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graphic method. We employ a class of 3+1-dimensional holographic models of Einstein-
Maxwell system with gauge and gravitational Chern-Simons terms coupled to a dynamical
scalar field. The scalar can condensate and break the parity spontaneously. We find that
when the scalar condensates, a non-vanishing angular momentum density and an associated
edge current are generated, and they receive contributions from both gauge and gravita-
tional Chern-Simons terms. The angular momentum density does not satisfy a membrane
paradigm form because the vector mode fluctuations from which it is calculated are ef-
fectively massive. On the other hand, the emergence of Hall viscosity is a consequence
of the gravitational Chern-Simons term alone and it has membrane paradigm form. We
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1 Introduction

When parity is broken, additional transport phenomena can take place and reveal interest-
ing underlying dynamical and topological structures of the systems. Quantum Hall effect
is a well known example. In fact, in 2+1 dimensions, when parity is broken, in addition
to Hall conductivity, a few other parity-odd transport coefficients can also arise. These
transport coefficients had been systematically studied in [1] for relativistic fluids and re-
cently in [2] for non-relativistic fluids. Among them, Hall viscosity is the dissipationless
and parity-odd cousin of shear viscosity, just like Hall conductivity can be viewed simi-
larly compared to ordinary (longitudinal) conductivity. The effect of Hall viscosity can
be interpreted as a Lorentz-type force (sometimes called the “Lorentz shear force”) acting
perpendicular to the shear flow. Hall viscosity was first studied for various quantum Hall
states [3-9] and then for chiral superfluid states [7, 9] and topological insulators [10, 11].
It was also studied using general approaches such as linear response theory [12], effective
field theories [13-16], viscoelastic-electromagnetism [17] and quantum hydrodynamics of



vortex flow [18-20]. It was first noticed in [7, 9] and later re-derived using more general
methods in [12, 14, 16] that Hall viscosity is equal to a half of the orbital spin density of
the systems. In the absence of mechanical rotation or spin-orbit coupling, this is the total
angular momentum density of the system. This reveals another interesting effect when
parity is broken — the generation of angular momentum density and edge current. The
microscopic origin of such an angular momentum density varies for different systems, but
the common feature is the formation of vortices. For quantum Hall states, this is from the
cyclotron motion of the electrons or quasi-particles in magnetic field. For chiral superflu-
ids, this is due to the relative orbital angular momentum of the two paired electrons in
Cooper pairs [21-23]. The effect of the non-vanishing angular momentum density and Hall
viscosity is to accumulate momentum and charges on the boundaries [18] and to induce an
edge current.

Over the last decade, the gauge/gravity correspondence [24-26] has often offered new
insights to the understanding of strongly-coupled quantum systems, such as quark-gluon
plasma, superconductors, superfluids, quantum Hall effects and topological insulators, just
to name a few. In this paper we are trying to understand the generation of angular
momentum density and its relation to Hall viscosity in 2-+1-dimensional strongly-coupled
systems from the holographic point of view. In [27] a holographic model with dynamical
gravitational Chern-Simons term was first used to calculate Hall viscosity. This model was
further upgraded and numerically computed in [28, 29]. Recently [30, 31] studied both Hall
viscosity and Curl viscosity using similar holographic models with Chern-Simons terms.
Spontaneous generation of angular momentum from holographic models with gauge and
gravitational Chern-Simons terms was also studied in [32, 33|, and more recently in [34],
with focus on gapless systems. The common feature of all these studies is that in their
holographic actions, there are Chern-Simons terms (gauge [35, 36] or gravitational [37],
or both) coupled to a dynamical axion scalar field, which break parity when the axion
condensates. However, none of them reported to find both Hall viscosity and angular
momentum density at the same time, thus does not yield a unified picture of them as that
from the studies using non-holographic approaches [7, 9, 13, 14, 16]. Recently, [38] studied
a different class of model — the holographic p, + ip, model of [39]. They found both
non-vanishing Hall viscosity and angular momentum density in the superfluid phase, and
showed that the ratio between Hall viscosity and angular momentum density is a constant,
at least near the critical regime, and is numerically consistent with being 1/2 in the probe
limit regime. This suggests an agreement with previous results from [7, 9, 13, 14, 16].
In fact, the holographic p, + ip, model can be viewed as a dual description to chiral
superfluid states, like those studied in [21-23], and it was from computing Hall viscosity
for such states (among others) that [7] first pointed out the relation between Hall viscosity
and angular momentum density. The holographic p, + ip, model is different from those
Chern-Simons models in [27-30, 32] that it does not contain Chern-Simons terms in the
action, so the action is perfectly parity-preserving. But the ground state breaks spatial
parity by locking it to non-Abelian gauge parity, which is broken by the appearance of non-
Abelian gauge connection, and this is the only source for the emergence of Hall viscosity,
angular momentum density, and Hall conductivity (studied numerically earlier in [40]).



Thus in holographic p, + ip, model all the parity-odd transport coefficients and angular
momentum are generated in a unified way.

In this paper, we go back to the holographic gauge and gravitational Chern-Simons
models, and compute the angular momentum density using the method proposed in [38].
It is worth noting that [33] offers an alternative execution of the computation for angular
momentum density, and our general analytical results agree. We will show that there is
indeed a generation of angular momentum density accompanying the emergence of Hall
viscosity when the axion scalar condensates spontaneously breaks parity. The angular
momentum density receives contributions from both the gauge and gravitational Chern-
Simons terms. It does not have a membrane paradigm form and part of its expression is a
bulk integral from the black hole horizon to the boundary. The origin of this is that the
vector mode fluctuations from which the angular momentum density is calculated acquire
effective masses through mutual coupling in a non-trivial charged black hole background.
On contrary, the Hall viscosity has a membrane paradigm form because the tensor mode
fluctuations from which it is calculated remain massless. The ratio between Hall viscosity
and angular momentum density resulting from the gravitational Chern-Simons term is not
exactly a fixed constant, but remains more or less unchanged as temperature is varied,
except at the very low temperature regime. The ratio depends on conformal dimension of
the condensate that breaks parity spontaneously.

The paper is organized as following. In section 2, we give the general formalism
of the holographic Chern-Simons models we are using and the ground state ansatz. In
section 3 and 4, we compute vector mode and tensor mode fluctuations to obtain angular
momentum density and Hall viscosity, respectively. In section 5, we present numeric results
for the axion condensate phase, first in the probe limit and then to include back-reactions.
Conclusions and comments follow in section 6. Through out this paper, we will work in
3+1 spacetime dimensions.

2 Holographic Chern-Simons models

For a general review on Chern-Simons modified gravity theory, we refer readers to [41]. In
this section, we will only list key ingredients relevant to the calculation of Hall viscosity
and angular momentum.

2.1 Bulk and boundary actions

The bulk action of our holographic Chern-Simons model in 3+1 dimension is:
1 A L o A
Sbulk = 27/4/2 d*x —g R —2A — EF/“/ +Si9+SCS+SCS N (21)

where F,, = 0,4, — 0, A, is the field strength of Maxwell field. The cosmological constant
A = —3/L? and L is the AdS radius. The real (pseudo) scalar 9’s action is

1

S0 =53

dz/—g {—; (09)2 -V [19]} : (2.2)



We choose the potential to be

V[] = %m%? + icm‘* , (2.3)

though in the actual calculation we will try to keep V [J] general and not to implement
this form until we have to.
Abelian gauge Chern-Simons term is

Séq = % /d%@{?@dM FF} : (2.4)
where )4 is the coupling constant,
FF="F"F,,, (2.5)
and the dual field strength is
PR — %eﬂ”aﬂFaﬁ . (2.6)
©4[V] is a general functional of 9.
The gravitational Chern-Simons term is

1 A
Scs = = [ d*v/—g{ —SOW]*RR 2.7
s = gz [ dov=a{-Jo R} 27)
where A is the coupling constant and the Pontryagin density is defined as
*RR ="R"" Ry 100 , (2.8)

and the dual Riemann tensor is
1
*RHVPT — 3 6PU77CR/“’77< ) (2.9)

where €77 is the Levi-Civita tensor. We choose the convention! €,, = \/—g. O[J] is a

general functional of 1. Again we will try to keep its form general for as long as possible

in our calculation. A more detailed discussion of its form will be presented in section 5.
The boundary terms include the Gibbons-Hawking term

1
Scn = — / B/ =K (2.10)
K* Jboundary

and a counter term

2
Sct = T 55

K2R boundary
where 7, is the outgoing unit normal 1-form of the boundary and v,, = g — f,7, is

/7, (2.11)

the induced metric on the boundary. The extrinsic curvatures are K, = v,V i, and
K = K];. There is also a Chern-Simons boundary term, analog to Gibbons-Hawking term,
added such that the Dirichlet boundary value problem is well posed:

1

Saocs = By /= { AO[J]n, EpawsK AV K(gn} . (2.12)

boundary

'Our convention for ¢”°"¢ differs from that of [27, 38] by a sign, thus the corresponding terms in both
the Kubo formula and 2-point functions differ by a sign, but the final expression for Hall viscosity remains
the same because these two signs cancel.



2.2 Perturbative expansion of bulk action

To compute 2-point functions, we perturbatively expand the on-shell actions around the
background up to second order in field fluctuations. The background and fluctuations are

Juv = Guv + h,u,ua
A=A+ au, (2.13)
9= G+40,

where g, flu and @ are the background and huv, a, and 660 are fluctuations.? To fully
consider the back-reactions of the gauge fields on the metric, we assume h,,,, a, and 660 are

of the same order. We also define the short-hand notations:

a _ 50[0]

O] =0 + 460, where  ©=0[0], §0=—"| 0, (2.14)

and similarly for © 4][9]. The first order on-shell action which is linear in fluctuations is

1 1 = 14 W, nlZ A kU
Sl(ou)lk =52 d4x8“{v —g (V,,h“ — VH*h — F*a, + X104 " F*a,
000~ XO R gy + Ahas RVI,0) | (2.15)
The second order on-shell action quadratic in fluctuations is
2 _ 1 4 _rl = v 3 AV Ay =0
Spulk = 7,3 [ @ xau{\/_gbhvyh“ + SN b = DTN Y — 21N g

_ 1 1_ _
+gh""v“hm — 5hV'h—a, <2F“”h + Flpe 4 F<1>W>
1 o
n (W - Qg“”h) 565,80 — 59v#59} }
A 4 = 1’*’Va o (O v Q) * PRV as
+W/d 20,{ V=[50 RE (Vsha, + Vihoys) + © RV, hag
_ I o N
~haghy B09,0 - S0 (Vo Vshe + 0,900 ) Gohas  (216)

%gvﬁvé (V08) o (V- T5 + T, 101} — “RI1550F s

+ RMhaV,60 | |
+2A—/;“2 d*20,{V=3|004 F*a, + 04 Fa, | |

Here all co-variant derivatives V and raising and lowering indices are with respect to the

(1)

background metric gy, with h = hj; and le, = v[#a,,].:)’ These actions are written as
integrals of total derivatives, which means they are boundary terms.

2For axion, 1 is the whole field, which equals background plus fluctuation. 6 is the background part,
which is the same as 6(z) as defined in (2.22) to emphasize the z-dependence. 6§60 is the fluctuation. 6o
and 6; are the coefficients of non-normalizable and normalizable modes of bulk background solution of the
axion, as defined in (3.10).

3In this paper we define the symmetrization AwByy = AuB, + A, B, and the anti-symmetrization
A[MBV] = A,B, — A, B,, without the factor of %



2.3 Equations of motion and background

The EOMs are

1 1
Rp,l/ - iRguV + Ag/u/ + )‘CHV = §T/uz ’
Vi (F* = X404 F™) =0,

V. A0 Aq 00
L 24904

V¥~ 55~ 159 RRT Y 5y FE=0,
where
Cy = %vavﬁ (©*Raupy + © *Ravpy)
- % [(VOVP0) Ry + (V°0) s (VIR | + (1 0 v)
and

T;W = |:FMpFl,p - 1g,uuF2:| + |:(v/ﬂ9) (V,/ﬁ) - %QW (Vﬁ)Q - gl“/vw]:| :

4
We choose the background ansatz to be

dz?
F(z)
A=®(z)dt, 6 =0(z)

ds? = —F(z)dt* + +7(2)* (dz* + dy?)

—~

2.17)
2.18)

—

(2.19)

(2.20)

(2.21)

(2.22)

The temperature is given by F(z) = 4T (z — zg) + O ((z — zi)?) and ®(z) = O(z — zn)

near the horizon z = zg. The boundary is at z = cc.
The background EOMs are

0o () <o,
EFE) 2FC) (dr(2))*_(d8E)\ |, FG) (d6))
o ( " > <dZ;(,z>) + 22 dr<(z)ddzfl>()z) .

and a constraint equation from the trace of Einstein equation:

d’F(z) F(2) d?*r(2) F(z) (dr(z)\? 4 dF(z)dr(z)
dz? +4T(z) dz? +2T(Z)2 < dz ) + r(z) dz dz
2
—l—%F(z) (d‘;(;)> LoV (e = g .

(2.23)
(2.24)
(2.25)

(2.26)

(2.27)



3 Vector mode fluctuations and angular momentum density

3.1 Formula for angular momentum density

In this section, we follow the method proposed in [38] to calculate the angular momentum
density. The gauge conditions are chosen to be h,, = a, = 0. We need to study only the
static case, so all fluctuations are time-independent. For completeness, we first review the
derivation of the formula used to compute angular momentum density. The metric at the
boundary is 7,3 = 7o + 07, Where 1,3 = (—1,1,1) is the flat Lorentzian metric and
0Yap = Bag is the metric fluctuation at the boundary. o, 8 =t,z,y and i, j,k = x,y. The
energy-stress tensor is defined as

pos_ 208

et (3.1)

YaB="MNap

Then the linearized (first order) on-shell action we calculate from holography will in general
takes the form

S0 =2 / B s ()T () (3.2)

The B = t component of the conservation law Vo7 = 0 in the static case and flat
background reads

T (%) =0, (3.3)

which has a general solution
T"(%) = %eijaje(f) : (3.4)
where €'V = —e¥® = 1, €™ = ¥ = 0 and /(%) is an arbitrary function. It is straightforward

to see that /(%) is the angular momentum density by definition:
. 1 -
L= / d*Te; o' T (F) = 3 / e o (T) = / d?70(z) , (3.5)
v

where in the last step we have integrated by parts, assumed that the system and hence ¢(Z)
are localized in a finite volume V', and used eijej k= —(5f . At the end the volume V can be
extended to include the whole space. Plug (3.4) into (3.2), turn on only hy;(Z) fluctuation
and integrate by parts, we get

() _ % / Prb(2)e9ihyy () . (3.6)

When the system is homogeneous, ¢(Z¥) = ¢ is a constant and can be factored out of the
integral. Then we have

14 . - ,,. 0-
S = 2/d3x ((()xhty(@ - ayht;c(x)) . (3.7)

(3.6) and (3.7) are the template formulae for computing angular momentum density in
holography.



3.2 First order on-shell action

We now calculate the linearized on-shell action S(!) = S&l)lk + Sgl){ + S(%S +S (

C

tl). The first

part of the contribution is from the z-derivative term in Sl(jt)lk plus the boundary terms:

1
2K2

d%{m(z) <F(z)d222)—’”gzz) F(z)> BA#, 2) + r(2) di)at(f,z)

Z=00

+1(0) (P L+ A 200 /R (i) + g, 2)
—(2)2F(2) diz(;) 50(Z, 2) (3.8)
#3007 (2r0) ™2 - ) () - 5 ne@o)

A~ dr(z) dF(z) ? 0% L.
#3006 (276 2 ) ) (G2 - ki >)}

F(z) = (%)2 + g +0 (12> : (3.9)

the first two lines of the integrand in (3.8) are

r . . _
o7 (2R — R = hY) — —5a;.

Since we do not turn on these boundary fields, they have no contribution. The axion has
near-boundary behavior

0(z) =gz 2 ... 401272+ ..., (3.10)

3 /9

The first coefficient 6y is equal to the source J and the second coefficient 8; equal to the

where

condensate (O). Since we are considering a sourceless case, we set 6y = 0. The axion
fluctuation §6 has similar near-boundary behavior:

00 =062 +...,
then the third line in (3.8) becomes
Ay -
Fﬁléﬁ ,



which has no contribution because 66 is turned off. Thus the first part’s contribution is
only from the last two lines in (3.8):

4722 /Z:oo dgx{(:)(z)dZiz) <2F(z)d:l(;) — r(z)dFdiZ)> (ihi’(ﬁ z) - gyhf(fa Z)>
+ %(:)(z)r(z) <2F(2)d:l(;) - r(z)dFdiZ)> <8f;$h%(f’ 2= 33;.@ i@ 2)> } .

(3.12)

The second part of the contribution to S() is from the z- and y-derivative terms in St()lll)lk.
The part involving scalar and tensor mode fluctuations are quadratic in spatial derivatives:

1 . 92 92 . 0% 92 0% L.
27/# d x{ — <al’2+8y2> hi(fl?,Z)7873/2]127($,Z)*@h%($,2)+26mayhy($,2) s

thus is of higher order. The part involving vector mode fluctuations will give the main
contribution:

A [ {[ <7~(z)2 d < 1 dr(z) dF(z)) BNC) d2r(z)) o

42 2 \r(z) dz dz dz  dz?

+r(2)3 <jz f((;l) d:l(;) d?liz) (aihfg’(f, 2) — aayhf(f, z)>

+7(2)0(2) [r(z)ij <T (12) dfliz)> - 2F(z)d22(2z)] < &f;m hY(Z,2) — af;yhf(f, z)>}
+ % d* {@A(z)di(j) (;may(f, 2) — aayax(f, z)> }
The quantity in the first [...] is a total derivative, so this part can be integrated by parts,

which gives

A _dr(2) dF(z) dr(z)\ (0 ., - a ... N\~
v [ #2002 (0 T 2re G2 (Gt - e |
A _ dr(z) dF(z) dr(z) d 1 dF(2)
—|—4—H2 d4x{@(z) e <r(z)dz —2F(z) P >—|—r(z)3dZ <7“(z) 7 )
d*r(z) 0? . 0? L
—2r(2)F(2) 72 <8zaxhi/(:v,z)—azayht (m,z))}

+ ;\/:;/d‘ix{@fx(z)dii@ (;an(f, z) — gyax(f, z)> } :



Combine this with (3.12), we have:
5 :ﬁ / N d%é(z)d:l(;) <2F(z)d2(§> —r(z)dFdiZ)> <§mh%(f, 2)— ;yhf(f, z))
+8% / N d%{é(z)r(z) <2F(z)dz(§) _ r(z)dFdiZ))
—1—422/d4m{(:)(z) _drz) (r(z)dF(Z) _ 2F(z)dT(Z)> (et <1dF(Z))

- QT(Z)F(z)dZZ(QZ)] ( af;zh%(f, 2y af;yhf(f, z)> } (3.13)

A =~ d®(z) ( 0 . b .
—i—ﬁ d4x{®A(Z) d(z ) (axay(m,z) — 8y%(m,z)> } .

This is the linearized action we will use in the next subsection to compute angular momen-

tum.

3.3 Vector mode fluctuations and angular momentum density

Since S is already linear in spatial derivatives, we only need to solve equations for hi(Z, 2)
(1 = x,y) at the homogeneous leading order. That is, we can view spatial derivatives as
small quantities and solve only up to leading order in derivative expansion. There are
four relevant equations for vector mode fluctuations: the tz-component of the linearized
Einstein equation and the z-component of the linearized Maxwell equation

F(z) 3<T(Z)2
2r(2)2 0z \ F(z)
F(z) 0
r(2)? 9z

aihi(Z, z)> -0 (5‘2) : (3.14)

dd(z)

- Ohi(T, 2) +

(&-ai(i, Z)) =0 s (3.15)
where sum over ¢ = z,y is understood, and the ¢i-component of the linearized Einstein
equation and i-component of the linearized Maxwell equation

d d . dd

- {r(z)zl (dzhg(f, z)> +r(z)2diz)ai(f, z)] =of

r(z)2d‘fl(;) (jzhg(f, z)> + dilz [F(z)jzai(f, z)] - 0(d) . (3.17)

5) , (3.16)

Equation (3.14) can be directly integrated out, which gives

r(2)? i = )
where C1(Z) is an arbitrary function independent of z. Since the right hand side is already
independent of z, the left hand side must also be independent of z. To achieve this,

the z-dependence of h%(Z,z) must cancel the prefactor r(z)?/F(z). Noticing that this

~10 -



factor goes to 1 at the boundary, and we want to normalize hi(Z,z) at the boundary as
hi(Z, 2z — o0) = hyi(F), we get the solution

_ F(z)
- r(2)?

L hii(@) + O (a) (3.18)

Here indices of boundary fields hy; are raised and lowered by the 3-d flat Lorentzian metric
Nag = (—1,1,1). Cy(Z) is then determined accordingly. Plug this solution into equa-
tion (3.15) and integrate in out, we get

0; (ai(%, 2) + D(2)hui(E)) = Co(& )+o(a)

where Cy(Z) is an arbitrary function independent of z. Same as before, we want the left
hand side to be z-independent. Noticing that ®(z — o) = &g + O (z_l) and we want to
normalize a;(Z, z) at the boundary as a;(Z, z — c0) = 0, we get the solution

ai(@,2) = (@0 — ®(2)) hi(#) + O (9) . (3.19)

Using background EOMs it is straightforward to check that the solutions (3.18) and (3.19)
solve the second order equations (3.16) and (3.17) as well. Thus the vector mode fluctua-
tions are completely solved at the leading order in derivative expansion.

Plug these solutions into (3.13), and integrate by parts the bulk integrals, we arrive at

s — _i‘% i d*r04(z) (Pg — ®(2)) (aa by () — ; huiw (T ))
A ~ dF(z z)dr(z 5 -
+872 /Z:ZH d3x®(z) di ) <2 T((Z)) o . )> ( hty .f 87h (x))
+4% 2O 4(z) (Bg — B(2))? (aa By (T) — gyhtw@))

et [ %2 (in- )

+4:2/d4x (D _<1>(z))2d@;(z) <8iﬁty(:z) gyﬁm(f)> .

Noticing F(z) = 47T (2 — z) + O ((z — zi)?) and ®(z) = O (z — zp) near the horizon and
O(z— o0) =Py + 0 (z_l) near the boundary, we get

g _ 212 ( BIN46 A (201) — 47r2T2>\@(ZH)) /d% <88:cﬁty(f) - aayl_m;(f)>
+2—f1€2 Oodz [A;‘ (Do — ©(2)) d@jz(z)] /d% (aihty( r) — ;yhtx(ﬂ?’))

o [ [ (9 2} e i G

- 11 -



Compare with the formula (3.7), we get

¢ = 2% {q)g@A 0(z1)] + /: dz (Bg — B(2))? d@Ad[ZQ(Z)]}
o] P 2 5
—4—;\2 {1671'2T2@ 0(zm)] + /ZH dzr(z)* [jz (fé)g)] dec[iez( )]} ., (3.20)

where @) = ®(z = 00).

This result is in agreement with that obtained in [33].* The basic concept behind the
method here and that in [33] are the same, which is to look at the momentum density
1-point function’s response to spatially inhomogeneous perturbations. But the executions
of the computation are done in different ways. In [33] the inhomogeneous momentum
density are obtained by directly solving inhomogeneous bulk equations of motion. While
here by looking at first order action’s response rather than that of momentum density
itself and performing an integration by parts, we obtain the template formula (3.7). The
spatial derivative is shifted from the momentum density to the metric fluctuation. Then to
calculate the homogeneous angular momentum density, technically we only need to solve
homogeneous bulk equations which is very easy to do. The results of course agree as
we have checked explicitly here, because the integration by parts in the action is just a
mathematical trick and should not have any physical consequence.

3.4 Effective masses and membrane paradigm violation

From (3.20), we can see that in general both gauge and gravitational Chern-Simons terms
contribute to the angular momentum density. The contributions are not just from the
horizon area, as opposed to many transport coefficients such as the shear and Hall viscosi-
ties, which we will compute in the next section. The fact that parts of the contribution
are written as integrals from the horizon to the boundary suggests that the IR degrees
of freedom interact non-trivially with the UV degrees of freedom to generate the angular
momentum density. In the so-called membrane paradigm [42], many zero-frequency and
zero-momentum linear response transport coefficients can be expressed completely in terms
of geometric quantities evaluated at the black hole horizon in holographic dual. But here

4To go from our expression to that of [33], one first need to substitute in the following field and coupling
redefinition:
A, = LA, , Aa = —4Bcs , A= acsl?, O4[9],0[0] =9,

where on the right hand side of “=” are the notations of [33] (the AdS radius L is denoted by ¢ there, but
to avoid confusion, we will still use L here). This implies ®o = Lu. After these substitution, our actions
take exactly the same form as those used in [33]. Next, to transform the metric to that of [33], we redefine
the coordinate system as

r(z) = L L z=—L? 7‘f(§2)h(£)d§.

27 F(Z):f(g)?,

Now one can check our metric (2.22) takes the form of eq. (1.4) in [33], where their AdS radius coordinate
“2” is re-denoted by £ here to avoid conflict of symbols. Next it is straightforward to substitute these
expressions into (3.20) and see that it takes exactly the same form as egs. (1.5) and (1.6) in [33]. Notice
that the upper integral limit of co here shall be replaced by 0 as £ = 0 is the AdS boundary in [33].
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the angular momentum density (3.20) is clearly an exception. One key ingredient in the
derivation of the membrane paradigm in [42] is that the bulk degrees of freedom associated
with the linear response in question is massless, thus the bulk equations of motion can be
integrated out which yields the membrane paradigm. But when a mass term is included
(or generated) in the equations of motion, it usually spoils the integrability thus can break
the membrane paradigm. This is what happens here to the angular momentum density.
Although the vector mode fluctuations we are considering here originate from massless bulk
fluctuations, they acquire effective z-dependent masses spontaneously from the non-trivial
profile of ®(z) and the geometry. We will show in the following that equations (3.16)
and (3.17) are actually equations of motion for massive vector fluctuations.
First, we notice that the background equation (2.25) can be solved formally:

O (7 de , > ( < de \ 7
O(z) =P — — — with D = —PoL / . 3.21
B=20" 1 rep o 77 320
In fact, up to normalization factors, ®9 = p and ®; = —p where p and p are the chemical

potential and charge density of the system. Now using the properties of the solutions (3.18)
and (3.19)

r\z 2 i N
@) = g2 (80 - 2119 +0(5)
O ire N _ pige 39 F(z) 5
%ht(:r,z) = ht(x,z)%log ()2 +0 (8) ,

we can manipulate the second term in (3.16) to get the following form
d 4 d i/ (P%L_Zl i/ = =~
[ (@) | - i@ =0 (a) . (3.22)

In this equation, the first term is the equation of motion for massless vector mode fluctu-

ation of the metric as usual, but the second term corresponds to an effective mass term?®

with a z-dependent mass square:

(3.23)

Similarly manipulating the first term in (3.17) it becomes

b oo [£ () ([ 5) w009 o

The first term in the above equation corresponds to that of massless Maxwell field and the

second term an effective Proca mass term with a z-dependent mass square:

o= [ G (Lees) 529

®To read off the value of mass, this can be compared, for example, with eqs. (2.49) and (2.50) in [43].
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Then (3.20) can be written as

o 2
= 2)\/;4 {‘I’o@A[a( )]+/ dzm%(z)r( < r(dg2> d@A }

ZH

422 {16W2T2e[9(zH)] +/ZH dz [m? 2)4 (/OO Té&f)2> [ez(z)]} .

(3.26)

Now we can see that the two integral terms which violate the membrane paradigm form
have the same structure: the integrands are product of effective masses of the vector
fluctuations and non-trivial radial flows of the axion profile. These two factors are the two

sources of the membrane paradigm violation. Near the boundary
P2 3T
m,%(z—)oo)—>— mi(z—)oo)—>—3,
z

the fluctuations become massless, as expected.

4 Tensor mode fluctuations and Hall viscosity

The Hall viscosity for gravitational Chern-Simons model with an axion coupling has been
computed in [27, 28], but in a different form of the metric. Here, for completeness, we
present the derivation again, appropriate for the background ansatz (2.22). The result we
will derive here is also a generalization of the results in [27, 28], since we have a generic
Chern-Simons coupling function O[¢] in (2.7). In this section, for computing viscosities, we
only consider the homogeneous case where all the fluctuations are independent of spatial
coordinates x and y. In this case, the tensor mode fluctuations h;y, and hy, — hy, decouple
from the rest.

4.1 Tensor mode EOMs and solutions

First we define:
hay(t, z) = r(z)Qhe(t, z), % (hao(t, 2) — hyy(t, 2)) = r(z)zho(t, z), (4.1)

where the subscripts e and o mean even and odd under parity operation x <> y. We define

the notations €;; (i = e,0) as following: €co = —€pe = 1, €ce = €0o = 0. The the linearized
Einstein equations for these fluctuations (in momentum space) are
d 9 d o7 (2)? _
- F 7h7, 3 hl ) = Z\W, 25 3 4.2
& [P (fnn) ] + T b ) = 2wz (1.2
where
B d 9 dO(z) ( d
Ei(w,z; ) = w)\eu{ —2£ r(2)“F(2) 5\ j(w, 2) (4.3)
d (dF(z)dO(z) d dr(z) dO(z)
2 —2F(2)— h
[T(Z) dz ( dz  dz (2) dz r(z) dz dz (w-2)
- 5,7(2)* dO(2)
) h;
+iw AF(z) 7, i j(w, 2)
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and the repeated index j is summed over e and o. The incoming wave solution is

hi(w, 2) = <Z - ZH) e [/5,- +iwhV(z) + O (oﬂ)] : (4.4)

z

where

nY(z) = by [471T (Z _zZH) _T(ZH)Q/Z dgr(fS)?lF(f)]

+Ae,~jhj{2wTr<zH>2@< H) / A GRHAG) F(f)

Lo fien () )

Because () is sourceless near the boundary: 6(z) ~ z~2+, for a general O[] = 9" (n > 1)

near the boundary, the last line in the above equation goes to zero faster than O (2_3) near
the boundary, so only the second line contributes to Hall viscosity.

4.2 2-point functions and viscosities

The total second order on-shell action for the tensor mode, from (2.16) and the correspond-
ing boundary terms, is

s = L[ awy {Er(z)g F(z)—jZ(T(Z)QF(Z))] B2 = r(2)F(2)hy (jh)

+%eij r(z)} (iﬂgg) dgiz)hi <§thj> +2§2§@(2) <§;hi> (gthj) (4.6)
+or( )d;(zz)F(z)@(z) (gth> (;Zh ) — 2r(2)*F(2) (ddz E’g;) h; ((;;zhj) ] } :

Following the holographic prescriptions of [44-46], we obtain the 2-point functions in mo-
mentum space:

G (w) = —QRI;LQ - z‘wr(;:?)z +0 («?), (4.7)
GIEm9 "™ (w) = —iw 2ZZAT(2H)2(:)’(2H) +0 (wz) ) (4.8)

Comparing with Kubo formulae [38]:5
G (w) = p—iwn+ O (w2) , (4.9)
G (1) = 2 + O (&) | (4.10)

we get the shear viscosity
1

g = (4.11)

5The nu term differs by a sign from [38} because our convention is €5y = 1 in 3-d flat Minkowskian
space (the boundary), which follows from €tzy. = 1/—g in 4-d bulk space.
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where the entropy density is s = i—’;r(zH)z, and the Hall viscosity

nH = A {r(z)4 L;i (fggl)} d@c[li(z)]} ‘ = —TFZ;)\T(ZH)2(:)/(ZH)a (4.12)

4k2
where ©/(z) = 9,0 [(2)]. The middle part in the above equation is from the first term in
the second line of (4.6) and we have used F(z) = 47T (z — zg) + O ((z — zu)?) to go to
right hand side. The Hall viscosity has a simple form which is expressed purely in terms of
bulk quantities at the horizon. This is a generalization of results in [27, 28], for a generic
gravitational Chern-Simons term of form (2.7). The gauge Chern-Simons term (2.4) has
no contribution. The reason is obvious: this term is totally independent of the metric;
since Hall viscosity is a response to the metric perturbation, it is natural that the gauge
Chern-Simons has no contribution. In contrary to the membrane paradigm of the Hall
viscosity, the angular momentum density (3.20) has a more complicated form: part of it
does have a membrane paradigm form while the rest is an non-trivial bulk integral. This
difference indicates that the physics behind these two quantities are different (at least for
the holographic Chern-Simons models studied in this paper and the dual field theories they
describe), thus in general, we expect their ratio to have some non-trivial behavior. This is
difficult to study analytically. In the next section, we will present the numeric results.

5 Numeric results of the axion condensate phase

In this section, we numerically study Hall viscosity, angular momentum density and their
ratio in terms of physical parameters such as temperature 7" and charge density p (we will
use Canonical ensemble in this section, where p is held fixed) in the axion condensate phase
of the holographic Chern-Simons model. In this phase, as the temperature is lowered, the
axion scalar 1 develops a non-trivial profile in the bulk and thus breaks the parity sponta-
neously. The order parameter corresponds to the expectation value (O) of the operator O
in the field theory that is dual to the scalar . We will first work in the probe limit, and
then include full back-reactions.

From (3.20) we see that angular momentum density receive contributions from both
gauge and gravitational Chern-Simons terms. However, from (4.12), Hall viscosity is only
determined by the gravitational Chern-Simons term. In general, the two Chern-Simons
coupling functions A4 © 4[] and AO[¥] can be different and unrelated. To make our analysis
simple, from now on in most of this section, we will focus only on the gravitational Chern-
Simons term, and turn off the gauge Chern-Simons term A4 = 0. Only at the end of this
section will we include the numeric result for the angular momentum density from the
gauge Chern-Simons model.

Before starting the numeric analysis, we would like to first discuss the choice of the
general function ©[J] in (2.7). There is no unique choice for its form from the phenomeno-
logical model we write down here. When O[J] = constant, the gravitational Chern-Simons
term (2.7) is a boundary term because the Pontryagin density is a total derivative. This
is not the case we are interested here, because we want this term to be dynamical, at
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least to have a non-trivial z-profile to generate non-vanishing Hall viscosity. In [27-
29], the authors chose O[] = ¥, which results in the near-critical behavior of Hall vis-
cosity to be ng ~ (T. — T)Y/?, because the Hall viscosity is linear to the condensate
0 ~ (O) ~ (T. — T)Y/2. Another form, O[] = 92, is also interesting, because from (3.20)
and (4.12), both Hall viscosity and angular momentum density are quadratic in order pa-
rameter (O) now, so near critical regime they will scale as T — T, instead of (T — T')'/2.
This is in agreement with condensed matter theory arguments such as in p, + ip, paired
states of BCS theory: since both Hall viscosity and angular momentum density have di-
mension 1/[length]?, by dimensional analysis, they are proportional to square of the order
parameter, thus scale as T, — T' near critical regime. Of course O[¢] can take other forms
in general. For O[¢] = ¢¥", Hall viscosity and angular momentum density will scale as
(T. — T)™? near critical regime and 77 /¢ will acquire a factor of n. When ©[9] contains
multiple terms of ¥ with different powers, the lowest power will dominate the near-critical

behavior and the highest power the low temperature behavior. In this section we choose
O[] = v¥* (5.1)
so as to reproduce the T, — T scaling near the critical regime.

5.1 Gravitational Chern-Simons model: the probe limit

In this subsection we study the probe limit of the bulk theory, where the scalar field ¥ does
not back-react on the metric and Maxwell field. This limit has been employed in [28, 29].
The background now is the AdS-Reissner-Nordstrém black hole:

z
r(z) = T

9 2\ .3 2.4
ro= (3 - (%) e 22 2
=0 (-

where @ is the dimensionless charge. The temperature is

3zH Q?

and to make the temperature non-negative, the charge has to satisfy Q? < 12. The near-
boundary behavior of the scalar field is

0(z) = =, (5.4)

and that of the electric potential is

M@:u—§+o(1), (5.5)

22

where (O) is the condensate,  the chemical potential and p the charge density (up to some
factors of k and L). Mass m is related to the conformal dimension A of the condensate
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Figure 1. Condensate (O) (upper left), Hall viscosity ng (lower left), angular momentum density £
(lower right) and their ratio 1y /¢ (upper right) as functions of T'//T, in the probe limit, with c,L? =
0.5. The red, brown and blue lines correspond to m?L? = —2.2, —2.1 and —2.05, respectively. We
haveset L=A=x=1, A4 =0.

operator O by (3.11). It has been shown in [28] that in this setup the black hole can develop
a scalar hair only at very low temperature, where it is near extremal and the extremality
factor 1 — Q?/12 is close to zero. Figure (1) shows numeric results for ¢;L? = 0.5 with
various values of m. It is interesting to notice that despite the seemingly different analytic
expressions for Hall viscosity and angular momentum density, their ratio 7y /¢ remains
more or less unchanged for a vast range of temperature until one reaches the very low
temperature regime. However, the value of the ratio is typically a huge number depending
on the mass m (or conformal dimension A ) of the scalar condensate, and is far away from
the 1/2 value found in condensed matter literature. We will see that this feature remains
when full back-reactions are included.

The stability for a charged black hole with a neutral scalar condensation was discussed
in [47] as well as in [28, 29]. In this paper when talking about neutral scalar condensation,
we always focus on a narrow window around m?L? = —2, which is with in the range
discussed in these references and the black hole can develop a neutral scalar hair which
condensate near the horizon.
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Figure 2. Condensate (O) (upper left), Hall viscosity ng (lower left), angular momentum density
¢ (lower right) and their ratio ng /¢ (upper right) as functions of T/T,, with full back-reactions
included. Here m2?L? = —2, corresponding to conformal dimension A, = 2. The black dashed
line has ¢4 L? = 0, with an increment of 0.25 for each adjacent line toward the red one, which has
cal? =1.75. Wehaveset L=A=k=1, Ay =0.

5.2 Gravitational Chern-Simons model: including back-reactions

The probe limit usually works well in high temperature when the black hole is far from
extremal, and the condensate is small and the back-reactions are weak. However, in the
probe limit of the previous subsection, numerics shows that the scalar can only condensate
when the black hole is near-extremal. But in this case the back-reactions play a very
important role, thus the probe limit assumption may not be consistent. Particularly, Hall
viscosity is solely expressed in terms of quantities near the horizon and so is part of the
angular momentum density, thus the accuracy of the numeric solutions near the horizon
matters a lot. Even in high temperature, when the back-reactions are negligible near the
boundary and not strong in most part of the bulk, they are still very important near the
horizon. For example, r(z) has significant deviation from its probe limit form near the
horizon. To improve the accuracy of the numeric results, in this subsection we will take
back-reactions into full account.

Figure (2) shows the numeric results when full back-reactions are included. The mass
is chosen to be m?L? = —2, corresponding to conformal dimension A, = 2. The black
dashed line is the linear case with ¢4 = 0. The colored lines show non-linear effect, with
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Figure 3. Hall viscosity to angular momentum density ratio g /¢ near the critical regime T' — T,

as a function of conformal dimension A . ¢y L? = ﬁ. The dots are the numeric data and the red

line is the fitting of (5.6). The vertical axis is shown in logarithmic scale.

bigger non-linear coefficient ¢4 toward the red end. The non-linearity decreases the values
of the condensate, Hall viscosity and angular momentum density. Numerically we find
that below certain low temperature (< 0.37) it is hard to find a condensate solution when
c4 > 0: that is the reason why all the colored curves terminate at some low temperature.
The ratio between Hall viscosity and angular momentum density 7y /¢ remains more
or less unchanged at high temperature, same as in the probe limit. It only starts to drop
off dramatically once gets to low temperature regime where T' < 0.3T,. It is not clear to
us whether there is a physical origin or interpretation of the wiggles in the plot. Non-
linearity has almost no effect near the critical temperature, because here the condensate
is close to zero and the non-linear term is of higher order. It will only show up when
the temperature is lowered and the condensate becomes large enough such that the non-
linear term is comparable to the other terms. The non-linearity does decrease the ratio,
however, its effect to the ratio is much weaker compared to that to Hall viscosity and
angular momentum density individually. The numeric plot suggests that the non-linear
effect on the g /¢ ratio is at its strongest at the mid-temperature regime where T' &~ 0.57.
As the temperature is lowered further, the non-linear effect on the ratio shows a trend
to become weaker as the colorful lines go closer. It is interesting to notice that as the
temperature drops below T' = 0.27,, the ratio decrease dramatically towards zero. Due to
the difficulties of numeric calculation for extremely low temperature regime, we can only
work out the dashed line (¢4 = 0) below T' & 0.257T, and can not go beyond 7' < 0.17,. It
will be interesting to see whether at zero temperature the ratio approaches some non-zero
fixed value, for example, 1/2 widely found in the study of field theory and condensed matter
systems [7, 9, 13, 14, 16]. In this regime, the near horizon geometry may have different
scalings than the AdSy x R? of extremal black holes, such as a AdSy with a different radius,
and across a critical conformal dimension m?L? = —3/2 when T, reaches zero, the system
may undergo a Berezinskii-Kosterlitz-Thouless type phase transition with an exponentially
generated scaling [47]. We will leave the study on zero temperature regime to the future.
The ratio also depends on the mass m (the conformal dimension A, ) as in the probe
limit. Since the non-linearity does not play an important role, to separate this effect, we
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Figure 4. Angular momentum density ¢ as a function of T'/T,., with full back-reactions included.
Here m?L? = —2, corresponding to conformal dimension A, = 2. The black dashed line has
c4L? = 0, with an increment of 0.25 for each adjacent line toward the red one, which has ¢, L? = 1.75.
We have set L=Xq =k =1, A=0.

can just study the ratio’s dependence on the mass at the critical temperature. Figure (3)
shows the near-critical ng /¢ ratio as a function of conformal dimension, with a fitting of
the following form:

NH — 268 AJF(3—A+)+42.97 (5.6)
T—T,.

i.e. this near-critical ratio depends on mass m exponentially.

5.3 Gauge Chern-Simons model: angular momentum density

At the end of this section, in figure (4), we present the numeric result for the angular
momentum density due to the gauge Chern-Simons term, i.e. the first line in (3.20). We
turn off the gravitational Chern-Simons coupling: A = 0 and choose O 4[] = 92 as well.
Qualitatively the plot is very similar to that of the gravitational Chern-Simons model.

Note added. After the original version of this paper, [34] appeared, where the angular
momentum density, Hall viscosity and their ratio are studied analytically or numerically
in a few classes of holographic models. The general form of the action they start with is
the same as ours, with choices of different forms of the scalar potential V' [J]. In the first
class of models studied there, the non-normalizable mode of the scalar ¢ is turned on. This
corresponds to turn on the source 6y here. In principle, the sourceless case we study in this
section can be viewed as a limiting case as 6y — 0, given a ll other settings are the same in
the 6y # 0 case. Unfortunately this does not happen when we try to compare our results
with those of [34], because other settings are not quite the same between ours and theirs.
In our sourceless case, if the charge density p and chemical potential p are turned off, the
condensate 6(z) # 0 can not form and both 7y and ¢ vanishes identically. In this case
their ratio is simply not well defined (in other words, 0/0 can be anything). Sections III.B
and III.C of [34] consider cases without p or p, but with source on. Although their ngy /¢
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does have a good limit as #y — 0, this is not comparable to ours, and we suspect that the
order of two limits 6y — 0 and u, p — 0 may not be exchangeable, since they correspond to
approaching the non-analytic point of 0/0 of 1y /¢ from different directions in the parameter
space. For this same reason, results in section III.D and E are not immediately comparable
either. Superficially, the case closest to what we study is section II1.D, but only part of the
angular momentum density, the non-integral part (called Jhorizon there), is presented; the
non-trivial integral part is omitted, thus a direct comparison is not available. In section
IV of [34] the sourceless case is studied directly, this is the same as what we have studied
in this section, where 6y = 0 is imposed from the very beginning. But they turn on a non-
trivial dilaton coupling e~ for the Maxwell term in the action, where we set it to unity.
In their numeric computation, « is no less than 0.5, thus a limiting case when o — 0 is not
available for comparison. When « is finite, the dilaton coupling facilitates the formation
of condensate: from their results we can see the non-trivial profile of ¥ can form at any
temperature, especially at very high temperature; whereas for ours with o = 0, it can only
form below certain critical temperature T.. Again this implies the high temperature (or
small p) limit and o — 0 limit may not be exchangeable when dilaton coupling is included.
In summary, none of the cases studied in [34] encloses ours as a simple limiting case and
they are complementary to what is studied in this section.

6 Conclusions and comments

We have shown that holographic models with gauge and/or gravitational Chern-Simons
terms have a non-vanishing angular momentum density when parity is broken by the scalar
coupled to the Chern-Simons terms. Unlike Hall viscosity, the angular momentum den-
sity (3.20) does not have a membrane paradigm form: it is not solely determined by the
near-horizon behavior of the background fields; part of it is an integral over the whole
bulk regime outside the horizon, which suggests that the UV and IR degrees of freedom
that are responsible for the generation of angular momentum density interact non-trivially
with each other and do not decouple. These results are in agreement with those obtained
in [33]. The effect of this angular momentum density is to accumulate momentum at the
1-dimensional spatial boundary of the 2+1-dimensional system, inducing an edge current
of momentum whose strength is proportional to the angular momentum density, as shown
in [38] and [33].

We have presented numeric results for the axion condensate phase of the gravitational
Chern-Simons model when the scalar condensates, both at the probe limit and with back-
reactions fully included. Both Hall viscosity and angular momentum density are mono-
tonically decreasing functions of temperature. Non-linearity of the scalar potential V1]
plays little role in asymptotic behaviors near the critical regime, but decreases both Hall
viscosity and angular momentum density below the critical temperature.

The Hall viscosity to angular momentum density ratio obtained numerically from the
gravitational Chern-Simons term alone is not exactly a constant, but it does remain more
or less unchanged for a vast range of temperature, except at the very low temperature
regime. On the other hand, the ratio obtained from non-holographic approaches [7, 9, 13,
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14, 16] is always 1/2. In fact, the apparently different forms of (4.12) and (3.20), and
the facts that the former involves only gravitational Chern-Simons term and tensor mode
metric fluctuations while the latter involves both gauge and gravitational Chern-Simons
terms and only vector mode fluctuations, already suggest that the physical mechanisms
of generating Hall viscosity and angular momentum density in holographic Chern-Simons
models and the dual field theories they describe are quite different. Thus in general,
a simple relationship between them would not be expected from these theories. How to
understand the universal relation obtained from field theory and condensed matter theories
and the non-universal results from holographic Chern-Simons models here (and what role
the gauge Chern-Simons term plays regarding the relationship between Hall viscosity and
angular momentum density) is still open questions to be answered in the future.

In this paper, we have obtained a general analytic formula (3.20) for angular momen-
tum density. But numerically we have only studied the axion condensate phase where
the AdS-Reissner-Nordstrém black hole develops a neutral scalar hair. At zero or very
low temperature, the system may flow to different infrared geometries with different scal-
ings [47, 48]. How the angular momentum density, Hall viscosity and their ratio behave in
these different IR fixed points, is another interesting question that can be studied in the
future.
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