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We use the holographic approach to compare the Hall viscosity nyg and the angular momentum
density J in gapless systems in 2 4+ 1 dimensions at finite temperature. We start with a conformal
fixed point and turn on a perturbation which breaks the parity and time reversal symmetries via
gauge and gravitational Chern-Simons couplings in the bulk. While the ratio of ng and J shows
some universal properties when the perturbation is slightly relevant, we find that the two quantities
behave differently in general. In particular, ng depends only on infrared physics, while J receives

contributions from degrees of freedom at all scales.
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I. INTRODUCTION

When parity and time-reversal symmetries are broken,
new macroscopic phenomena can emerge. For example,
static systems can have nonzero angular momenta [1-
4], and the viscosity of energy-momentum transport can
have an “odd” part (Hall viscosity) analogous to Hall
conductivity [5]. In (2+1)-dimensions, these phenomena
are of particular interest as they can occur in rotationally
invariant systems.

The generation of angular momentum and of Hall vis-
cosity are in principle controlled by very different physics,
as we discuss in detail below; the former concerns with
equilibrium thermodynamics, while the latter with trans-
port. For gapped systems at zero temperature, however,
there exists a general argument that the two are closely
related [6, 7] (see also [8-14]). In this case, the linear
response of the stress tensor to an external metric per-
turbation can be described by a Berry phase, which in
turn can be related to angular momentum. For gap-
less systems such an argument does not apply, and it
is of interest to explore whether relations could exist be-
tween the two quantities. Here we can take advantage of
the holographic duality which provides a large number of
strongly coupled, yet solvable, gapless systems which are
otherwise hard to come by.

In our previous papers [15, 16] (see also [17]) we exam-
ined a most general class of (241) dimensional relativistic
field theories whose gravity description in AdS4 contains
axionic couplings of scalar fields to gauge or gravitational
degrees of freedom, i.e.
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where R is the Riemann curvature two-form, F' is the field
strength for a bulk gauge field dual to a boundary U(1)

(1.1)

or

(1.2)

global current. Such terms were originally introduced
in [18-20]. In [16], we considered more general parity vi-
olating terms involving multiple scalar fields (see Sec. II),
but these are sufficient for illustrational purpose here.

For convenience we will take 91 2 to be odd under par-
ity and time reversal transformations along boundary di-
rections so that both (1.1) and (1.2) are invariant under
such transformations.! 1,2 are then dual to scalar oper-
ators 072 in the boundary theory which are odd under
these transformations, and can be either marginal [15] or
relevant [16]. The parity and time-reversal symmetries
are broken when either of 1; o is non-vanishing. In this
paper we will consider models where this is achieved by
turning on a scalar source or by introducing a dilatonic
coupling between the scalar and gauge fields. For both
types of models, and for both (1.1) and (1.2), a remark-
ably concise and universal formula for the expectation
value of the angular momentum density was found in
terms of bulk solutions (see Sec. II for explicit expres-
sions).

The Hall viscosity for holographic systems was dis-
cussed in [21] and specific examples were presented
in [22, 23]. The result of [21] can be readily extended
to the general class of models of [15, 16] (see Sec. II).
Thus the time is ripe for a systematic exploration of the
relations between angular momentum density and Hall
viscosity in holographic gapless systems, which will be
the main goal of the current paper?.

Another motivation of the paper is that the results
of [15, 16] and [21] are expressed in terms of abstract
bulk gravity solutions, which do not always have imme-
diate boundary interpretations. It should be instructive
to obtain explicit expressions/values in some simple mod-

1 In top-down string theory constructions this is of course not a
choice and should be determined by the fundamental theory.

2 See also [24] on the Hall viscosity and angular momentum in the
holographic p; +4py model. For discussions of Hall viscosity and
of other parity-violating physics in holographic as well as in field
theoretic settings see [25-29].



els.

An immediate result is that, while the angular momen-
tum density receives contributions from both the gauge
and gravitational Chern-Simons terms, the Hall viscos-
ity is only induced by the gravitational Chern-Simons
term (1.2). That is, with ¥ # 0, ¥3 = 0, while the an-
gular momentum density is non-zero, the Hall viscosity
vanishes. Moreover, even when 5 # 0, the Hall viscosity
vanishes when the operator dual to ¥, is marginal. This
is because the holographic expression for the Hall viscos-
ity is proportional to the normal derivative of 95 at the
horizon. In order for it to be no-zero, some energy scale
must be generated.

Thus the totalitarian principle, “everything not forbid-
den is compulsory,” appears to not be at work for the
Hall viscosity. It should be emphasized that the results
of [15, 16] and [21] were obtained in the classical grav-
ity limit, which corresponds to the large N and strong
coupling limit of the boundary theory. The vanishing of
Hall viscosity is likely a consequence of the large N limit,
i.e. a non-vanishing answer may emerge by taking into
account loop effects on the gravity side. In any case, it
appears safe to conclude that at least for a certain class
of holographic gapless systems, the angular momentum
density and Hall viscosity appear not correlated at all.

The holographic expressions for the angular momen-
tum density and Hall viscosity also suggest that they are
controlled by different physics. The angular momentum
density receives contributions from the full bulk space-
time, which translates in the boundary theory to the an-
gular momentum density involving physics at all scales.
That is, as an equilibrium thermodynamic quantity, the
angular momentum behaves more like the free energy or
energy, rather than entropy which depends only on IR
physics. In contrast, the Hall viscosity is expressed in
terms of the values of the bulk fields at the horizon, and
thus depends only on IR physics.

Nevertheless it is of interest to explore whether there
exist some gapless systems or kinematic regimes where
the angular momentum and Hall viscosity are correlated.
In particular, as reviewed in Sec. II, the expression for
holographic angular momentum separates naturally into
a sum of a contribution from the horizon Jhorizon and
a contribution Jintegral from integrating over the bulk
spacetime. Such a separation suggests that these contri-
butions may have different physical origins. Indeed in [16]
we showed that, when the operators dual to ¥, and 92
are marginal, Jhorizon is related to anomalies (Jintegral
vanishes in the marginal case). Given that both Jhorizon
and the Hall viscosity ng only involve horizon quantities,
it is then natural to ask whether we could find some con-
nection between them. Interestingly in various classes of
models we do find the two are related in a rather simple
way in the limit that the symmetry breaking effects are
small, suggesting a possible common physical mechanism
underlying both.

After completing this project and while preparing this
manuscript, we have received the paper [30], which dis-

agrees with some of the results in this paper as well as
those in our earlier papers [15, 16]. In particular, [30]
claims that the gauge Chern-Simons term does not con-
tribute to the angular momentum density, in disagree-
ment with (28) and (30) of [15] and (2.32) and (2.50) of
[16], as well as with (6.15) and (7.5) of [17]. The differ-
ence can be traced to boundary conditions at the horizon.
In [15, 16] and in this paper, we chose the time-space
components of the metric to vanish at the horizon,

h; =0, (1.3)
where 7 is in the spatial direction along the boundary. On
the other hand, [30] left hi to be arbitrary at the horizon.
We chose to impose the condition (1.3) to avoid a conical
sigularity when we analytically continue ¢ to Euclidean
time.

The plan of the paper is as follows. In Section II, we
will summarize the holographic formulae of the angular
momentum [15, 16] and of the Hall viscosity [21]. In
section I1I, we will apply these formulae to discuss a class
of holographic RG flows at a finite temperature and a
chemical potential, where the parity and time reversal
symmetries are broken by a source for the scalar field.
We will start with analytical results in the limit where
the symmetry breaking perturbation is small and then
present numerical results. In Section IV, we will discuss
models where these symmetries are broken by the dilaton
coupling to the gauge field. We will summarize our result
in Section V. In Appendix A, we will describe an analytic
solution for the scalar field in the bulk near criticality.

II. REVIEW OF HOLOGRAPHIC ANGULAR
MOMENTUM AND HALL VISCOSITY

Here we first review the results of [16] and [21] on an-
gular momentum and Hall viscosity.

We consider the most general bulk Lagrangian for the
FEinstein gravity with gauge and gravitational Chern-
Simons terms (axionic couplings), and allow any number
of Abelian gauge fields AY (a =0,1,2,3; P=1,...,N)
and scalar fields 91 (I =1,..., M),

EO +ECS} ) (21)

£=gaVdl

where Lj contains the Einstein-Hilbert term, the kinetic
and potential terms for the scalar fields, and the Maxwell
term for the gauge fields,

Lo =R — %GU(ﬁK)aaﬁ’a“ﬁJ — V(9E)

— Zpo (V¥ FE FQ, (2.2)
and Lcg contains the axionic couplings,
1
Los = —Cpo(05)*FPP 9 Z(J(ﬁK) ‘RR.  (2.3)

*F' denotes the dual of F' and similarly for *R. The pa-
rameter k is related to the bulk Newton constant G4 as



k? = 817Gy and £ is the radius of the anti-de Sitter (AdS)
space.

We consider a most general bulk solution consis-
tent with translational and rotational symmetries along
boundary directions,
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(— F(2)dE2 + h(z)d2? + (d:z:i)2) (2.4)
with z = 0 at the boundary and a horizon at z = zy.
The scalar fields ¥ are functions of z only and the only
nonzero component of A” is A” which again depends
only on z. We denote the temperature as 7" and the
chemical potential associated with the boundary con-
served current dual to the bulk gauge field ALY as pf.
Thus AF(z = 0) = p and at the horizon regularity
requires AP (z = zy) = 0.

The angular momentum density J computed in [16]
can be expressed as a sum of two terms,

j = jhorizon + x7integral-

The first term in the right-hand side depends only on
bulk fields at the horizon (z = zq),

202
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(2.5)
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jhorizon = -

and the second term is an integral from the horizon to
the boundary,

u7integ2ral )
27 [ R 'y
=25 [ |Chatal - urya? -+ TIE
(2.7)

where ’ indicates the derivative with respect to the bulk
coordinate z. Of course by adding a total derivative term
to the integrand of the bulk integral (2.7) one can change
the horizon piece and may also generate a boundary con-
tribution. Other than that the split in (2.6)—(2.7) ap-
pears most naturally in the calculation of [16], there is a
sense in which the split is canonical as follows. In [15], we
found that when the scalar fields ¥/ are dual to marginal
perturbations on the boundary, the angular momentum
can be expressed solely in terms of quantities at the
horizon. The split (2.6)—(2.7) has the properties that
in the marginal case the integral part Jintegral vanishes
identically (as ! are z-independent in this case). Thus
it appears meaningful to interpret (2.6) as contribution
from the IR physics and (2.7) as contributions from other
scales.

The Hall viscosity for Einstein gravity coupled to a
single scalar field with gravitational Chern-Simons cou-
pling (1.2) was first derived in [21], and explicit compu-
tations for some specific models have been done in [22]
and [23]. Tt can be readily generalized to the most general
Lagrangian (2.1)—(2.3), and remarkably the same formula
still applies, which in our notation can be written as
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In particular, the gauge Chern-Simons term (1.1) does
not give a contribution [17]. The reason is as follows.
The Hall viscosity can be obtained from linear response
of the tensor sector, for instance by turning on a time-
dependent source in hg;, — hyy, and measuring the linear
response in hg,,. Since the linearized equations of motion
for the gauge fields decouple from the tensor modes, the
gauge Chern-Simons term does not contribute to the Hall
viscosity.

We note an intriguing connection between (2.8) and
the second term of (2.7). Denoting

2 ¥
i rer o5
we can write (2.8) as
N = Alnorizon (2.10)
while the second term of (2.7) can be written as
1
- /O df A (2.11)

where we have changed the integration variable to the
red-shift factor f.?

III. HOLOGRAPHIC RG FLOWS: BREAKING
BY A SCALAR SOURCE ON THE BOUNDARY

The expressions (2.5)—(2.7) and (2.8) are somewhat
formal as they are expressed in terms of abstract bulk
gravity solutions, which do not always have immediate
boundary interpretations. To gain intuition on their
physical behavior it is instructive to examine the explicit
values of these expressions in some simple models.

In this section we consider a class of holographic RG
flows at a finite temperature/chemical potential, where
the parity and time-reversal symmetries are broken by
introducing a source for the scalar field ¥. This corre-
sponds to turning on a perturbation on the boundary by
the operator dual to 9. In next section we consider a
class of models where the symmetries are broken by a
dilaton coupling.

A. Outline of the model

The simplest model with both non-vanishing angular
momentum and Hall viscosity consists of one scalar field
¥ with the gravitational Chern-Simons coupling,

1

br=5a

V=g | R = Lo,0000 — vio) - %S 29 RR
2 4
(31)

3 The change of variable is legitimate as the redshift factor f(z)
should be a monotonic function of z from the IR/UV connection.



where acg is a constant. In order for 9 to have a non-
trivial radial profile as is required for the non-vanishing
of Hall viscosity (2.8), we consider a potential V(¢) for
which 9 is dual to a relevant boundary operator O. Recall
that the mass m of a scalar field is related to the confor-
mal dimension A of the dual operator on the boundary
by m2¢? = A(A — 3), and near the AdS boundary we
should have

D(z) = V22 4 v2t+ z—0 (3.2)
where
+ v/4m2¢2
Ay = 3EVAMIEHRO N A (3.3)

2

We turn on a uniform non-normalizable mode oy,
which corresponds to turning on a relevant perturbation
Yo [ d3x O in the boundary theory. Since O is odd under
parity and time reversal, these symmetries are broken ex-
plicitly. At zero temperature, the system is described by
a Lorentz invariant vacuum flow, and of course both an-
gular momentum and Hall viscosity are zero. A nonzero
angular momentum density and Hall viscosity can be gen-
erated by putting the system at a finite temperature T'
which then cuts off the flow at scale T. The bulk gravity
solution (at a finite T') is described by a black brane of
the form (2.4) with a nontrivial scalar profile.
For (3.1), equations (2.6)—(2.8) become

A2 acgl?
jhorizon = _%TQﬁ(ZO) (34)
EN)
- O‘CS£2 f/2 ,
u71ntegra1 - 4/€2 /dZ fhﬂ (35)
0
62 19/ /
oy = 28 (20).f'(20) (3.6)

4k%  f(20)h(20) -
The bulk gravity solution depends on the specific form of
the potential V (1), and as we will see explicitly below so
do (3.4)—(3.6). From the boundary perspective different
V' (¥) correspond to different flows, which implies that the
behavior of the angular momentum and Hall viscosity in
general depends on specific flows.

The gravity description suggests, however, that in the
limit Y99 — 0, the behavior of these quantities should be
“universal,” i.e. independent of the specific form of V' (49).
More explicitly, in this limit, throughout the flow, i.e.
from the boundary to the horizon, 9 is small. At leading
order the nonlinear terms in V(¢) can be neglected, and
we can simply replace it by the Gaussian potential

6 n m29?
22 2
Note that this argument for universality works not only
for (3.1), but also for the general models of (2.2) and (2.3)
(for the moment let us assume the gauge fields are not

turned on). Note that since ¥¢ has dimension A_ =
d — A, the appropriate dimensionless parameter is

€= 190T_A7 — 0.

V() = (3.7)

(3.8)

This universal limit also has a natural interpretation
from the boundary side; when € is small, we expect that
the effect of parity and time reversal breaking can be
captured by conformal perturbation theory near the UV
fixed point, i.e. the angular momentum and Hall viscos-
ity may be controlled by properties of O at the UV fixed
point, and not by details of the RG trajectories. It would
be interesting to calculate angular momentum and Hall
viscosity using conformal perturbation theory which we
defer to later work.

B. Leading results in the small ¥y limit

In the small ¥ limit, to leading order we can approxi-
mate the potential V() by (3.7) and neglect the backre-
action of scalar field to the background geometry. Thus
we use the standard black brane metric with

53

1

(3.9)
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and treat the scalar field as a probe. Since the scalar
equation from (3.7) is linear and in this limit the met-
ric is independent of ¥, it follows from (3.4)—(3.6) that,
at leading order, these expressions must be linear in 9.
This is of course consistent with the expectation from
conformal perturbation theory as g is a relevant bound-
ary coupling. Given that both J and 7y have dimension
2, and the dimensionless expansion parameter is € (3.8),
we conclude on dimensional grounds that at leading order

T — e €l? = ¢ 9,74, (3.10)
ne — cpeT? = ¢ 0T? 4~ (3.11)

where c¢; and ¢, are some constants, and c; can further
be separated into

(3.12)

CJ = Chorizon T+ Cintegral -

Since m? (or dimension A) is the only parameter in the

Gaussian limit (3.7), Chorizon; Cintegral and ¢, are functions
of A only. These functions can be worked out analyti-
cally (see Appendix A for details and their explicit ex-
pressions). Although they are all very complicated func-
tions of A, it turns out the ratio of Jhorizon and ng (both
of which only receive contributions at the horizon) is re-
markably simple, given by
Jhorizon o 9 _ 9 ) (313)

A(B—A)
Note that the above expression diverges in the marginal
limit m? — 0 where ¥ becomes a z-independent constant
so that ny vanishes. The simplicity of the ratio is in-
triguing and suggests a possible common physical origin
for both quantities.

The ratio of the integral contribution Jintegral to 7 is
a rather complicated function of m? (see Appendix A),
but can be expanded around m? = 0 as

N T2z

integra 3
Fwegral _ 3 0383007m 62 4 O(m®).

- i (3.14)



The ratio has a finite m? — 0 limit, as by design Jintegral
also approaches zero in the marginal limit. Note that due
to coefficient of the second term being rather small, and
since m? € [-9/4, 0], equation (3.14) in fact gives a good
global fit for the whole range* of m?2.
Combining with (3.13), we thus find that
J 9 3 2
o m? 1 + O(m?)
3 1

thj 4_ Z:_F 67(1347)

for e = 9T~ — 0.

(3.15)

C. Generic Y99: numerical results

Away from the regime of small symmetry breaking, the
results will depend on the explicit form of V' (¢). We now
consider two classes of examples for illustration. As a
first example, we consider the quadratic potential given
by (3.7), but now treated as a full toy potential. The
other class we consider was introduced in [31, 32] (the
same potential also arose from a superpotential in the
faked supergravity construction [33], see also [34]), which
we refer to as the Gao-Zhang potential after the authors
of the paper,

2 1

YO = "E Ty

+ (3 - a2) e 4+ 80426%19].

[042 (3a2 — 1) e o

(3.16)

We will essentially use it as a proxy to a generic po-
tential parameterized by some constant «. It should be
noted that the quadratic part of the Gao-Zhang poten-

tial around ¥ = 0 always has m? = —2. We therefore
can only compare its results with those obtained by the
Gaussian potential with the same m? = —2.

For general 9y, the backreaction from the flow of ¥
to the metric can no longer be ignored. The gravity
solution and equations (3.4)—(3.6) can now only be ob-
tained numerically. Figs. 1 — 3 show the Hall viscosity
nm, angular momentum density J and their ratio for
the two potentials. In these figures, all the curves cor-
responding to different potentials converge for 9 <« T,
and approach finite values if we normalize them by 9T
Since for m?> = —2 we have 2 — A_ = 1, this con-
firms (3.10) — (3.11). In particular, the numerical val-
ues of Chorizon, Cintegral and ¢;, including the ratios (3.13)
— (3.14), agree perfectly with those obtained from the
analytic expressions of Appendix A for m? = —2.

For arbitrary m?, numerical results obtained for gen-
eral ¥ using the Gaussian potential (3.7) also agree very

4 We take m? > —9/4 so that the Breitenlohner-Freedman bound
is satisfied and m? < 0 so that the scalar field is either relevant
or marginal. For m2 > 0 the dual operator is irrelevant in which
case the system requires a UV completion.
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FIG. 1. (Color online) Hall viscosity for the Gao-Zhang po-
tential (3.16) with a = 1.1, 1.5, v/3 (dashed lines) and for a
quadratic potential with m? = —2 (solid line).

0.30

0.28
0.26 g
— 024

-
-
-
-
-

o
2 022
Law)

0.20

0.18
0.16

do/ T

FIG. 2. (Color online) Angular momentum density for the
Gao-Zhang potential (3.16) with o = 1.1, 1.5, v/3 (dashed
lines) and for a quadratic potential with m? = —2 (solid line).
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FIG. 3. (Color online) Ratio of angular momentum density
and Hall viscosity for for the Gao-Zhang potential (3.16) with
a = 1.1, 1.5, /3 (dashed lines) and for a quadratic potential
with m? = —2 (solid line).
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FIG. 4. (Color online) 7y /9T? - as a function of m? for
9o/T2- =1/6.

well with (3.10) — (3.14) obtained in the probe limit,
which serves as a good consistency check for both calcula-
tions. In Figs. 4 and 5 we show 1y and J as functions of
m? obtained at a fixed ¥o/T>~ = 1/6 that is sufficiently
small to be in the plateau regime where nH/ﬁoTz’A*
and J/9oT? - are almost constant. The ratio J/ng
is displayed in Fig. 6, and we found it fitted well by the
hyperbola

(3.17)

The coefficient —9 for the 1/m? is within 0.1% for the
entire plateau interval from 9Jo/T?~ = 1/12 to 1/4. The
constant term b depends slightly on 9y/T*- as numer-
ical fits show —0.63 at ¥o/T?- = 1/4 and —0.73 at
9o/T?~ = 1/12. These results indicate that as we ap-
proach the limit 9y /T2~ — 0, b decreases monotonically
and asymptotes to —3/4, which is consistent with (3.14).
One can fit with terms with higher orders in m2. For
example, including an additional em? gives ¢ which is
again consistent with value before m? in (3.14). Simi-
larly, excellent agreement with (3.13)—(3.14) is found for
jhorizon/nH and \7integra1/77H separately.

D. Nonzero chemical potential

Let us now consider turning on a chemical potential
in the holographic RG flows discussed earlier. For this
purpose we add a Maxwell term to the action (3.1), i.e.
the Lagrangian density becomes

42

L=1L— 32 d*eN/—gF,, F" (3.18)

and turn on a nonzero chemical potential for the gauge
field, i.e. A:i(z = 0) = p. We are again interested in
the leading behavior of the angular momentum and Hall
viscosity in the limit 99 — 0, where we can replace the
potential V() by its quadratic order (3.7) and treat the

20
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FIG. 5. (Color online) J /9T *~ as a function of m? for
9o/T2~ =1/6.
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FIG. 6. (Color online) Angular momentum density to Hall
viscosity ratio as a function of m? for ¥o/T%~ = 1/6.

scalar field evolution along radial direction as a probe.
Now the background geometry is replaced by that of a
charged black brane with

1 23 24
f=—-=1— —/—+ —, (3.19)
h 23, zé

where zps and zg are length scales in the AdS bulk corre-
sponding to the field theory energy and charge densities.
They can be expressed in terms of temperature 7" and
chemical potential p as

2/3
s\3 (V3T + 477 - 217
LA/3 <~/3u2 T 4nT? - WT)

\/3u2 +4n272 — 27T

2o = \/ s il T (3.21)
0
and the horizon is located at
N/ 32 + 4n2T?2 — 27T

20 = K + 7T2 il . (322)

I



On dimensional grounds we again write ngy and J in the
form (3.10) — (3.12), except that the various coefficients
are now functions of u/T, ie. c; = cj(m?, u/T) and
ey = cn(m2,u/T). Again although chorizon and ¢, are
complicated expressions, their ratio is remarkably simple
and given by

jhorizon _ 167F2T223 (3 23)
nw m2(? '
2
167272 (\/:m2 T 4neT? — 27TT)

- puim202
where in the second line we have expressed the horizon
size zp in terms of p and T. Equation (3.23) recov-
ers (3.13) when g = 0, but in the limit 7" — 0 with a
fixed p it behaves as

jhorizon o 487T2T2

= T — 0.
nH m202p%’

(3.24)

The numerical analysis suggests this happens because
Jhorizon < T2 at small T, whereas ng o p?. The nu-
merical analysis also indicates J o« p? in the T — 0
limit, so that the ratio J/ny tends to a constant.

E. Analytic Gao-Zhang Solutions

As our last example of holographic RG flow we consider
a Lagrangian with a dilatonic coupling in the Maxwell
term, i.e. we add the following term to the Lagrangian
of (3.1)

€2

L=bi-g5

d'zy/—ge F,, F" (3.25)
and turn on a nonzero chemical potential for the gauge
field. In this case, with the potential given by (3.16),

there is a family of analytic solutions [31], given by
ds® = —f(r)dt> + f(r) " dr? + h(r) (dz')” , (3.26)

fi= T2 (1 12)

r3 rE\ Tz
A (1+ )7
% [ZQTA ( + r ]
2 B\ T2
hr) =5 (14 22) 7

in coordinates that are convenient for our purpose. The
solutions are parametrized by «, with o = 0 correspond-
ing to the Reissner—Nordstrém brane with scalar field
turned off. The only non-vanishing component of the
gauge field associated with the Maxwell tensor is

Q Q

(3.27)

(3.28)

At = - 5 (329)
ro+ 1B r+rp
while the scalar field is
2 B

Here rg is the location of the horizon, which appears in
the gauge field because we impose the boundary condi-
tion A¢(r = rg) = 0. Note that the solution does not de-
pend on the Chern-Simons coupling constant acg since
*RR = 0 for any spherically symmetric metric.

The electric charge density @ of the black brane is
given by

Q* = 1 rarp

S Elrar (3.31)

The corresponding chemical potential can be read off as

1 raATB
:A = = . . 2
H t(r OO) ((7’0 +TB) \/ 1 _|_a2 (3 3 )

The Hawking temperature is given by

_ 3 Jraly_ Arp
r=ro  4ml\ 7o 31+a?)(ro+rp) ]|’

(3.33)

_Lof
T 4r Or

We should think of r4,p as given by the chemical po-
tential in Eq. (3.32) and by the temperature in Eq. (3.33).
The horizon location r¢ is obtained by solving f(r) = 0,

namely,
3 s
(g TBYTT
Py 70

Equations (3.32), (3.33) and (3.34) can be solved analyt-
ically and we can thus express r4,p and 7o in terms of

algebraic functions of p and T. For a? < 1/3 there is
only one solution for given values of y and T,

a?—
ro=V1+aCL (1+ U?)

(3.34)

(3.35)

where

VIitaZ (\/47r2T2 T30 -39 2 - 27TT>

- (1—3a%)z
(3.36)
For a? > 1/3 there are two solutions, corresponding to
different values of the scalar field source ¥y. For simplic-
ity, however, in this paper we will focus on the a? < 1/3
case, as taking a? > 1/3 does not offer further physical
intuition.
Let’s now examine the behavior of the scalar field near
the boundary. Expanding ¢ as r — oo, we obtain

200 TR « B\ 2
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(3.37)

The CFT operator ® dual to 9 carries conformal dimen-
sion 1 or 2 depending on the boundary condition for J.
To be more specific, let us pick the boundary condition so
that the conformal dimension of ® is 1. If one wants the
conformal dimension to be 2, one can simply exchange
the expectation value (®) and the source ¥ in the discus-
sion below.



According to the standard AdS/CFT dictionary, the
coefficient of 1/r? should be interpreted as an expectation
value (®) of the CFT operator ®. The coefficient of the
1/r term is then interpreted as a source ¥y for ®. The
nonvanishing 1/r term in the expansion of ¢ means that
the dual CFT is deformed by turning on the relevant
operator ®. The magnitude of the deformation, ¥, is
proportional to rpg,

2c 20 a?-1
Iy = ——— — _762 U U?) «2+1
0 1 T O[2 B /71 T a2 M ( + ) 5

(3.38)
so that 9o /T is a function of y/T and «. Since different
deformations correspond to different CFTs, in the bulk
a given value of Yo /T is related to a fixed value of u/T.

Even though in the Gao-Zhang setup the scalar source
is not independent of p and T', their model can be used
to gain analytic intuition into the relation between Hall
viscosity and angular momentum density. In particular,
[6] has argued from the field theory side that there should
exist a simple proportionality relation between the two,
at least in certain gapped systems. This can be readily
compared with the analytic model of Gao-Zhang, and we
find that for this class of models the relation between the
two quantities is more complicated.

Applying Eqns. (3.4) — (3.6) to the Gao-Zhang model
we obtain for the Hall viscosity and gravitational Chern-
Simons angular momentum density

ni = 53 (o) (ro)? () (3.39)
and
J = ZCE dr 9(r)d, [hQ(T) (aﬁii) ] (3.40)

To

with f, h and ¥ given in Eqns. (3.26)—(3.30). Jhorizon iS
still specified by Eqn. (3.4) with the scalar field evaluated
at the horizon.

The Hall viscosity can further be written in terms of

T, ro, 74 and rp as
A TB
T —_ )
ro To+TB

which can then be recast in terms of p and T as

27Tacsf «
k2 1+a?

N = (3.41)

omacsf2aT (\/3 (1 - 302) 12 + 47272 — 27TT)
(1 —3a2) kK2 '

NH =

(3.42)

The total angular momentum in Eqn. (3.40) can also

be integrated in closed form, but the result is long and

unilluminating. In terms of p and T the horizon compo-
nent of the angular momentum reads

8m2acglPaT?
(e + 1) K2

with U defined in Eqn. (3.36).

Jhorizon = In (1 + U2) (343)

To gain some physical intuition, we can expand the
Hall viscosity, gravitational angular momentum and hori-
zon component of the angular momentum in a series at

small p as
o))

nH acsl? 304#2 9o (3a —1

T k2| 217 327r2T4
(3.4
J _oacs? | 18ap? | 9a (57a% — 49) pt Lo e
T~ k% | 512 1607274 T6
(3.45)
Fhorizon _ acst® |9ap®  2Ta (90 —7) Lﬁ
T? K2 | 2T? 647274 6
(3.46)

Finally, when including an axionic term
Log = —Besl*0*FPFy,, (3.47)

the angular momentum density for the Gao-Zhang solu-
tions is

45085 /d (Ag(r) — p) AL (r)9(r). (3.48)

This expression can be integrated in closed form but it is
unilluminating. In the small y limit it can be expanded
as

J _ Bost?

112 K2

3ap?  9a (33a% — 31) Lo 1
272712 2567474

(3.49)

IV. HOLOGRAPHIC VEV FLOW: BREAKING
BY THE DILATON COUPLING

We now consider a class of models in which the scalar
9 is normalizable at the AdS boundary, but the parity
and time-reversal symmetries are broken by the dilaton
coupling. We consider the Lagrangian

1 —=lr_ L _
—21%2\/ g|R 2(819)

V(@) — e F? + Les
(4.1)
and put the system at finite chemical potential. In this
setup the bulk gauge field which is needed for a nonzero
chemical potential can drive a normalizable nontrivial
scalar hair through the dilatonic coupling. The parity
and time-reversal symmetries are broken since the dila-
ton coupling e~ Y is not invariant under 9 — —1J.
Below, we will discuss the gauge Chern-Simons term
and the gravitational Chern-Simons term separately.
Since both the angular momentum and the Hall viscosity
are linear in these couplings, we can simply add the two
results to obtain the whole picture. Just as in the previ-
ous section, we use two types of potentials, the Gaussian
potential (3.7) and the Gao-Zhang potential (3.16).




1. Gauge Chern-Simons Coupling

For a single scalar field, let us parametrize the gauge
Chern-Simons term as

Los = —Basl?0 FPF,, (4.2)

This term generates angular momentum density but not
Hall viscosity, which was first pointed out by [17]. Spe-
cializing Eqns. (2.6) and (2.7) to Lagrangian (4.1) the
angular momentum density is given by

20

[z - 9(2)

0

2Bcsl? 2Bcs
2 () + 2

K2

J =

(4.3)
while the gravitational Chern-Simons contribution is the
same as in Eqns. (3.4)—(3.5).

Fig. (7) shows the angular momentum density as a
function of u?/T? for a Gaussian potential with m? = —2
and Gao-Zhang potentials with various a. The verti-
cal axis is normalized by the dilatonic coupling a. We
note that in the small p/T limit all curves scale as
J o< ap*/T?. This is to be expected since in this limit
the scalar field can be expanded in a perturbative series
with the first term proportional to au?/T? (by parity
and dimensional analysis) and the gauge fields in Eqn.
(4.3) contribute a factor of u?.

Fig. (8) shows the angular momentum as a function
of u?/T? for Gaussian potentials of various m?. We note
that although for all masses J o a/ﬁ /T2 in the small
w/T limit, the slope depends on m?. We also remark
that, for large p/T, the angular momentum density is
proportional to u? for all the potentials we have investi-
gated. Since the vertical axes of these figures are taken to
be J/u?, this can be seen in some of the curves becom-
ing horizontal for large u?/T2. We note that all curves
flatten at large u?/T?, even though this is not apparent
in the range displayed in the figures. The asymptotic
value of 7 /u? depends on the dilatonic coupling, scalar
field mass and on the details of the potential. It would
be interesting to further explore this relation to better
determine the type of models where it holds.

2. Gravitational Chern-Simons Coupling

We now turn out attention to the gravitational Chern-
Simons coupling, adding
Les = —=2C9°RR (4.4)
to Lagrangian (4.1). This will generate both Hall viscos-
ity and angular momentum, according to Eqn. (3.6) for
the Hall viscosity and to Eqns. (3.4)—(3.5) for the angular
momentum density.

Figs. (9) — (11) show the Hall viscosity, the angular
momentum density and their ratio as functions of u?/T?

0.10

0.08

0.06

J au 2

0.04

0.02

0'000 100 200 300 400 500 600

FIG. 7. (Color online) The angular momentum density gen-
erated by the gauge Chern-Simons coupling as a function of
u?/T? for the Gaussian potential m? = —2 and dilatonic cou-
pling @ = 0.5 (red line) and 0.9 (orange line) and for Gao-
Zhang potentials with o = 0.5, 1.5 and /3 (dashed lines).
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FIG. 8. (Color online) The angular momentum density gen-
erated by the gauge Chern-Simons coupling as a function of
u?/T? for dilatonic coupling o = 0.5 and Gaussian potentials
with m? = —2 (red), 1.4 (orange), —1 (green), —0.6 (blue)
and —0.2 (purple).

for the Gaussian potential with m? = —2 and for Gao-
Zhang potential with various c. For small /T, all curves
converge, and we have

ng = 0.032ap?,  J = 0.039au>. (4.5)

Fig. (12) shows Hall viscosity and angular momentum
density as functions of m? at y2/T? = 0.1. This value of
u?/T? is sufficiently small to be in the plateau regime,
and ny/p? and J/u? are pu/T-independent. We note
both 7y and J are non-zero at m? — 0, and their values
in this limit are

NH

i 0.0099+O(m?), J

p?

0.0082+O(m?). (4.6)

5 =

The two numerical coefficients vary by less than 1% as
u?/T? is increased from 0 to u?/T? < 0.6. Both the hori-
zon and the bulk terms contribute to the total angular
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FIG. 9. (Color online) Hall viscosity as a function of u?/T?
for Gao-Zhang potentials with o = 0.5, 1.5 and /3 (dashed
lines) and for quadratic potentials with m? = —2 and dila-
tonic coupling @ = 0.5 (red line) and 0.9 (orange line).

momentum and are of the same order of magnitude, but
have opposite signs.

The ratio J/ny is represented in Fig. (6) for pu?/T? =
0.1. In the small m limit it can be expanded as

AT + O(m?)

. (4.7)

where again the numerical coefficient varies by less than
1% for u?/T? < 0.6. For the horizon part of the angular
momentum density we have

jhorizon

=133+ O(m?)
nH

(4.8)

at u?/T? = 0.1 and the numerical coefficient decreases
by about 1% at p?/T? = 0.6. It is possible to better
understand the ratio Jhorizon/nH by going to the probe
approximation and using the scalar field equation to re-
late ¢ and ¥'(zg). Doing so gives

jhorizon _ _1447T2T219<Z0) (4 9)
ng 18au? +m2029(z)p’ '
where
p=3u*+4nT (\/3u2 +472T? + 27rT> . (4.10)

Eqn. (4.9) agrees well with the numerical data in the
probe limit.

V. DISCUSSION

In this paper, we computed the angular momentum
density and the Hall viscosity for specific classes of holo-
graphic models dual to gapless relativistic quantum sys-
tems in (2+1) dimensions. Unlike gapped systems at zero
temperature, no simple relation is known between the an-
gular momentum and the Hall viscosity. We found that
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FIG. 10. (Color online) Gravitational angular momentum
density as a function of y?/T? for Gao-Zhang potentials with
a = 0.5, 1.5 and v/3 (dashed lines) and for quadratic poten-
tials with m? = —2 and dilatonic coupling a = 0.5 (red line)
and 0.9 (orange line).

FIG. 11. (Color online) Gravitational angular momentum
density to Hall viscosity ratio as a function of u?/T? for Gao-
Zhang potentials with a = 0.5, 1.5 and v/3 (dashed lines) and
for quadratic potentials with m? = —2 and dilatonic coupling
a = 0.5 (red line) and 0.9 (orange line).
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FIG. 12. (Color online) ng/u? (blue) and J/u? (black) as a
function of m? for u?/T? = 0.1.
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FIG. 13. (Color online) Angular momentum density to Hall
viscosity ratio as a function of m? for y?/T? = 0.1.

although the angular momentum density receives contri-
butions both from the gauge and gravitational Chern-
Simons terms, the Hall viscosity requires the gravita-
tional Chern-Simons term. This highlights a distinction
between the two quantities for gapless systems.

Moreover, when the operator dual to the scalar field
¥ is marginal, the Hall viscosity vanishes even when ¢
couples to the gravitational *RR. This is because the
holographic expression for the Hall viscosity (2.8) is pro-
portional to C' = 9,C(¥(z)) at the horizon z = z5. In
order for it to be non-zero, some energy scale is required.
We therefore conjecture that the Hall viscosity ny van-
ishes for a conformal field theory, at least in the large N
limit.

Nevertheless, we also found that when both quanti-
ties are induced by the gravitational Chern-Simons term,
their ratio shows universal properties as the systems ap-
proach their criticalities. In section III, we studied a
boundary system perturbed by a relevant operator of di-
mension A. The operator is odd under the parity and
time-reversal symmetries, and thus we are breaking these
symmetries explicitly. To the leading order in the per-
tubative expansion, the holographic computation shows
that the ratio of the angular momentum density J and
the Hall viscosity ngy depends only on A and is given by,

J 9 3

(5.1)
The 1/(3—A) pole is a reflection of the fact that the Hall
viscosity g vanishes in the marginal case of A = 3.

We also found that the angular momentum density can
be decomposed as J = Jhorizon +x7integra1a where Jhorizon
is a contribution from the horizon, and Jintegral is an
integral from the horizon to the boundary. On the other
hand, 7y depends only on data at the horizon. From the
point of view of the boundary theory, ng and Jhorizon are
due to IR physics, while Jintegra1 depends only dynamics
at all scales. We found that ny and Jhorizon are related
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in a particularly simple way as

jhorizon _ 9 7 (52)
NH A(B—A)

with no O(3 — A) corrections. We also found similar
universal properties when the parity and time reversal
symmetries are broken by the dilatonic coupling. It
would be interesting to find out if the decomposition
J = Jhorizon + Jintegral can be explained from the point
of the boundary theory and if (5.2) can be derived using
its conformal perturbation.
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Appendix A: Analytic calculation in small ¥y limit

This appendix presents some exact results obtained by
solving the scalar field equation in the probe limit for
a Schwarzschild black brane. For the metric (3.9) and
quadratic potential the scalar field equation

1
——04 (9°°\/=gd¥(2)) = V'(¥) =0
7= (9°°V=90p0(2)) = V' (9)
can be rewritten as
22 (25— 23) 0"+ 2 (2P + 225,) 9 + mP230 = 0. (A2)

This can be solved analytically and the solution is a sum
of two hypergeometric functions. Demanding analyticity
at the horizon we obtain

20 28 >

9 A A
— =R (1- 21— 52— 5
Yo 3 3 3723,

D(2-3)2(§) 24720 (5.4 % %)

(A1)

(A3)

27

(5T (2) |




where the first term is the non-normalizable mode and
the second the normalizable response. With this expres-
sion we find

-sradnteon ()1 (3 - 3)
=— A4
677 25_%F(1_%) 7( )
3355 ot ()T (5 - 3)
orizon — s A5
" FFL0-3) -~
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and

Cintegral =

228-TrA=1(2A — 3) ese <27rA> y
BAr(1-3)r(%) "\ 3

A A+4
32— +1|r( ——
- (A+3 A+3 A+7 A+10 2A
XBFQ ) ) ; a7+171
3 3 3 3 3

A(A+4) x

(A6)

—oar (1-2)r(2-2)r(1-2)«
3 3 3 3

X3F2 1_é72_éaz_é72_%g_évl )
3 3°3 3

where 3F} is a regularized hypergeometric function de-
fined as

3F5(a1, az,a3;b1,bo; 2)
['(b1)I'(b2)

(A7)

3F5(a1, az,a3;01,b2;2) =

[1] G.E. Volovik, The Universe in a Helium Droplet (Oxford
University Press, New York, 2003).

[2] M. Stone and R. Roy, Phys. Rev. B 69, 184511 (2004)
[arXiv:cond-mat /0308034 [cond-mat.supr-con]].

[3] C. Hoyos, S. Moroz and D. T. Son, arXiv:1305.3925
[cond-mat.quant-gas].

[4] J. A. Sauls, Phys. Rev. B 84, 214509 (2011)
[arXiv:1209.5501 [cond-mat.supr-con]].

[5] J. E. Avron, R. Seiler, and P. G. Zograf, Phys. Rev. Lett.
75, 697 (1995) [arXiv:cond-mat/9502011 [cond-mat]].

[6] N. Read, Phys. Rev. B 79, 045308 (2009)
[arXiv:0805.2507 [cond-mat.mes-hall]].

[7] N. Read and E. H. Rezayi, Phys. Rev. B 84, 085316
(2011) [arXiv:1008.0210 [cond-mat.mes-hall]].

[8] F. D. M. Haldane, arXiv:0906.1854 [cond-mat.str-el].

[9] T. L. Hughes, R. G. Leigh and E. Fradkin, Phys.
Rev. Lett. 107, 075502 (2011) [arXiv:1101.3541 [cond-
mat.mes-hall]].

[10] B. Bradlyn, M. Goldstein and N. Read, Phys. Rev. B 86,
245309 (2012) [arXiv:1207.7021 [cond-mat.stat-mech]].

[11] C. Hoyos and D. T. Son, Phys. Rev. Lett. 108, 066805
(2012) [arXiv:1109.2651 [cond-mat.mes-hall]].

[12] T. L. Hughes, R. G. Leigh, O. Parrikar, Phys. Rev. D
88, 025040 (2013) [arXiv:1211.6442 [hep-th]].

[13] F. M. Haehl and M. Rangamani, JHEP 1310, 074 (2013)
[arXiv:1305.6968 [hep-th]].

[14] M. Geracie, D. T. Son, arXiv:1402.1146 [hep-th].

[15] H. Liu, H. Ooguri, B. Stoica and N. Yunes, Phys. Rev.
Lett. 110, 211601 (2013) [arXiv:1212.3666 [hep-th]].

[16] H. Liu, H. Ooguri and B. Stoica, arXiv:1311.5879 [hep-
th].

[17] K. Jensen, M. Kaminski, P. Kovtun, R. Meyer, A. Ritz,
and A. Yarom, J. High Energy Phys. 05 (2012) 102
[arXiv:1112.4498 [hep-th]].

[18] R. Jackiw and S. Y. Pi, Phys. Rev. D 68, 104012 (2003)
[arXiv:gr-qc/0308071 [gr-qc]].

[19] F. Wilczek, Phys. Rev. Lett. 58, 1799 (1987).

[20] S. M. Carroll, G. B. Field, and R. Jackiw, Phys. Rev. D
41, 1231 (1990).

[21] O. Saremi and D. T. Son, J. High Energy Phys. 04 (2012)
091 [arXiv:1103.4851 [hep-th]].

[22] J.-W. Chen, N.-E. Lee, D. Maity, and W. -Y. Wen, Phys.
Lett. B 713, 47 (2012) [arXiv:1110.0793 [hep-th]].

[23] J.-W. Chen, S.-H. Dai, N.-E. Lee, and D. Maity, J. High
Energy Phys. 09 (2012) 096 [arXiv:1206.0850 [hep-th]].

[24] D. T. Son and C. Wu, arXiv:1311.4882 [hep-th].

[25] A. Nicolis and D. T. Son, arXiv:1103.2137 [hep-th].

[26] S. Nakamura, H. Ooguri and C. -S. Park, Phys. Rev. D
81, 044018 (2010) [arXiv:0911.0679 [hep-th]].

[27] H. Ooguri and C. -S. Park, Phys. Rev. D 82, 126001
(2010) [arXiv:1007.3737 [hep-th]].

[28] J. Erdmenger, M. Haack, M. Kaminski and A. Yarom,
JHEP 0901, 055 (2009) [arXiv:0809.2488 [hep-th]].

[29] N. Banerjee, J. Bhattacharya, S. Bhattacharyya,
S. Dutta, R. Loganayagam and P. Surowka, JHEP 1101,
094 (2011) [arXiv:0809.2596 [hep-th]].

[30] C. Wu, arXiv:1311.6368 [hep-th].

[31] C. J. Gao and S. N. Zhang, Phys. Rev. D 70, 124019
(2004) [hep-th/0411104].

[32] C.J. Gao and S. N. Zhang, Phys. Lett. B 605, 185 (2005)
lhep-th/0411105).

[33] H. Elvang, D. Z. Freedman and H. Liu, JHEP 0712, 023
(2007) [hep-th/0703201 [hep-th]].

[34] D. Garfinkle, G. T. Horowitz and A. Strominger, Phys.
Rev. D 43, 3140 (1991).



