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1 Introduction

Field theories in 2+1 space-time dimensions describe the dynamics of a large variety of
systems, ranging from the low energy dynamics of two-dimensional branes in string theory
to many condensed matter systems such as graphene, thin films of superfluids, Quantum
Hall systems and possibly high T, superconductors. Despite the fact that these systems
differ in their details, one can use symmetries in order to derive Ward identity relations
applicable to all of them.

In a previous work [1] we used Ward identities corresponding to area preserving and
conformal transformations to derive relations between the Hall conductivity and viscosity in
systems with broken parity and time reversal invariance. We also derived a relation between
the angular momentum density and the Hall viscosity in gapped systems. In addition, the
relation is shown to be valid in the presence of massless Goldstone bosons separated by
an energy gap from other excitations. In this work we will extend the analysis and derive
relations between the shear and bulk viscosities and the conductivity. We will consider
the Ward identities for general linear transformations, that include the area preserving
transformations and dilatations as special cases. We will consider translation invariant,
as well as broken translation invariant cases, and include an external magnetic field. Our
analysis extends the work of [2] for Galilean invariant systems to relativistic systems, and
to systems without boost invariance, such as Lifshitz theories. In the relevant limits, our
general results agree with effective theory relations of incompressible Hall fluid, and with
holographic calculations in a magnetically charged black hole background.



An outline of the paper is the following: starting from general linear transformations,
we derive a Ward identity (2.13) in terms of retarded correlators and equal time commuta-
tors. In the general case, the momentum and current operators are taken to be independent,
as in section 2.1. After evaluating the equal time commutators, the Ward identity relates
the retarded correlators to one point functions (2.18). By imposing rotation and translation
invariance, we derive the Ward identity (2.23), valid for general frequency and momentum.
We find agreement with previous holographic computations in magnetically charged black
holes [3-5].

We consider Galilean invariant systems in section 2.2. The Ward identity that relates
the retarded correlator of the current to the expectation values of charge and angular
momentum is written in (2.35). From the general form we derive the Ward identities (2.39)—
(2.41) in the cases where the system is rotation and translation invariant. We then consider
the special cases with zero magnetic field (2.42) and non-zero magnetic field but small
frequencies (2.43). We check that our results agree with the results of [2].

Systems with broken translation invariance are separately considered in section 2.3.
There are more terms that contribute to the Ward identity, proportional to derivatives of
one-point functions. The Ward identity for a Galilean invariant system is given in (2.48).
At zero magnetic field it reduces to a simple form (2.55) if there is rotational invariance.
At zero frequency, we obtain a set of simple relations (2.56) among viscosity, pressure and
angular momentum. In the presence of magnetic field, the corresponding Ward identity and
the relation among transport coefficients becomes more complicated as (2.63) and (2.65).
We list the general Ward identity formulas with(out) Galilean invariance in A.1 (A.2),
which are valid for the systems with rotation and time translation invariance.

2 The general Ward identities

In a Galilean invariant system one can derive general relations between viscosities and
conductivities by acting with time derivatives on correlators of the current [2]. In rela-
tivistic systems, or in general systems where current and momentum are independent, the
equivalent relations should be derived from correlators of the momentum (or rather the
momentum density 7). Therefore, we will be interested in deriving relations between
transport coefficients from

Il = 8,4, [i@(t —9) <[T0ﬂ' (t,z), TOl(f,a:-)} >} . (2.1)

Note that, before introducing any explicit form for the correlators, the relations that will
be derived from the Ward identities are completely general, and will apply to any field
theory, independently of whether it has an effective fluid description or not. For instance,
they can also be used for states with broken translation invariance, that at low energies
can behave as elastic media.

Since we will be interested also in Quantum Hall fluids, we will include in the analysis
an external magnetic field. When the magnetic field is non-zero there are some subtleties
that have to be taken into account. For a constant magnetic field the state is isotropic,



but the energy-momentum tensor is not conserved
0,T+ = Be',J". (2.2)
Therefore, the standard angular momentum is not conserved, d¢L # 0, where
L= / d*z ez T (2.3)

Nevertheless, for a constant magnetic field it is possible to define an angular momentum
operator that is conserved

. B .
Lp = /d2$ €’ <T0J - 2e]n:v”J0) . (2.4)

The density J° is the generator of global U(1) transformations, so the conserved angular
momentum generates a combination of geometric rotations and ‘gauge’ transformations on
states. We identify

. . B .
Ty = T% — Eeznx",]o. (2.5)
as the generators of spatial translations in the presence of a magnetic field. We have

presented more details and particular examples in [1].
We will use the following shorthand notation for energy-momentum tensor and current

correlators
Gwaﬂ—zea ><[Tﬂ”tm Ta% 8)]), o =i([re), 17 3)] ),
e —ie(t— 1) ([T (), o E8)]), O =i ([T (), (L E),  (26)
Gﬂaﬂ—z@(t )<[Jﬂta; Taﬁ( z)D omeb = [Jﬂ(t,x),Taﬁ(t,ﬁ)D,
=iO(t —t) ([J'(t,z), J*(,&)]), CH* = i ([JH(t,x), J*(t,2)]) .

The Gs are retarded correlators, while the Cs are equal time commutators. Since we
are defining the correlators with a general dependence on the spatial coordinates, we will
include in our analysis states with broken translation invariance. We will assume, however,
that the ground state is time translation invariant. Similarly, we will use the notation Cp
for commutators involving the operator (2.5). We will also use the following notation for
the delta functions in time and space

§=6(t—1), & =80t—-1), 6,=6%(x—2). (2.7)

One side of the Ward identity is = &gétGole , and the other side can be obtained
by taking the time derivatives and using the conservation equations (2.2). We obtain

Ijl _ _5/00]'0[ - (5(8,5 - ét)coj()l
+ 0y G — Bél, 9,V — B 0,G™ + B2 € G
—5'CY0% _ 5(8, — 9,)CY 1 §Bel ,Cm O — §BE!, CYI™

+ 0,0, G™™ 4 Bl 0,G™Y + B 9,GY™ — B2 € Gnm



o4 ojor , 1 njol & ~0jmi B i ol 1 ~0m
50— 21) (50 ) + 50 (anc O C ) 05 (e omOl o )
+ 0,0mGM™ 1 Bl 0,G™MY + B 9,G9 — B2 € G (2.8)

We perform a Fourier transform

/d et (t=t) it (2.9)

The Ward identity can then be written as (we also use G for the Fourier transform with
respect to time)

WG _jwBel, GO 4 iwBe, G 4 B €, G

B

, B
5 6jncvn,Ol l

S € mC - On O G

(2.10)

. 1 . ~ .
— iwCO]Ol + 5 (anCnJOZ _ 8m00jml> +

We will make use now of the fact that Tz is the density for the generator of translations,
and write the following operator identity for the equal time commutators with T

i[TY (x), 0&)] = 0;0(x)d, , (2.11)
where O is any operator. With this identity we can simplify the contact terms
‘ : B . . .
OnC™% = 0, O™ + el 30,00 = 0,05 = ~ 010, (T™) 6,

2.12
A 0jml __ A 0gml B i A 0ml __ A4 Ojml __ o ml ( )
O O™ = By, O™ 2 a0, OO = B, O™ = 0,0, (T

where we used the fact that the equal time commutators with the charge density .J vanish.
Finally, the Ward identity takes the form
W2GUI0L inejnG”’Ol + inelmGoj’m + BQEjnelmG”m

B . B A . A
_ iwCO]Ol + §€jn0n,0l - §€lm00],m + 8namGn]ml (2‘13)

- % (000 (") + 0,0 (T™ )] 6.
2.1 The general case

We will study first the Ward identity when the current operators J* and the momentum
operators T% are independent. We can simplify the contact terms (CTS) on the right hand
side of equation (2.13) as follows. First, we rewrite the equal time commutator using Cp
with (2.5), followed by the operator identity (2.11), and we get

CTS = szf_éfOlJr 2B |2y + e iy +§ [, O — e, om]
-5 [&@ (T + 0;0,, <Tml>] 5,
—iw |0 (T8 ) = 0 (T )] &, i“;B[ 20, (J0) = 29, ()] b

_ g [0 (77 + €05 (7)) 62— [anal (179 + 0,0m (7)) 5.

(2.14)




Second, we simplify the last expression by introducing the explicit form of Tz (2.5) and
grouping terms

CTS = iwel [€",0, (T°™) + B (J°)] 6,

. % [@(an (T") + Be,, (J")) + 0;(Om <Tml> LB ()] 6 (2.15)

If the angular momentum is non-zero and there is rotational invariance, the expectation
value of the momentum density should take the following form:

(T%) = %ei’“akeT. (2.16)

For a homogeneous system with a boundary, this will become a momentum density at the
edge. In addition, there can be a non-zero magnetization

(J'y = %o, M. (2.17)
Introducing both expressions in (2.15), the Ward identity becomes

Ww?GUY _jwBe MO 4 iwBe, GV 4 B € G

— jwell [—;82@ +B <J0>] 0g + OpOpy G™I™ (2.18)
1 nj ml
= [al(an (T"3) — BO;M) + 0; (O <T > . BalM)} 5.

In addition to the terms that appear due to the conservation equation of the energy-
momentum tensor, there are several contributions from contact terms that affect the re-
sponse of the system to external sources. The terms in the last line do not contain factors
of w, thus they are associated with the response to static changes in the spatial metric, i.e.
to the elasticity tensor. If there is rotational invariance, the expectation value of the stress
tensor will be of the form <Tij > = pd. If the stress correlator is approximately a function
of £ — &, such that we can perform a Fourier transform, we find the following additional
contributions to the momentum-dependent correlator that are needed in order to cancel
the contact terms in the Ward identity!

G ~ —(p — MB)§™ 5™, (2.19)

These are bulk terms: the pressure term and the inverse compressibility term k! = M B =
B g—g that appear in the one-point function of the hydrodynamic stress tensor [2, 6-9]. Note
that the expectation value of the stress tensor as defined from the variation of a generating
functional differs from the expectation value of the stress tensor in flat space that we defined
above, the difference being the additional term proportional to the magnetization. In order
to define the viscosity tensor, these terms are subtracted from the correlator [2, 8].

'For simplicity we consider the magnetic field to be constant.



2.1.1 Case with translation invariance

We begin with the simplest case where the system is in a homogeneous state. In this case
the expectation values of operators are independent of the position, and the terms with
derivatives in the contact terms will vanish. The Ward identity reduces to

WG w,x — &) —iwB .G (w, 2 — &) + iwBe G (w,z — &)

5 i ” . - (2.20)
+ B2 e, G" (w,x — &) = iwe! Bidy, + 0p,0n G (w, 2 — &),
where n = <J 0> is the density. We Fourier transform with respect to  — &
v N d2q iq-(x—&) v
G" (w,a: _m) = v G" (waq)v
(2m)?
(2.21)

Guuaﬁ(w o —{i‘) :/ qu 6iq-(x7:i:)G,uua5(w q)
) (27_[_)2 ) *

Since we assume rotational invariance, the Fourier transform of the stress tensor correlator

can be expanded as

anml(qu) = —iw |:7] <5nm5jl + 5nl(5mj . 5nj6ml) + Cénjéml

(2.22)
+ nﬂ( nméjl nl(sjm jm(snl jl(gnm
5 (€ +e +e +e ),
where 7, ¢ and 7y are in general functions of w and q.
The Fourier transform of the Ward identity reads
Ww?GY% . q) —iwBe,G™ (w, q) + iwBe ,,G%™(w, q) (2.23)

+ B% €. GV (w,q) = iwe B — iw(@*nd! + (¢ ¢ + nug?et).

It is instructive to compare the Ward identity to other calculations in the literature. We
are not aware of an example where both the viscosities and the finite momentum current
correlators were computed in a relativistic system. However, we can compare with the
results of Hartnoll and Kovtun [3] at zero momentum g2 = 0. They computed the current
correlators for the holographic dual of a magnetically charged black hole in asymptoti-
cally AdSy spacetime. In the 2 4+ 1 dimensional field theory this implies that there is a
non-zero background magnetic field turned on. According to our derivation, the leading
contributions at low frequencies to the current correlators should match with the contact
term oc Bn. From their equations (48) and (50) in [3], the current correlators are

G"" = iwﬁe”m GO — iwﬁenm Gmom — iw?ie”m. (2.24)

B 2B 2B

We see that G™™ matches directly with the contact term. The expressions for GY™ and
G™9 in the Ward identity give a term such that

W2G0j01(w,0) - 35w25jl + BZEjnelm Gnm(w’o) - iwgenm + O(w3) =0 (2.25)



From the conservation equation of the energy-momentum tensor at zero momentum

G"™(w,0) — M%e 2236 5" 4 O(w?). (2.26)

So there should be a term in G%% of the form
) 3
GY%w,0) = 555‘” + O(w). (2.27)

Comparing to holographic results, equation (55) in [4], we see that this is what we will find
by absorbing the contact terms in the energy-momentum tensor correlator. A discussion
of contact terms in the holographic calculation can also be found in [5].

2.2 Galilean invariant case

Let us compare our result with those of Bradlyn, Goldstein and Read [2] in the special
case where there is Galilean invariance. For a theory with Galilean invariance we impose

the operator relation
T% = mJt. (2.28)

Then, the Ward identity (2.13) reads
2 {w25¥15£n — iwweel 0L+ iwwee, 00 + wel € ] G"m

We

<Wsﬂcsl 4 Yo Y - ¢

¢ 5J>C"m + 0p Dy GMI™ (2.29)
-5 [anal (T + 0,0, <Tml>] 5s )

where we defined the cyclotron frequency as w. = B/m. We introduce the tensors

Q= zw(5 + wee' 5 Q' = —iwd) + wee';. (2.30)
They have the following properties
Q08 = (w? —wl)sh, Q.08 = (w? — w?)dl. (2.31)

We can rearrange the terms in the more convenient form

2

, (2.32)
=5 (020 (T"7) + 0,0 (1) 5.
The equal time commutator gives (using C% = 0)
nm num B n S m B m’\S n,
m2 C _ C% 0 5 CO 0 + 5 C% 0
< > m< o §€n8x50m <JO> + gen;xsan <JO>:| 5:13 (233)

= [0n(T"™) = O (T™) + BE™ (J7)] 6,



Since we assume rotational invariance, the one-point function of the momentum density
should take the same form as in (2.16). Thus, the equal time commutator becomes

m? C"" = B (€™50p — €"50y,) Oslr + "™ B <JO>} Oz
. (2.34)
_nm |_ 92 0
=c [ 50 lr+B{J >] Oz
This leads to
m2Q QL G = (—w ! + iwelt) [—10% +B <JO>] 8z + 00, G
2 (2.35)

- % (0200 (T77) + 0,0, (T™)] 6.
2.2.1 Case with translation invariance
The Ward identity is simplified to
m2, QL GV w,x — &) = (—wed! + iwe) BR 6y 4 0,0, G (w, x — &), (2.36)
which becomes, after a Fourier transformation in space
m?Q O G (w,q) = (—wed?! + iwe) Bi + ¢ngmG™ ™ (w, q). (2.37)
The stress tensor correlator can be expanded as in (2.22). This leads to

m* Y, QG (w,q) = (~wed”! + iwe’) B — iw(g®nd”! + (o’ q + nrg?e)

. . . . 2.38
= W, "B —iw(@®nd" + ¢ ¢ + nugel). (2.38)
If we contract with Q¢ j and le, we find
m?(w? — w?)2G* (w,q) = (W? — w?)(iwe* 4+ w.6%)Bn
— iwg? [77 ((w2 + w?)otk 4 2iwcweik) +nu ((w2 + w?)eth — 2iwcw5ik) (2.39)
+¢ ((w2 — w2)—qiqk + we(wed™* + iweik)ﬂ
(& q2 C C .
We identify the following form factors in the current correlator.
G = 56" + €™ + T2¢'¢" + M2 (€"gnd" + € g0 d"). (2.40)
From the Ward identity they can be written in terms of the viscosities as
1 _ iwg® 2 2 , 2
Iy = m [chn . 2 [n(w + w?) — 2iwewnm + wCC] ,
1 o iwg? . 5 9 ,
Il = 55— |iwBn — ——— [2iwewn + (w’ + wi)ng + iwewC] |
m?(w? — w?) w? — w? (2.41)
O, — 1wC
T )
Mpe.=0



Note that these expressions are consistent with Onsager relations G¥(B,ny) =
G'(—B, —np).
We will distinguish two different cases

e Zero magnetic field: when B = w, = 0, the form factors reduce to

. 2 . 2 .
H(s = — ZTIQq 5 H — _an_éq 5 ]._.[q2 - — Zg . (242)
mew mew mew

e Low frequencies: we expand to linear order in w (both ¢ and n may contain
terms ~ 1/w)

= 2
n q
Iy ~— — —iw=
é m ZwBQ (n+€)7
m_ L . ¢ (2.43)
HE ZWE_ZWB2 ,,7H+22w76 T]—i—i .
Hq2 22(&]?

In both cases we are in agreement with Bradlyn, Goldstein and Read [2]. These relations
hold for instance for incompressible Hall fluids, and can be derived in several effective
theory descriptions [8, 10].

2.3 Cases without translation invariance

When translation invariance is broken there are more terms that contribute to the Ward
identity, and are present at zero magnetic field. They have at least two derivatives so
naively they contribute only at higher order in momentum. However, as was shown in [1, 2]
the angular momentum density {7 in (2.16) determines the Hall viscosity in special cases
(gapped and in the absence of magnetic fields).?

The relation was derived using the algebra of linear transformations on the plane. The
generators are

7= / A’z ' T . (2.44)
If the magnetic field is zero, then ng becomes simply 7% . The algebra is
iQ9, QM) = o7FQiL — 51 Q4. (2.45)

The relation to the Ward identity we have derived previously is that the commutator of
linear transformations appears in the integrated form

Tk — /d2 /dQ:l:m PP, &), (2.46)

2The original relation between the two was derived in [11] for Galilean invariant systems using different
methods, see also [12-14].



One can then understand the relation between the viscosity and the angular momentum
because the commutator of two shear transformations is proportional to the angular mo-
mentum density:

[Jilj

g, o QN o Ging = Lp. (2.47)
Where o! and ¢2 are Pauli matrices. The derivation is appealing from the point of view
of physics, since it has a clear geometric interpretation that fits with the Berry phase
calculations [11-14]. However, there are some subtleties in the derivation. First, the
angular momentum density as defined in (2.16) is non-zero only if translation invariance is
broken. Second, the integrals over space need to be regulated. Both can be related to each
other, for instance if the system is in a finite volume, or confined in some way by an external
potential. In order to establish a relation for the Hall viscosity of the homogeneous, infinite
volume system one needs to take a limit where translation invariance is recovered. This
limit does not commute with the zero momentum limit, which has to be taken first in order
to fix the value of the Hall viscosity.

In this context, we want to explore if the Ward identity for linear transformations leads
to more relations that will fix the zero momentum value of transport coefficients. As we
have seen, in the Galilean invariant case the system is more constrained since the current
and momentum correlators are not independent. We will focus on this case, but the result
we will derive for zero magnetic field is also valid for relativistic systems.

For general linear transformations the Ward identity is

. 1
m / d*zd’ '35 QG = Qe / d*xd’% 2’ [—26% +B<JO>] s

/ Pod’s 234 0,0,, G — 2 / Pad® o' i (0,0 (T") + 80, (T™)] 6.
(2.48)

In order to match with the contact terms the stress correlator should take the form
GMIM (), 2, &) = —iwg™ (&, £)6, + O(w?). (2.49)
We can use that
/ Pxd®s '35 0,0,, (7™ 6,)
/ Pads '3 [a B IS, + O™ D8 + Do I D8y + I8,y D6 ]
_ /deanam(xzxk)ﬁn]ml _ /d2 ( —ijkl + ﬁk]zl)

(2.50)

where we integrate by parts the derivative of the delta function and do the integrals over
the delta functions. After doing the similar manipulations, the right hand side (r.h.s.) of

the Ward identity (2.48) becomes
rhs. = " / d’x [—5ikeT+xix’“B<J0>} / d’x (" 7* + 7ty
— 2/d2x [(T 7y M + <T’“J> 5" + <T l> 5% + <T’“l> 53} +O0(w?).

(2.51)

,10,



If there is rotational invariance (T%) = p(z?)6%, and (J°) = n(z?). Then,
; ; z? g N
rhs. = Q7o / & [‘ET + 234 — iw / &z (M + ")
(2.52)

We expand the viscosity tensor as

I = (9767 7% — 6 M ) + G g 4 TR 4 MoTE 1 Ry 4 ). (2.53)
Plugging it back in the Ward identity, we get

. . 2 .. . .
rhs. = Q7 otk / d*x [—eT + “;Bn} — (59 5H 4 57l 5TR) / Pxp
(2.54)
—iw / P’z (2ﬁ5ikaﬂ + C(6% R 4 siliky 4 zﬁHeﬂaik) + O(w?).

On the left hand side we have a term w?G™™ (or wW?GO"9™ in the relativistic case in the
absence of magnetic field). It is possible to argue that this is O(w?) or higher in frequency
if there is an energy gap and no magnetic field [1, 2], or if the only gapless degrees of
freedom are ordinary Goldstone bosons. Otherwise there can be additional contributions
at low frequencies. Keeping this in mind, we will proceed to see what relations can be
derived from the Ward identity.

If we set the magnetic field to zero B = w, = 0, the Ward identity becomes

0 = — iwell 5 / d2xlp — (59 6F  5i iRy / Pxp
o } o . (2.55)
— iw / A’z (2@5”“5]’ + C(6 R 4 sTIRY 4 zﬁHeﬂa“f) + O(w?).

We find the conditions at zero frequency from the Ward identities

/d2x77H(w — 0) = —/d2$ %;
/sz Clw—0)= Z}/szp, (2.56)

lim [ d*ziwj=0.

w—0
The first equation is the relation between the Hall viscosity and the angular momentum
density. The second equation is the equivalent to the pressure term in (3.11) of [2], i.e.
it is the static response to an external strain when the pressure is non-zero. In particular
it determines the response to changes in volume. We can understand its origin using the
generating functional. The logarithm of the partition function is a functional of the external
sources, in particular of the metric

o) — Zlgy) = [ DR, (257)

— 11 —



Where ® denote the fields in the theory. If we modify slightly the metric g;; — gi; + dgi5,
the first order variation of the generating functional is:

sHW = / dtd*z /g (TV) 5g;;. (2.58)

The second order variation includes two kind of terms: those that come from the variation
of the one-point function, and those that come from the variation of the square root of the
determinant, and that correspond to changes in the volume

y g i ki
(5(2)W:;/dtd2$\/§<;gkl <Tz]>_’_%g2] <Tkl>—|—5<T >+5<T >

0g;i0gr.  (2.59
Ogr 0gij ) 9ii09k- (2:59)

For <T i > = pg", the first kind introduce the contact term in the ‘bulk viscosity’.

2.3.1 Non-zero magnetic field

If we contract (2.48) with er and €2, we find
, ‘ 2
m? / dxd?*s 2'3F (W2 — wW?)2G" = (W? — W) (iwe™ + w5 / d’z {—ET + :I;Bn}
+ / d’xd’E 237005 0,0, G — Q7 Q5 (676 + 5157F) / d*xp.  (2.60)

We found that the contact term proportional to <J 0> was also present when translation
invariance is not broken. Since we are interested in the limit where translation invariance
is recovered, we expect the same contributions to appear in the current correlator. Let us
write the current correlator in terms of independent form factors

G"™ = |Ts(z, &)0™™ + I (z, &)™ + 0"0™ 1,2 (2, %)
+ (€m0 + 0™ Dol o (2, £) | 5y + G (2.61)

There should be contributions that compensate the ~ £2 term in (2.60). For configurations
that vary slowly in space, we can do an expansion in derivatives such that the leading terms
are

w

c
2w — )

M5 = Bn + 0,01,

. ) (2.62)
I = Bn+ 8,0,

2 = )

Then,
m2 / de (w2 . w?)? |:251k57‘81—[(($1) + 25ikETSH£1) + (5ri6ks + 5si5k'r’)ﬂq2
+(€ri5ks + erk(sis + esi(s'rk + Eskéri)nq%}
= —(w? — W?)(Iwe" + w5 / dPzly — Q0% (67 5% + 5767F) / d*xp
—iw / A’z Q0% (206" 67 + (67 5™ + 5767%) + 2l 6F) + -
(2.63)

— 12 —



The explicit formulas for the general Ward identities with Galilean invariance are listed in
the appendix A.1.
To lowest order in frequencies

m? / &’z w} [zai’farsng” + 26" I 4 (871675 4 556R )T
F(igks 4 (rhgis g esigrk eskéri)l—[q%]
_ w:cs(srs(;ik/deeT _ wg(%rs(;ik _grkgsi _ 5sk5ri) /d2zp
. iwwg/de(2ﬁ5ik5Ts + E(Qérs(sik _grkgsi _ 5sk57‘i) + 277H6r56ik)'
(2.64)

We get several conditions from equating the factors that multiply each of the tensor
structures:

= 1
m2w3/d2mﬂgl)(w —0)= — /dzm (p +iw( + iwn — 2w0€T> ,
m%f/d?ngl)(w —0) = —/dza:z‘wﬁH,
m2w§/d2m Hpe(w—0)= /d2a:(p+ iw(),

/ 21z (w — 0) = 0.

(2.65)

For non-Galilean invariant cases with magnetic field, we have derived the formula for the
general Ward identities in the appendix A.2.
In the incompressible Hall fluid [2] the Hall viscosity is constant, and

/d%:é = Z}/d%:(p — k). (2.66)

Where x~1 = Bg—g. This will in principle give terms that contribute to the form factor
I,z and H((;l). The values depend on the shear viscosity (or rather the shear modulus).
According to [2, 10] it should vanish at zero frequency for the incompressible Hall fluid
(and on general grounds for any fluid). On the other hand one expects a “shear modulus”
from the variation of the one-point function of the stress tensor in a background metric

(see e.g. [8]), if (T) = pg",

S{TY o
(<5 ) _ gt (2.67)
9kl

However, in the case where the background metric is not flat the Ward identity should
be modified so derivatives become covariant derivatives. Then, in order to properly keep
track of the contact terms due to the variation of the metric, the analysis should be done
with a general metric. We expect that the “shear modulus” terms will drop from the
Ward identities.

,13,



3 Conclusions

We have generalized the Ward identities that relate viscosities and conductivities in 2 + 1
dimensions as originally derived in [2] for systems with Galilean invariance. The Ward
identity in (2.18) is completely general and valid for relativistic systems or even for systems
without boost invariance, and in the presence of an external magnetic field. We have also
explicitly checked that when we impose Galilean invariance our results agree with those
of [2].

When translation invariance is not broken the Ward identity becomes (2.23). This
Ward identity can be derived from the conservation equation of the energy-momentum
tensor, so it has appeared in other forms in the literature before. We have compared with
results in a holographic model [4, 5] at zero momentum and small frequencies. The results
are consistent with each other, once contact terms in the correlators are properly taken into
account. In this regard, a derivation from a generating functional may account for some
of the contact terms in energy-momentum correlators more explicitly than the derivation
we have presented in this paper. Notwithstanding, to the best of our knowledge the Ward
identity has not been used yet to derive relations between viscosities and conductivities in
a holographic model, this would be an interesting exercise for the future.

When the angular momentum or the magnetization of the system are non-zero, trans-
lation invariance is broken. The general form of the Ward identity imposes some relations
between transport coefficients and these quantities. For zero magnetic fields they fix the
value of the Hall viscosity and inverse compressibility at zero momentum (2.56) in gapped
systems. If the angular momentum is kept fixed as the breaking of translation invariance is
removed, this will fix the value of the Hall viscosity in the translationally invariant system,
as was argued in [1] (see also [2]). For gapless systems holographic calculations show that
the Hall viscosity and the angular momentum are not related in general [15, 16]. It would
be interesting to identify which contributions account for the difference using the general
Ward identity.
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A Formulas for general Ward identities

A.1 Galilean invariant case with magnetic field

The equation (2.63) can be written by using the expression of Q’"j and Qsl given in (2.30)
m? / P’z (w? — w?)? [5““5”(211&” +10,2) + 26711

+(5ri5ks + 532'5kr . 5ik5rs)ﬂq2 + (Eriéks + erkéis + GSi(Srk + Gskéri)ﬂq2e:|

— 14 —



= / d*x [—5““5” (wc((,u2 — W) by + (W + W) (p + iw + 2iwi) + 4w2wc77H)
—1—6““6”( —iw(W? — w2) br — 2iwwe(p + iwl + 2iwn) — 2iw(w? + w?)7H )
—[(w? — W) (6715%F + 67F5% — 567 (p + iwC)| . (A1)

Where we use 0" ek 457k st —" 55k — ¢k 551 = —2§% ¢S One finds there are four independent
tensor structures: (§71e5F 4+ 5Fesi 4§k ek §st) (TG 4 5TR G- §F§TS) 55T and §FerS.
Thus there are four independent Ward identities

¢ = = (p+7’w§)7
m?(w? — w?)? [211551) + qu] = — (W +w?) (p + iwC + 2iwn)
— we(w? — W)l — Aw’welln,
m?(w? — W) = — iww.(p + iwC + 2iwi)
2 N

—iw(w” — wc)? — iw(w2 + wg)ﬁH,

where the integral [ d’z is assumed for both sides of the equations. Note that Onsager
relations are satisfied. These are the general ward identities that should be satisfied for
a Galilean invariant system with time translation and rotation invariance (not necessarily
space translation invariance) in the presence of a constant magnetic field.

A.2 General case with magnetic field

Starting from the general Ward identity (2.13), we obtain
/ﬂ%fﬁﬂﬁ(JGWW—MBJ#W“+udeG%m+B%Q&#ﬁm>
2
:—wan/meT—zzh}+/ﬁ%¥£ﬂﬁ@@4ﬂml (A.3)
-4@W+&W%/fw.
We would like to evaluate this Ward identity by using similar form given in (2.61)
Gonm — [H(;TJ(S"m + 111 enm 4 (9"3’”1135 + (™0™ + e”"am)éoﬂg;i] 5y + GO
G = [T 5 1T e gL (€70 - 0o, 6, + GO
GOn,Om — |:H(7;T5nm + HZTEnm + 8némH§2T + (Emoan + Enoam)éol—‘[gg;} 6:1: + G«On,(]m’

(A.4)

along with
s =11 + 90", (45)
11, =1 + 9,6"1M, '

Where we use shorthand notation IT = Il(z, &).



The general Ward identity (A.3) becomes

2
_I_éikejl(wQH?T(O) 1w B[H;JT(O) _|_HZ“J(0)] n BQH;STJ(O))]

2 . .
/dzxw [5zk53l(w2H5TT(0)+in[H;IT(O)+HZ“J(0)]+B2H:SIJ(O))

+ /d2x [(ejkéli + ik 4 kg 6li5jk)(w2HqT£ - BQHqJQJE — Lw2B

L5 —117])

+ (51]5’6[ + 57,l6]k o 5ki6jl)(w2HZ;T + 2ZCL)B[HQJQZ; o Hg;i] o BQHgQJ)

+ oM AT 4 211y T M) 4 B + 211) M) 4 2iw B[/ T 4 T O))
+8™el (202177 — 23B[0y W] 4 2821 — B + 0%))

2
= / d*x [—iwaikeﬂ (zT — szn) — (61 6M 4 5ilsTR — §R 5T (p + iw()

+ 0769 (p + iwC + 2iwi) — 2iw5ikejlﬁH] . (A.6)

By comparing the tensor structure of both sides as before, (e/¥6" 4 e/i6Fl 4 ki
eli(sjk)’ (5ij5kl + 5il5jk _ 5191’5]‘1)’ 5ik€jl’ 5ik€jl’ we get

2
/ de:% [WQH’;“T(O) +iwB[I/TO) 4 TI0)] 4 BQHgJ(o)] =0,

, (A7)

2
/ a5 [0 4 iwBTO + O] + B0 < / d’s - Bn,
for the terms with additional factor 22 inside the integral, and the remaining parts
whB

2
WL + 2iwB[E, — T — B = —(p + iw(),
WML +omry ") 4 B + 21 Y) 4 2iwB IO 4+ 0 W) = p + i + 2iwr,
27T — 230B[I) "W + 1M 4 282117V — i BT + ) = —iwtr — 2iwi.
(A.8)

WILL — B, — — [ — 1] =0,

where we suppress the integral [ d*x. The general ward identities, equations (A.7)
and (A.8), are valid without Galilean invariance. Only the time translation and rotational
invariances are required.
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