL.h.s. will be more useful for the purpose of imposing the dynamical KMS
relations, so we will not write down explicit terms involving 9;G,; in the action. Note that
we should explicitly include terms involving the symmetric combination 9;G,;).

In the expressions below, tensors such as B;j, A;, D;ji;, and so on are all constructed
from arbitrary combinations of Gyo;, d;5, and €, and have weight zero. We can see under
the above constraints that the only term of weight 1 that can appear in the action is

LY = Bi;Gaij. (A.2)

The terms of weight 2 are:
LP = A;Gaoi + DijiiGaijGart + PijiiGaij00Grit + EijinGaijOGron- (A.3)

The terms of weight 3 are:

L®) = Fj3Ga0i0;Grox
+ KijkimGaij o0 Grom)
+ Lijktmn Gaij a(kGr0m)3(1Gr0n)
+ Mk Ga0iGaji + NijiGajr00Groi + OijkGa0iOoGrjk
+ Uijkim G aijOkGaim + Vijkim GaijOk00Grim + WijkimO0Grij Ok Gaim
=+ CijklmnGaijGakla(mGTOn) + QijklmnijaoGrkla(mGTOn)

+ RijklmnGaij Galeamn + SijklmnGaij GaklaoGrmn + ,TijklmnGaijaoGrklaoGrmn~
(A.4)

Let us now impose invariance under the various dynamical KMS transformations to the
above actions. For this purpose, it is useful to divide each of the above coefficient tensors
into a part which is even and a part which is odd under G,o; = —Grp;. We will label
these parts with (e) or (o) superscripts. We will see below that the only terms that can be
written down in A;; and B; are odd, and Djj, is purely even, but all other coefficients can
in principle have both even and odd parts before imposing the dynamical KMS conditions.
In (A.2)—(A.4), we have written all terms whose KMS transformations can cancel with each
other in a single line. For the terms which appear by themselves in a single line (i.e., they
cannot combine with other terms to satisfy the KMS conditions), the part which changes

— 31 —



sign under the KMS transformation (which can be either the even or the odd part depending
on the symmetry) must be set to zero. The remaining terms, which do not change sign, can
be non-zero if there is a way for the change under the KMS transformation to combine into
a total derivative of the form 0,X* for some vector X*. Note that the W term is related
to the @@ and T terms by integration by parts, but it is useful to write it separately for the
purpose of imposing the KMS conditions.

Let us first discuss the KMS conditions which apply in all four cases (2.27)—(2.28). In
the points below, all coefficients labelled by small alphabets can be arbitrary functions of

G%Oi, and we introduce the notation &; = €;;1G ok

1. Bj; can be expanded in the most general case to
Bz'j = bgij. (A5)

Under KMS; and KMSj;, this term changes sign, and hence must be set to zero. Under
KMS;;; and KMS;y,

be; i1 GrokGaij — b€ijiGrokGaij + beijxGrokOoGrij. (A.6)
The second term cannot be written in the form 9, X", so we set b = 0 in all cases.

2. The most general form of A; is
A; = aGro;. (A7)

Under any of the four KMS transformations, this term transforms as
aGr0iGavi = aGr0iGaoi + aGroi00Groi- (A.8)
The second term is always a total derivative,
]‘ 9 / /
aGr0i00Groi = iaoa, ag) = /0 dg'a(g’). (A.9)
so this term is present in all cases with an arbitrary coefficient a.
3. The most general D;jj; terms are
Dijr = i(d 001 + d &Ek1)GaijGani- (A.10)

D;jr; and Pi(fk)l transform in the same way under all four KMS transformation (2.27)-
(2.30), and from this transformation we get the constraint
P = ig,D. (A.11)
Z-(jo,gl consists of a single term
P, = pdui, (A.12)

which transforms differently in the different cases, and the KMS conditions for this
term will be discussed below.
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4. The Ejjii, Kijkim, and Ljjiim, terms are always set to zero by the KMS conditions.
Either the even or the odd part of these terms will change sign under each KMS
transformation and hence be set to zero. The remaining part contains a new term
which cannot in general be combined into a total derivative.

Based on the above conditions, the effective Lagrangian £ up to weight 2 is always
given by either (3.15) or (3.16). The general form of the weight 3 part of the Lagrangian is

£® = i1k Ga0i05Grok
+ M;j1Ga0iGaji + NijGajr00Groi + OijkGa0iOoGrijk
+ Uijkim G aijOkGaim + VijkimGaijOk00Grim + Wijkim00GrijOkGaim
+ CijkimnGaijGakiOmGron) + QijkimnGaijO0Gri1OmGron)
+ RijktmnGaij GakiGamn + SijkimnGaij GakiO0Grmn + Tijkimn G aij 00 Grii 00 Grmn.-
(A.13)

We will analyse the KMS conditions further in each of the four cases.

A.1 Invariance under KMS;

In this case, the KMS transformation is

KMS;:  Gaoi(—t,x) = —Gaoi(z) — i8000Groi(),
Gaij(—t,%) = Gaij(z) + iB000Grij (),

r0i(—t,x) = —Groi(z),

G
Grij(—t,x) = Grij(z).  (A.14)

We get the following conditions on L£;:°

p is unconstrained, (A.15)
F©) =, (A.16)
F©) is a constant independent of GZ;, and Fz(ﬁz = —F, ,5;2, (A.17)
M) =, (A.18)
o) = _N(©), (A.19)
00 — N — 10} (A.20)
2 )
U =, (A.21)
Ve = _w) (A.22)
v© — @ — Py (A.23)
2 )
Q) =ipyC), (A.24)
c) =, (A.25)
Qg;l)clmn = _Ql(;‘ijn’ (A26>
© — 35 RO @ — _ B8 po
S = §ZIBOR s T = —?R y (A27)

5Note that the constraint we find on F(® here, and other similar constraints on F in other cases, are one
possible way of ensuring the KMS conditions, but might not be the most general solution.
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R =, (A.28)
T = 5,5, (A.29)

So for this case, we end up with the following Lagrangian:

and

E(ﬁ_) = Fz(fk) Ga0i0;Grok

o .2
+0%) (—lGQOiGajk + GajrdoGroi + Gam@on‘k>

ik Bo
+ OE;])C(GaOiaoGrjk — Gyjk00Gr0i)

e .2
+ %g,ﬁlm (-lﬁOGaijakGazm + GaijOk00Grim + aOGrijakGalm>

+ V;g.?c)lm(GaijakaoGrlm - aOGrijakGalm)
+ C.(O) (GaijGakla(mGrgn) + Z'ﬁoGaij80Grkla(nzGTOn))
+nge-;)dmnGaijaOGrkla(mGTOn)

ijklmn

ijklmn

e 3. 2
+ R (GaijGaleamn + ilﬁOGaijGakla()Grmn - %)GaijaoGrklaOGrmn>

+5%9)

ijklmn

(GaijGakiO0Grmn + 160G aij00GrkiO0Grmn), (A.31)
where we should remember the constraints (A.17) and (A.26) on F(¢) and Q(©).

A.2 Invariance under KMS;y

In this case, the KMS transformation is

KMSrr: Gaoi(—t,x) = Gaoi(z) + 1000 Groi(z), Groi(—t,x) = Groi(2),
Glij(—t,%X) = —Gaij(x) — iBo00Grij(x),  Grij(—t,x) = —Grij(x).  (A.32)

We get the following conditions:

p =0, (A.33)
F is a constant independent of G%y;, and Fyx = —Fjj;, (A.34)
M =0, (A.35)
O =—N, (A.36)
V=W-= %U, (A.37)
Q =1ioC, (A.38)
3 2
S = 5zﬂo}z, T = —703, (A.39)
from which the Lagrangian is
2 2
L) =¥, (A.40)
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and
Eé?% = FijkGa0i0;Grok
+ Oijk(Ga0iO0Grjk — GajrdoGroi)
L2
+ Vijkim (—Zﬁo
+ Cijktmn(Gaij Gak1OmGron) + 180G aijO0GriiOumGron))

GaijakGalm + GaijakaOG'rlm + aOGrijakG'alm>

3. 2
+ Rijklmn <GaijGaleamn + ilﬁOGaijGaklaoGrmn - @GaijaoGrklaoGrmn> )
(A.41)

where we should remember the constraint (A.34).

A.3 Invariance under KMSyyr

In this case, the KMS transformation is

KMSyr : Ga,u,l/(_ty _X) = Gauu(x) + i/BOaOGT[AV(x)ﬂ GTMV(_ta _X) = GTNV(‘T)' (A42>

In this case, we get the conditions

p=0, (A.43)
F =0, (A.44)
O:N:%%L (A.45)
U=0. (A.46)
W=—V, (A.47)
=0 (A.48)
Qijklmn = _leijmn7 (A49>
3. 4
We find that
L&p 7 =L, (A51)
and
L2
ﬁ((;?;;g: = Ojji <_Zﬁ0 Ga0iGaji + Gajr00Groi + GaOia()Grjk>
+ Vijkim (GaijOk00Grim — 00GrijOGaim)
+ QijktmnGaij00Gri1Om Gron)
3. &
+ Rijklmn GaijGaleamn + E'LBOGaijGaleOGrmn - ?Gaija(]GrklaoGrmn .
(A.52)
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A.4 Invariance under KMSry

In this case, the KMS transformation is

KMS/v i Gop(—t, —%) = =G () — iB000Gryw (), G (—t, —X) =

We get the following conditions:

p is unconstrained,

F© =0,
F©) is a constant independent of G2y, and F},
M© =,
0 = _NO
0© _ N _ o
2 ?
U =o,
Ve = e

V) _ o) — 250 0 170),
Q) = iByC'),

) =y,
ngklmn - lezgmn’

62
g0 _ 51-50 RO, 10 = PR

R =0,
T = iy 5®

The Lagrangian is then
2 2
L5 = Loy,
and
P S We
P_T_ DPOik€51GaijO0Grkl

Fz(Jk)GaOiaj Grok

e .2
L o® ( s —G0iGajt. + GajrO0Groi + GaOiaoGTjk’)
0

ijk

+ OZ(]])Q(GaOiaOGrjk - GajkaoGrgi)

o .2
+ V4 (_ZBOGaijakGalm + GaijOk00Grim + 30Gm'j3kGazm)

ijklm

+ V( ) (Gal‘jakaoGrlm — 80GrijakGalm)

ijklm

+cl) (GaijGaktOmGron) + 1B0Gaij 00 G rk1Om Gron))

ijklmn
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+ QZ(‘;‘)])glmnGaij 90G k19 Gron)

3. 2
+ Ri;lz:lmn (GaijGaleamn =+ QZBOGaijGaklaOGrmn - @GaijaoGrklaoGrmn>
+ SZ'(;]z;lmn(GaijGakla[)Grmn + 180G 4ij00Grki00Grmn)- (A.70)
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