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Motivated by recent work on Hall viscosity, we derive from first principles the Kubo formulas for the stress-
stress response function at zero wave vector that can be used to define the full complex frequency-dependent
viscosity tensor, both with and without a uniform magnetic field. The formulas in the existing literature are
frequently incomplete, incorrect, or lack a derivation; in particular, Hall viscosity is overlooked. Our approach
begins from the response to a uniform external strain field, which is an active time-dependent coordinate
transformation in d space dimensions. These transformations form the group GL(d,R) of invertible matrices,
and the infinitesimal generators are called strain generators. These enable us to express the Kubo formula in
different ways, related by Ward identities; some of these make contact with the adiabatic transport approach.
The importance of retaining contact terms, analogous to the diamagnetic term in the familiar Kubo formula for
conductivity, is emphasized. For Galilean-invariant systems, we derive a relation between the stress response
tensor and the conductivity tensor that is valid at all frequencies and in both the presence and absence of a magnetic
field. In the presence of a magnetic field and at low frequency, this yields a relation between the Hall viscosity,
the g2 part of the Hall conductivity, the inverse compressibility (suitably defined), and the diverging part of the
shear viscosity (if any); this relation generalizes a result found recently by others. We show that the correct value
of the Hall viscosity at zero frequency can be obtained (at least in the absence of low-frequency bulk and shear
viscosity) by assuming that there is an orbital spin per particle that couples to a perturbing electromagnetic field as
a magnetization per particle. We study several examples as checks on our formulation. We also present formulas
for the stress response that directly generalize the Berry (adiabatic) curvature expressions for zero-frequency

Hall conductivity or viscosity to the full tensors at all frequencies.
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I. INTRODUCTION

There has been great interest recently in the viscosity
of quantum fluids, coming from various directions. These
directions include a conjectured lower bound on the ratio of
the shear viscosity to entropy density of a fluid, from the
AdS/CFT correspondence;! the properties of an interacting gas
of fermions with interactions described by s-wave scattering at
or near the unitarity limit;? and the so-called Hall viscosity, an
antisymmetric part of the viscosity tensor analogous to Hall
conductivity, which has been calculated for several gapped
topological phases.>

Viscosity, whether in a solid or fluid, is essentially the set of
transport coefficients describing the relaxation of a deviation
of the momentum density from its value in (possibly only
local) equilibrium. Hence it is necessary that momentum be
conserved in order even to consider viscosity. If the momentum
density at x at time ¢ is g(x,#), the continuity equation for
momentum is

PACS number(s): 72.10.Bg, 66.20.Cy

nastru = —8n/n. The local expected stress does not respond
to a change in the shape of a box confining the fluid (which
can be considered as an attempt to impose a static strain uqpg),
except that there is a response of the pressure to a change
in volume; the pressure is the expectation of the trace of the
stress tensor, divided by the dimension of space. However,
time-dependent strain has an analog, which is the matrix of
gradients of the velocity field v, the average velocity of the
fluid:
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The change in the average stress tensor (t,,) from its equilib-
rium value can be formally expanded in time derivatives, as
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where A, is the tensor of elastic moduli and 7.4 is
the viscosity tensor. Here we may view this as holding

agy(x,t . .
M +0,T,,(x,1) =0, (1.1) between local quantities at the same position in space from
ot a long-wavelength point of view, or to zeroth order in spatial
(greek indices 1, v, ...,= 1, ...,d refer to space components,  derivatives. Then in a fluid,

d is the dimension of space, and repeated greek indices are
summed). The stress tensor operator 7,,(xX,?) plays a central
role in calculating viscosity. The viscosity tensor in a fluid can
be defined as the expectation of the stress due to a time-varying
“strain.” Unlike in a solid, in a fluid with no external fields
present, an intrinsic local static strain tensor is not defined in
full in any completely natural way, but we can define its trace
as tru = 8(LY)/L9, where L? is the volume, for a uniform
dilation, or locally using the average particle number density
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Mvap = K 8,0080p (1.3)

that is, only the trace of t responds, and only to tru,
corresponding to a change in volume or local density of
the fluid. The coefficient k! is the inverse compressibility,
Kk l=—LY P/a(Ld))N, the derivative of the pressure with
respect to volume L¢ of the fluid, taken at fixed particle number
N. So far, we did not use rotational invariance (isotropy) of the
fluid; if we do, then the stress tensor is symmetric, and only
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the more familiar symmetrized rate of strain
! (e )
2 \0xg  0xg
enters, so that 1,,.g is also symmetric under the exchange
a < B. Another part of the expected stress is the momentum
flux mnv,v, (where m is the particle mass), which is very
important in fluid mechanics (e.g., in obtaining the Navier-
Stokes equations), but will not be encountered in this paper as
we consider only linear response to strains.
Without assuming rotation invariance, we can further
distinguish some parts of the viscosity tensor. 1 can be divided

into a symmetric and antisymmetric part under exchange of
the first and the last pair of indices:?

(1.4)
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Movap = (1.5)
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For the zero-frequency parts that we consider at the moment,
only the symmetric part of 5 contributes to dissipation. For
a rotationally invariant d-dimensional system, it has only two

independent components,

2
E(Su,v(saﬁ )
(1.6)

nivaﬁ = §8yv8ap + 77Sh (‘Sua‘svﬂ + 8p0va —

with ¢ the bulk viscosity and 7*" the shear viscosity. n can
only be nonzero when time-reversal symmetry is broken, and
in rotationally invariant two-dimensional system has only one
independent component,

n;:uaﬁ = nH(8va€uﬂ - 8;[/36011))1 (1.7)

with n*! the so-called Hall viscosity.>* For gapped quantum
systems at zero temperature, it has been shown using the
adiabatic approach to quantum transport that

n = Ihns,

(1.8)
where 7 is the expected particle number density in the ground
state and 5 is minus the average orbital spin per particle;*> see
also Refs. 6 and 7. i is Planck’s constant, which we usually set
to 1. We should point out that in Ref. 5, there is an unfortunate
sign mistake in the definition of the stress tensor in Eq. (2.18)
of that reference, which propagated through the paper, though
the adiabatic curvature results are correct. This means that
all viscosities calculated there should have the opposite sign;
above, we have also reversed the sign in the definition of the
scalar %, so as to retain the memorable formula, Eq. (1.8).
The purpose of this paper is to develop a variety of Kubo
formulas from which the viscosity tensor, which in general
is frequency dependent and complex, can be calculated in
quantum fluids at zero or nonzero temperatures. A motivation
for doing so is to define the Hall viscosity from a Kubo
formula, and thus make contact with traditional approaches.
In addition, we consider the relation of the viscosity tensor
to the conductivity tensor in Galilean-invariant systems, in
which the latter tensor is the momentum-momentum density
response; the relation comes from the continuity equation
(1.1), and (along with some other relations in this paper)
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it can be called a Ward identity. This has been studied
previously, or else frequently is used as the definition of
the viscosity for calculation purposes; our goal is to do it
allowing for the possibility of a Hall viscosity. Moreover,
we will do the same in the presence of a magnetic field. In
this case, total (kinetic) momentum is not time independent,
but precesses at the cyclotron frequency. We will show that
we can, nonetheless, derive parallel formulas in this case. In
particular, we recover a formula of Hoyos and Son® that relates
the Hall viscosity in a quantum Hall state to the order ¢>
part of the Hall conductivity at wave vector q and the inverse
compressibility x~! above (suitably defined in the presence
of the magnetic field) and generalize it further. These results
bring us closer to finding experimental techniques with which
the Hall viscosity can be measured. We also study several
example systems, to validate our approach to Kubo formulas
for the viscosity tensor. Finally, we show, in a partially heuristic
way, that the Hall viscosity can be rederived from macroscopic
electrodynamics by using the relation with conductivity, and
assuming that at low frequencies the system behaves as if there
is an orbital spin —5 per particle that acts as a contribution to
magnetization density.

The basic strategy of our work is to define the viscosity from
the response of the stress to an external field. This external field
enters (in some gauge choices) as a spatial metric, or if we do
not assume rotational invariance, as what we will call a strain;
it is generally assumed to be constant in space. (This strain
field is external, and can have arbitrary time dependence. This
does not contradict our statement that a static strain is not fully
defined in a fluid, as that was for an intrinsic strain, which
would be a property defined given any state of the fluid in no
external field. But where the intrinsic strain is defined, i.e., for
its static trace and for its time derivative, the stress responses
to either of the two strains should agree.) It is well known
(especially in gravitation theory and high-energy physics) that
the stress tensor is the change in the Lagrangian or Hamiltonian
with respect to the metric. We build on this to consider the
underlying response function, that gives the viscosity, as the
next order response of this stress to the time-derivative of
the strain field. This approach has the advantage of making
contact with previous work in which the Hall viscosity of
some systems was calculated®™ using the adiabatic transport
technique. It closely parallels the case of conductivity, in
which one considers the response of the current, which is
the change in Lagrangian or Hamiltonian with the vector
potential, to an electric field, viewed as the time-derivative
of the perturbing vector potential, setting that vector potential
to zero at the end. Our approach uses the standard Hamiltonian
(canonical) operator formalism, plus linear response. We do
not make any assumptions that hydrodynamic behavior or
local equilibrium holds, or use constitutive relations, beyond
motivating the names for some parts of our expressions, such as
compressibility and viscosity. We focus on quantum systems,
but a similar discussion could be given in the classical setting.

Early work on response-function type formulas for trans-
port coefficients was done by Green, Kubo, Mori, Kadanoff,
and Martin, and Luttinger, starting in the 1950s.213 Green and
Mori initially used somewhat phenomenological methods.
“Mechanical” formulations as the response to an external
field, similar to ours, were used by Kubo!? for the electrical
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conductivity case, and by Luttinger'? for thermal transport
and viscosity, and for the most part the final formulas agree
with those of Green and Mori. Kubo and Luttinger began
by deriving the retarded response function to an externally
applied field, and then transformed to expressions that are not
as familiar today, involving an integration over an imaginary
time variable, as well as one over real time. By contrast,
most references from the last forty years follow Kadanoff and
Martin'? in using only retarded response functions to obtain
“Kubo-type” formulas, now usually called simply Kubo
formulas. (We too use only this formalism.) For the particular
case of viscosity, many authors including Luttinger'® base
the definition on the continuity equation (1.1), and his
“mechanical” formulation is a study of the response of the
momentum density to an electric field (which couples
to the number current, equal to the momentum density times
the mass in a Galilean-invariant system of particles that all have
the same mass and unit charge). This leads him to a correct
formula as a stress-stress response function which, however, he
writes in terms of an additional integral over an imaginary-time
interval. In many other papers, including the interesting recent
Ref. 14, the starting formula is the momentum-momentum
response, which has to be expanded to order ¢? as the wave
vector q tends to zero, to obtain the viscosity tensor. (We note
that this approach cannot be employed to define viscosity of a
finite system, which was defined using a strain in the adiabatic
approach.) In some of these papers, the stress-stress form is
not used at all. But in most papers that do give a stress-stress
form for the response function that yields the viscosity, the
formulas frequently are incomplete, lack a derivation, contain
pitfalls for the unwary, or are simply incorrect. In particular,
we are not aware of any derivations from an external strain
field in the many-body literature. Hence, and because so much
time has elapsed and notations have changed since the 1960s,
we feel justified in revisiting these formal matters here.

In order to explain the issues that need to be corrected in
the stress-stress form, we will use the more familiar case of
conductivity as an analogy. For the (complex) conductivity
tensor at zero wave vector, it was shown by Kubo!? that the
approach outlined above gives rise to the Kubo formula

in o v
_ - iw't
o) = p— S + oF /0 dte

x / A ([jux,0).ju0,0))o.  (1.9)
Here, j,(x,?) is the current density operator (equal to g, /m in
a Galilean-invariant system), ™ = w + i¢, the limit e — 07
is implicit, and the expectation is taken in the unperturbed
ground state or statistical ensemble, denoted (- - - ). We set
the charge of the particles to 1 throughout this paper. This
expression gives the response of the expectation of the current
density to a uniform external electric field. (When multiplied
by m?2, itis also the q — 0 limit of the momentum-momentum
response mentioned above; this fact will not play any role just
now). The first term is the so-called diamagnetic current, which
(in the approach we are using at the moment) arises because
the current density in the presence of a perturbing vector
potential A, is actually j,(x,7) — A,(X,)n(x,t)/m (because
the Hamiltonian is quadratic in A,), where n(x,t) is the
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number density operator. The second term is the current-
current retarded response function (though we usually reserve
such terminology for the complete expression). We note that
textbook derivations of linear response usually assume that
the perturbing field appears only linearly in the Hamiltonian
(except possibly when considering conductivity), and then no
such “contact” terms (i.e., terms like the diamagnetic term in
the conductivity) appear.

It would not be wise to drop the diamagnetic current term
from the conductivity. Recall the Sokhotski-Plemelj formula
(for w real),

1

w+ie

=PP L ind(w), (1.10)
1)
where PP denotes the principal part (both terms become
meaningful once substituted into an integral). Even if one
wants to find only the real part of the conductivity, the
diamagnetic term contributes a § function at zero frequency. In
some cases, such as for fermions without impurity scattering
(disorder), both in Fermi liquids and paired superfluids,
the time-integral term vanishes and the diamagnetic term is
the full response. At zero frequency, one would say that the
conductivity is infinite, which is correct.
For the real part, some authors instead use the formula

Re [~ dte"" [ dx ([ju(x.1),j,(0,0)])o

w

Reo,,(w) =
(1.11)

in which the 7 §(w) coming from use of the Sokhotski-Plemelj
formulas has been dropped, both in the diamagnetic term,
and in the time-integral term (the latter would contain the
imaginary part of the time integral, in place of the real part
here). This is correct when these § functions cancel, which
does happen for the case with impurity scattering. In the simple
Drude approximation, the complex conductivity tensor is

in

_— 1.12
m(w + i/Timp)’ ) )

Gp.v(w) =
where 1/t is the impurity scattering rate; there is no 8(w)
piece in the real part. In that case the real part of the time
integral, which is kept, gives the correct broadened Drude peak,
in the simplest approximation. But in the limit as the impurity
scattering rate goes to zero, the correct result at zero frequency
should be diverging, while use of the above formula gives a
result that increases as the rate gets smaller, but jumps to zero
when there is strictly no impurity scattering. One would like to
criticize this behavior for not being continuous, however, if the
value at zero scattering was infinity it would not be continuous
either. Looking at the full function of w, not only at w = 0,
we would like to say that the correct result approaches a §
function continuously as the scattering rate goes to zero. This
makes sense only if we interpret Re 0,,,(w) as a distribution
for any scattering rate; then it is correct to say that as the rate
goes to zero, it approaches a § function continuously (in the
space of distributions). But this continuity with the limit of
zero scattering is lost if the above form Re fooo dt.../]wis
used.
The use of Eq. (1.11) also leads to difficulties with the
Kramers-Kronig (KK) relations, that do not occur with the
correct form, Eq. (1.9), even if the diamagnetic term is dropped
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(because that complex term obeys the KK relations). The
difficulty can be remedied only by reinstating the 7 §(w) times
the imaginary part of the w = 0 time integral. However, the
diamagnetic term cannot be recovered in this way, unless one
has for example an argument that the real part of o contains
no ¢ function at zero.

The issues in the literature on Kubo stress-stress formulas
for viscosity are very similar to these. Let us now give one of
our forms (slightly simplified) for the response function from

which we obtain the viscosity:
>+l/ dt/ddxe K
A=0

1 07,,(0
X;wotﬁ(a)) {< i ( )
(1.13)

iwt OAap
X <[f;w(xat)a Taﬂ(O»O)DO } .

The time-integral term is what would be expected for the stress-
stress response. The first term, which is frequency independent
except for the 1/w™ factor, is what we call (following long-time
usage in the high-energy literature) a contact term (this has no
connection at all with the so-called “contact” in the theory
of interacting Fermi gases at the unitarity limit'>~'7). Without
giving the full details here, A,p is the external strain, and
varying the Hamiltonian with respect to A,, gives (minus)
the stress tensor 7,,,(x). The stress still depends on A, like the
current above. Thus the response of the expectation of the stress
to the strain contains the contact term, which is one more
derivative with respect to A,g; it is directly analogous to
the diamagnetic conductivity. By contrast, stress-stress re-
sponse formulas in the literature usually omit this term,
an exception being the early work of Luttinger,!* whose
expression is equivalent to this, but is written in a way that may
now seem obscure (the relation can be found in Kubo'?). We
will now give reasons why the contact term has to be retained.

We pointed out earlier that in a homogeneous fluid, the
expectation of the stress is

(T;w(x’t))() = P(Suv,

and that a static strain affects this at first order, the coefficient
being the inverse compressibility. It follows that there will be
a part of the response function,

(1.14)

i
X,uvotﬂ(w) 8uv8aﬁ +- (115)
as w — 0, and any remaining 1/w* term has vanishing trace
on the indices nv and on of (this result is valid at nonzero as
well as at zero temperature). The coefficient k ~! is equal to the
zero frequency limit of the response function —i ™ ¥, 00/ d?,
and there is a contribution from the contact term as well as
from the time-integral term (we discuss this more formally in
Sec. III D below). Thus dropping the contact term spoils this
relation. It is a feature of our approach that this term can be
easily identified as the inverse compressibility, because it is
the response to a static external strain.
We then define the complex viscosity tensor to be

—l

——Buvbap- (1.16)

Nuvep (a)) = Xuvap (a))

(We note that Luttinger'? recognized the need to subtract such a
term to obtain the viscosity tensor, however, he derives it using
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hydrodynamic arguments and local equilibrium.) It follows
from the preceding remarks that the bulk viscosity cannot
diverge as w — 0 (see the definitions above, for rotationally-
invariant systems). The shear viscosity has a contribution from
the contact term, and so the real part has a §(w) contribution.
This may sometimes be canceled by another from the time-
integral term. In particular, this occurs in a gapped system at
zero temperature, which should have no dissipative viscosity at
w = 0. It also occurs in an interacting Fermi liquid at positive
temperature 7, which has a finite shear viscosity at w =0
that tends to infinity as the temperature goes to zero. Thus,
similarly to the case of the conductivity of a Fermi gas with
impurities, the §-function terms must cancel at 7 > 0. Either
of these cancelations is spoiled if the contact term is dropped.

Some authors, who consider fluids at positive temperatures,
use an expression for the real part of the viscosity,

Re Nuvap (w)
_ Re Joodt [ dhx e ([1,,(0,1), Tap(x,0)])0

0]

(1.17)

where w in the denominator is real (ie is dropped). In
particular, Kadanoff and Martin give a related form, which
can be obtained from this using the fluctuation-dissipation
theorem and letting w — 0. In this form, § functions §(w)
are all dropped, which removes the ¥ ~! term, and gives the
viscosity correctly only if the remaining §(w)’s do cancel
in the real part of our full expression above. As with the
conductivity of a Fermi gas with impurities, use of this form
in an interacting Fermi liquid as 7 — 0 gives discontinuous
behavior of the shear viscosity, which ought to be continuous
when viewed as a distribution. It also gives zero for a
noninteracting Fermi gas, instead of infinity. While one may
say that in either of these two limits, hydrodynamics is not
well defined, it is preferable to have continuous behavior of
our theories, and these are reasons to retain the contact term.

A few authors go a step further than this, asserting that the
complex viscosity is given by

quaﬁ(a)) fo dtfddx elwﬂ(Zﬂ”(O t) Taﬂ(X 0)]) ’

(1.18)

with 1/w, not the more correct 1/w™. This is incorrect, as the
right hand side usually has a divergence as w — 0 in the trace
part, which is a contribution to, but not equal to, x —1 Further, if
the §(w)’s are to cancel in the real part of the correct expression,
it must also have a 1/w divergence in the imaginary part of
the shear viscosity, that is canceled by that due to the contact
term. [The recent paper by Taylor and Randeria'* correctly
states that the contact term (in one particular form) contributes
to the imaginary part of the viscosity.] These latter forms also
lead to difficulties with the KK relations, as in the conductivity
case. There is sufficient information in these forms to recover
a version (given by the last expression, but with w replaced by
™ in the denominator) that satisfies the KK relations, but the
contact term cannot be fully recovered in this way.

A further reason to retain the contact term is that then the
Ward identity relation with the conductivity tensor has a simple
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form,

qduYa

) Xuvaﬁ(w) + 0(6]4), (1.19)

mot Sup

OB (q7 Cl)) =

in zero magnetic field in a Galilean-invariant system. We see
that there is a term ik ~'q,qp/(m*®™) on the right hand side,
which is sometimes wrongly omitted (e.g., in Ref. 14).

Now we will describe some of the highlights of our work
in the present paper. We begin in Sec. II with some technical
background used to set up the stress response expressions. As
mentioned above, we work systematically with the response to
an external “strain” field. This can be introduced in two ways in
particular. Again, an analogy with conductivity may be helpful
here. The conductivity is the response of the number current
density to an external electric field, and the field is taken to
be uniform in space and have frequency w. The field can be
represented in two ways in particular, which are simply two
gauge choices. One is as a scalar potential, which depends
linearly on position, because the field is uniform. The other
is as a vector potential which is constant in space, and whose
time derivative gives the electric field (and so is nonzero even
when w = 0). Both formulations appear in the literature; the
latter is very commonplace, while the first has the drawback
that the linearly varying scalar potential is not compatible
with periodic boundary conditions, and the choice of suitable
boundary conditions for a finite-size calculation becomes more
problematic, though this is frequently ignored. On the other
hand, in the first formulation the external electric field appears
only linearly in the Hamiltonian, so there is no contact term
in the response function, whereas in the formulation using the
vector potential, the external field appears quadratically, and
so there is a contact term—the diamagnetic current term, as
discussed above. Last, we note that the transformation from
one formulation to the other is a unitary transformation, simply
implementing the change of gauge in the quantum theory.

Similar alternatives appear in the case of stress response.
It is known that stress is the derivative of the Hamiltonian
with strain, so we may begin with a Hamiltonian with a
general, spatially-uniform strain that depends on time (it
appears nonlinearly in the Hamiltonian). A time-independent
strain can be eliminated from the Hamiltonian by a coordinate
transformation, which for spatially constant strain is a linear
transformation. The two coordinate systems used to describe
our system, which are related by this transformation,
are referred to as the x and X variables, respectively.
These coordinate transformations take the place of U(1)
gauge transformations; the relation can be understood if we
realize that the conserved quantity corresponding here to
particle number in the conductivity case is the total momentum
of the particles, and so in the generators of infinitesimal
transformations, the x dependence must be multiplied by the
momentum of the particle on which it acts:

1 i
Jop = _E Z {xa,pﬂ}

for zero magnetic field, which leads to coordinate transfor-
mations (for the conductivity problem, the corresponding
operators are Y, x.). These generators will be called strain
generators; they play a central role in our approach. In fact, the
time derivative of a strain generator gives the corresponding

(1.20)

PHYSICAL REVIEW B 86, 245309 (2012)

component of the integrated stress tensor. This follows either
from expanding the (Fourier transformed) continuity equation
to first order in wave vector, or by seeing that the time
derivative is the commutator with the Hamiltonian, which
thus produces the change in the Hamiltonian with a uniform
strain, which we know is the (integrated) stress.

As the strain generators generate linear transformations of
the coordinates (and inverse ones of the momenta, as the
transformations are canonical), they obey the relations of
the Lie algebra gl(d,R) of the group of invertible matrices
GL(d,R) which describes (invertible) linear transformations.
We further generalize this to the case with a magnetic field
(in d = 2 dimensions). Previous work*> considered mainly
transformations in the subgroup SL(d,R), consisting of shears
and rotations but not dilations, because of the apparent
difficulty of including dilations in the presence of a magnetic
field. Here, we overcome this difficulty using a technical trick:
when the system is dilated, for consistency the magnetic field
must be rescaled as an inverse length squared. To do this, we
promote the magnetic field strength to be a quantum variable
B, for which the canonically conjugate momentum P does
not appear in the Hamiltonian. Then operator expressions
for the strain generators can be written down as before,
and the integrated stress tensor is again the commutator of
these with the Hamiltonian. Finally, the states with which
we work are assumed to have small width in B, so that the
results correspond to a fixed magnetic field as in conventional
approaches.

With this formalism in hand, we are ready to tackle stress
response in Sec. III. One place to start is in the X variables,
in which the time-derivative of the strain (but not the strain
itself) appears linearly in the Hamiltonian, multiplied by the
strain generator, similar to the conductivity case when using
the scalar potential to represent the external field; there is then
no contact term in the response. This “stress-strain” form can
then be integrated by parts on time, to obtain the “stress-stress”
form, which is similar to what was already discussed above,
and includes a contact term. (It can also be obtained as the
response to a strain by working directly in the x variables,
similar to the vector-potential formulation in the conductivity
case.) A different integration by parts produces instead the
“strain-strain” form, which is a strain-strain response function,
and is useful in making contact with the adiabatic approach.
These three forms have direct parallels with Kubo’s theorem
2 (there is a typo in the second line of the stated theorem in
Ref. 10; the dot should be over the second occurrence of ¢g 4,
not the first). There are several variations on these results,
including formulas for the response in the local stress 7,
instead of in the integrated stress, and the use of periodic
boundary conditions in some of these formulations, or of a
confining potential that is handled similarly to the magnetic
field. We argue that the inverse compressibility must be
subtracted from the foregoing response to obtain the viscosity
tensor as described already above; in a magnetic field, this
becomes the inverse “internal” compressibility, the partial
derivative with respect to area taken with the flux through
the system fixed, not the field strength. We argue that the
bulk viscosity is never diverging at zero frequency (unlike the
shear viscosity, which may), and discuss the form of standard
sum rules and positivity constraints on the spectral density.
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We emphasize that these results are for all components of the
viscosity tensor, including Hall viscosity.

Section IV is devoted to the relation of the stress response,
and hence viscosity, to the conductivity itself. The relation
is between the stress response at zero wave vector, and the
second derivative of the conductivity with respect to wave
vector, and holds for all frequencies. This has been discussed
previously in zero magnetic field, and is sometimes used
to define the viscosity. Our derivation includes a uniform
magnetic field (with zero field as a special case). This relation
may then be studied at low frequencies, where if the bulk and
shear viscosities are zero, there is a relation between the Hall
viscosity, the second derivative of the Hall conductivity, and
the internal compressibility, which agrees with recent work by
Hoyos and Son.® We find that the relation still holds if these
dissipative viscosity coefficients are nonzero but finite, and
can be generalized to allow for diverging shear viscosity at
zero frequency also.

In Sec. V, we study several simple examples as checks
on our formulation. These include the free (noninteracting)
Fermi gas in zero magnetic field, which possesses a diverging
shear viscosity. Other examples are a noninteracting Fermi
gas in nonzero magnetic field, for which we can find the
full frequency-dependent response function, and fractional
quantum Hall states, for which we recover the Hall viscosity
in agreement with previous work. Finally, we consider paired
states of fermions for pairing functions with nonzero angular
momentum for which we recover the Hall viscosity in
agreement with Refs. 4 and 5, for a mean-field model in which
the Hamiltonian is quadratic in field operators. In each case,
we can verify the relation with conductivity, using results of
some previous authors (who did not consider viscosity).

Finally, in Sec. VI, we show that using macroscopic
electrodynamics, together with the assumption (in the spirit
of an effective theory) that an external perturbing magnetic
field couples to the orbital spin —s of each particle as a
magnetization, we again recover the Hall viscosity result,
Eq. (1.8).

In Appendix A, we show how a standard expression for
the stress tensor in a rotationally invariant interacting particle
system can be obtained by varying the spatial metric in the
Hamiltonian. In Appendix B, we describe a formalism for
including a confining potential to make a finite-volume system
in an infinite space, and show that it works in the example of
free fermions in a harmonic potential. In Appendix C, we
show that the three forms of Kubo formula for stress response
can be written down in periodic boundary conditions, using
derivatives of the ground state instead of strain generators.
This makes contact with the adiabatic approach to quantum
transport, in which Hall conductivity and Hall viscosity are
written as Berry curvatures (and then as a Chern number in
the case of Hall conductivity) and generalizes it to nonzero
frequency, and to gapless systems. In Appendix D, we show
that some assumptions of time-translation invariance that were
used at some points in the derivations are justified.

II. STRESS TENSOR AND STRAIN GENERATORS

In this section, we provide background needed for the
viscosity linear response calculation. We discuss Hamiltonians
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with a strain that could be static and others (related by a coordi-
nate transformation, implemented by a unitary transformation)
that contain only the time-derivative of the strain, times a strain
generator. The basic relation giving the integral of the stress
tensor as the time derivative of the strain generator is obtained.
We consider separately the two cases of zero magnetic field
(in Sec. IT A), which is mostly straightforward, and nonzero
magnetic field (in Sec. II B), which is less so.

A. Zero magnetic field

We begin by considering a Hamiltonian H, for a system of
interacting particles in infinite d-dimensional space:

1 o 1 ) .

(x) __ i i
H' =52 ) pubit 5 2 VK =% @D

i i#]
Wherg x' are the coordinates of the ith particle ( = 1, ..., N)
and p' are their momenta, with

[x].P}] = i8,8 k. (2.2)
(Here and in what follows, we use Roman letters i, j, ..., for

particle indices.) We could be more general by introducing
an anisotropic mass in the kinetic term; this modification is
simple to make and will not be done explicitly. In general,
we do not assume the interaction potential V is rotationally
invariant. Then we introduce a spatially uniform strain A,
that is a linear transformation in the coordinates (with matrix
A,y), and the corresponding inverse transformation of the
conjugate momenta.> We then allow A to depend on time
t. This transformation is viewed actively, as changing the
Hamiltonian of the system, relative to the same variables x,
p’. The Hamiltonian for this system is then

g (@)

Halt) = 25—

i l T i )
= PPt ) VAT —x)), 23)

i i#]
where

g;w(t) = A/wz(t)Ava(t)v

o . ; 2.4)
g () = Ay, (DA, (1)
We also define the matrix A, by
A=¢é (2.5)

as matrices. Here, g,, is the metric, and g"” is the inverse
metric. If the Hamiltonian is rotationally invariant, then the
strain enters only through the metric g,, and its inverse.
We shall work primarily in units where & = e = 1, unless
otherwise stated.

The strain transformation is canonical (and in fact does not
mix coordinates and momenta), so it can be implemented by
a unitary transformation S(¢) for each :

Ha(t) = SHXS™(1). (2.6)

We can parametrize the strain transformation S(¢) in terms of
generators J,,, such that

S(1) = expl—idun () ]. 2.7)

245309-6



KUBO FORMULAS FOR VISCOSITY: HALL VISCOSITY, ...

Inserting this into Eq. (2.6), we find that the self-adjoint strain
generators J must obey

i[Ju-P)] = 8],  i[JX)] = —8avx). (2.8
It follows that the strain generators must also satisfy
i[J;waaﬂ] = 8;},;‘3 Juw - ava-]p.ﬁ» (29)

which are the commutation relations of the Lie algebra
gl(d,R), associated with the group GL(d,R) of linear coor-
dinate transformations. In particular, the antisymmetric part of
Jyuv 1s simply —1/2 times the angular momentum operator; for
example, in three dimensions,

Ly = —€5pv v (2.10)
We can satisfy Egs. (2.8) and (2.9) by choosing®
1 i
I =3 Z {xi.pl}. (2.11)

With H,(¢) as the starting point, we now use a similar
strain transformation but with a different point of view. We
make a time-dependent change of variables from x’, p’ (which
we term the x variables) to X' = AT (t)x' and P' = A~!(r)p’
(which we term the X variables), which is again a canonical
transformation implemented by the same S is defined as above:
AT()x' = S@t)x' S~!(¢) and similarly for p. In the Heisenberg
picture, the time dependence of operators is determined by the
Heisenberg equation of motion, for example, for an operator
A in the x variables

dA 0A
I— = [A,HA(t)]+z¥, (2.12)

dt
where 0 A /0t means the derivative acting on the explicit time
dependence of A. This equation of motion requires a choice
of the canonical variables used (here x', p’), which are viewed
as having no explicit time dependence. But then due to the
time dependence of the change of variables, when the X
variables are viewed as having no explicit time dependence,
the resulting equations of motion will not agree with simple
changing variable unless an additional term is included in the
Hamiltonian. For an operator B, using the X variables, one has

.dB 0B

— =[B,H]+i—, 2.13
i [ ]+lat (2.13)
where
H=HY® + H, (2.14)
EN
Hy = —i <—> s, (2.15)
at xp

in which H® = H,(r) is viewed as a function of X' and P’,
and so is the same functional form as Héx) above, but with
x' and p’ replaced by X’ and P'. In the partial (explicit) time
derivative of S, x' and p’ are to be viewed as time independent.
However, one can show that

(05 sy - isoin (25
_’<8t)x,ps (t) = —i$ (I)(3t>x,p' (2.16)
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S can be expressed in terms of strain generators for the X
variables,

1 o
I = _EZ{X;,P;}, (2.17)

which are related to J,, by alinear transformation. The change
of canonical variables is similar to that which occurs when
passing to a rotating frame in mechanics, which, in fact, is a
particular case of the above derivation.

As we will be interested only in linear response, we can
expand the perturbation —i S~! % to first order in A to find that
in the X variables the term H; is

H = — % T
(This form of a perturbation to a rate of strain is fairly common
in the literature, see, e.g., Ref. 14.) At the same time, the
distinction of x and X can be dropped, and we usually use
x variables to lighten notation. We have thus mapped the
Hamiltonian for a system with a time varying metric to that
of a system in a fixed Euclidean metric, with a perturbation
generating time-dependent deformations. The viscosity can
now be computed as the response of an appropriately defined
stress tensor to this strain perturbation. This is analogous to the
computation of the conductivity ,,,, where one can consider
either the response of the current to a time-varying vector
potential, or—after an appropriate gauge transformation—the
response of the current to a scalar potential.

To define the stress tensor, let us start with the continuity
equation for momentum density g(x), defined in zero magnetic
field and in the absence of strain (and so using x variables and
Hamiltonian Héx)) by

(2.18)

1 . .
g =5 ) {p'8(x —x)}. (2.19)

In the absence of other external forces, the continuity equation
reads

0gy(x,1)

” + 8Mt$}(x,t) =0,

(2.20)

where rﬁ?}(x) is the stress tensor operator in the absence of
strain, and 8, = 3/dx,. A standard expression for () for

the Hamiltonian H\® is the Trving-Kirkwood form'® (also
used in Refs. 19 and 20); we derive it within our framework
in Appendix A. We note that the continuity equation does
not completely determine r,ﬂ?), because any operator with
vanishing divergence (such as a curl of something) could be
added to t without violating the equation. This should not
affect physical results, and, in particular, will not be an issue
when the stress tensor is integrated over all space, as it often
will be when the viscosity is calculated.

Because we are interested in the long-wavelength behavior
of the stress tensor, we will examine Eq. (2.20) in Fourier
space. To leading order in wave vector q, we have

d . iq . ) 0
P Z(Pv’ - 7“{%&5}) +lqur,iu)(‘l=0)=0.
j
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7O —

We define 7.9 =10(q=0) or o

f dx rl(g)(x), the integrated stress tensor. Then, because H(gx)
is translationally invariant,

0J,

equivalently

TO = — = —i[Hy,J]. (2.21)
This relation between the stress and the strain generators
is a central result of this section. (As an example, for
noninteracting particles, T, = ", pi, pi,/m, the momentum
flux.) Since the antisymmetric part of J,, is the angular
momentum, it is clear that the integrated stress tensor Tlﬁ?}
is symmetric (that is, the antisymmetric part is zero) when the
Hamiltonian is rotationally invariant. We can also view the
result in another way: referring to Eq. (2.6), we see that

9H
7O =—- 2 . (2.22)

Y

This is consistent with the idea that the stress tensor can be
obtained by varying the Hamiltonian with respect to the metric,
but here is slightly more general as we do not assume rotational
invariance. In the rotationally invariant case, we can also write

oH
Py
0guv

which again is clearly symmetric, because g, is so (we note
that the corresponding expression in Ref. 5 has the wrong
sign).

Strictly speaking, because the Hamiltonian Hj contains no
confining potential, for repulsive or for no interactions, there
is no normalizable ground state. We will nonetheless go ahead
somewhat informally (as in many papers in the literature),
and evaluate the response in a normalizable state in which the
particles occupy a region (or “box”) of volume L%, and we
will treat the state as if it were an eigenstate. Such expectation
values will be written as (- - - )o. (A similar approach can be
used for nonzero temperature, and most of the following is also
valid for that case.) In a large system (i.e., as L and N become
large with the density remaining fixed—we refer to this as the
thermodynamic limit), this procedure may possibly be justified
over intermediate time scales. In any case, our results will be
seen to make sense. More formally, and completely generally,
we can add to H, () an explicit “confining” potential term U,

U=> ux).

The single-particle potential #(x) has no A dependence, and
can be used to represent a box (say, by using a hard-wall
potential) the shape of which is fixed in x variables even
as A varies. Then in the X variables, the potential becomes
U =Y, u(AT7'X), so the shape of the box varies with A
(these conventions agree with Ref. 5, except that there a
periodic boundary condition was used instead, and the shape
was chosen to be a square in the x variables). The potential
modifies the continuity equation for momentum density by
the inclusion of an external force due to the potential, while
the stress tensor remains unchanged. We can also extend our
formalism to include the potential, in such a way that an
analog of Eq. (2.21) holds, with Hy + U in place of Hy, by
modifying the strain generators. In this way, we can justify all

O _
TO = — (2.23)

(2.24)
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the later results that we present here less formally by ignoring
the potential that confines the system to a finite volume. This
is sketched in Appendix B.

Returning to the original approach without a confining
potential, at zeroth order in strain, we can consider the
expectation of the stress. Then use of Eq. (2.22) and the
Hellmann-Feynman theorem gives

A—I)N

(T(m) _ <8E(A)
nv 10 9 )\;w
where E(A) = (Hp)o is the energy eigenvalue of the A-
dependent ground state of H, (for time-independent A),
and we choose to emphasize that particle number N is
held fixed. By evaluating E in the X variables, in which a
time-independent A enters only through the shape and size of
the box, we realize that when the state is a homogeneous fluid,
the ground state energy depends on the volume of the box but
not on its shape (in leading order in the thermodynamic limit).
As —0E/ B(Ld ) = P, the pressure, we have therefore

(2.25)

(TD), = PLY,,. (2.26)

iy
(to leading order) as would be expected from the standard
result, (tl(g}(x))o = P$,,. For nonzero temperature, we obtain
the same result, as the derivative of the expectation of energy
is taken with the probabilities held fixed, in order to use the
Hellmann-Feynman theorem under the thermal average. This
implies that the derivative is taken with the entropy fixed,
in agreement with the thermodynamic definition of pressure.
(A similar method is used to find an expression for the pressure
in Ref. 14.) There are certain subtleties about the argument for
this result (for either zero or nonzero temperature), which we
will briefly discuss later in Sec. III D, however, the result is still
valid. We emphasize that we did not use rotational invariance
to obtain it.

We also point out that if we use Eq. (2.21) and then
argue that the ground state is an eigenstate of Hj, we
will conclude that all components of (7)o vanish. This is
incorrect in general because in the absence of the potential
U, the normalizable state that we use is not an eigenstate of
H, for repulsive or no interactions, while if the potential U is
included, there is a normalizable ground (energy eigen-) state
of Hy 4+ U, but again the argument is blocked.

In order to derive linear response of the stress to a
time-dependent strain, we will need the stress to next order
in the strain. For this, it is convenient to notice that H, is
translationally invariant, and so the sum of p is conserved.
This means that the density of p momentum obeys a continuity
equation, even in the presence of the time-dependent strain
A(2):

agv(xvt)

o T = 0.

(2.27)

Here, 7,,, depends on A; to illustrate the form of this, note that
the momentum flux term part of 7, integrated over space is

PPy

T =Y _ Agihy +e, (2.28)

m
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where the omitted terms refer to interactions. Following the
same derivation as before, we see that

T = —i[Hp, ] (2.29)

Then expanding to order A, we have

Ty = —i[Hy® Ju] + dap[[HGY  ap] un] + OGP
(2.30)

However, when we calculate response in the X variables, we
will use the stress tensor in those variables, which is defined
by transformation of tensors, so

T = Aauhy Tup. (2.31)

In terms of the X variables, this has the form T/f‘f) =
> PLP)/m + - (where the omitted terms are from interac-
tions), and coincides with 7\ with X’ and P in place of x’
and p'. In the x variables, it can be expanded as

T/Sf) = _i[H(gX)’JuV] + )‘aﬁ[[HéX)JuV]’]wﬁ] +0(),
(2.32)

in which the order in the double commutator is reversed,
compared with 7),. It is this integrated stress Tlff) that we
believe constitutes a natural starting point for the calculation
of viscosity. However, we will see that in a homogeneous
fluid, the difference in results from using either 7, or Tlgf) is
negligible in the thermodynamic limit.

B. Nonzero magnetic field in two dimensions

We now turn to the problem of generalizing the preceding
setup in the presence of an external magnetic field B; we
concentrate on two dimensions. Most of the work is in finding
the strain generators for this case; we will do so by considering
separately the cases of pure shear deformations [det A(t) = 1]
and pure dilations [A ,,,(t) o §,,,]. The unstrained Hamiltonian
can be taken to be

1 - 1 . )
x) _ i i
HO = % E JTHJT“ + 5 E ' V(X — Xj), (233)
i i#]
where
xl = pi —A®X), xj,n"f =id6i10,,
L] = 13i4d (2.34)

[ni,nf] = iB§jie,,.

We usually assume that the interaction V is independent of the
magnetic field. Following the procedure of Sec. II A above, we
seek strain generators J,,,, satisfying

i[ T x)] = =bavx), i[Jw.)] = Suam]. (2.35)

First, let us consider the case of pure shear deformations.
The Hamiltonian for the system in the presence of the time-
varying strain with det A = 1 is given by

Hpy(t) = ﬁ lzgul)(t)nliné + % ; V(AT () — x))).
(2.36)

The condition det A = 1 implies that trA = 0. If we attempt
naively to generalize the generators from zero magnetic field
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by taking
- 1, . .
h i i
Jh =~ Z E{anv}, (2.37)
we find that
t[flil;xé] = —SMxl{, i[f;k"},n({] = 5//,01771{ + Bev,,,x,i.
If we define

S = exp[—itr(AT J*M)],

then these relations imply that the coordinates x’ transform
correctly, while the momenta ' transform as

S'rnLS‘ = nL + Ay + Bew)»mxi +0O0>).

But note that if A, is traceless, then the curl of the extra
term containing B is 0, and so it is just a A dependent gauge
transformation. Thus we see that J generates the desired strain
transformation along with the gauge transformation

A, — A, — Bhg€ypXg.
An integration of this gauge term shows that since A is
traceless, the gauge transformation is given by

¢ = _E)\/wevaxux(x’ A/l. - A/l. + 8;¢¢~

In order to remove this unwanted gauge transformation as well
as to make this J,,, traceless, we define

- | B o
h h h i i
o =J0 — Etr(js ¥ + 3 Ei €vaX) Xy

Lo 1 P B i
= _E{X/L’T[v}+Zaﬂv{xa’na}+5€"a‘xu'xa )

(2.38)

A short calculation shows that J 5}“} defined in this way
reproduces the traceless part of the transformations (2.35),
and therefore it is the desired traceless strain operator.

Next, we consider the case of a pure dilation. We will soon
see that we must define strains of the system so that they rescale
the magnetic field in such a way that the magnetic flux ¢ =
L’ B through the system stays fixed while its shape is strained.
With a fixed particle number N, and defining the filling factor
for the region of area L? occupied by the particles as v =
2w N/(BL?) (as usual), this has the effect that we consider
deformations at fixed filling factor v. For a dilation, we have

My = S8 0

In accordance with Eq. (2.35), we seek a dilation generator K
satisfying
i[K.x)]=—x], i[Kx}]=n]. (2.39)
Writing 7}, = p, — A,(x'), we see that these imply that
i[K.xl]=—xi, i[K.pl]=pl.
[ u] w [ u] I (2.40)
i[K, A (x)] = A(x).

At first glance, it appears that we are in a quandary—the
first and third of these equations are inconsistent, unless the
magnetic field strength B also transforms under the action of
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K. To accomplish this, we promote the field strength B to
a dynamical variable, represented by an operator 3, whose
eigenvalues are values B. This enlarges the Hilbert space of
the system to include states with different magnetic fields; we
will continue to consider only B > 0. At this point, we are
naturally motivated to introduce the momentum P conjugate
to BB, such that

[B,P] =i. (241)

B and P commute with x' and p’ for all i. Note that the vector
potential is now a function of B, but is independent of P. We
then have

7w, = pl, — Au(x'.B), (2.42)
and
[]. 7] = iBS k€. (2.43)
For consistency with Eq. (2.39), we must also have
i[K,B] =2B. (2.44)

The Hamiltonian (2.36) now becomes

1 . ) . )
Hy() = 23 " O], = Au . B)][p) — Aux . B)]

+ % ; VAT — x7),

(2.45)

where we have expressed m in terms of the canonical
momentum and vector potential in order to make explicit the
dependence of the Hamiltonian on 3. (Again, an anisotropic
mass can be introduced in the kinetic terms if desired.) Since
H is independent of P, states with given eigenvalues B of
B retain those values for all times. Eigenstates of B are not
normalizable, however, instead we can use normalized packets
with very small width in B to calculate expectations in linear
response.

A gauge-invariant dilation generator satisfying the commu-
tation relations (2.39) and (2.44) is then given by

K==} X

where we have introduced the “kinetic momentum”
E({x'},B)=P — Y, Ax',B) conjugate to B, and {x'} =
{x':i=1,...,N} is the set of all xX'’s. Under a gauge
transformation generated by some scalar function ¢(x, B) we
have

+ {B,E({x'},B)}, (2.46)

A/L(XvB) - AM + 8M¢(XvB)s

(2.47)
Ax,B) - A+ 0pp(x,B).

To complete our definition of K, we specify that if the
gauge choice is the symmetric gauge for all B, that is
Au(x) = —%Bewxv (which is preserved by x-independent
gauge transformations), then A is a function of B only,

independent of x. Then
[ {B. E{x"}.B)}] = i€, Bx], (2.48)

and this result of course is gauge covariant.
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Putting it all together, we have thus shown that

sh 1
Jl“’ - J;w + ZK(SIW

‘Z[

+ %5,”{5, E({x'}.B)}
gives the strain generators for two dimensional systems in
a magnetic field, which satisfy Eqgs. (2.35) and (2.44). These
generators also satisfy the gl(2,R) commutation relations (2.9),
and the antisymmetric part is —1/2 times the gauge-invariant
rotation generator (“angular momentum”). We note also that
we consider only the range B > 0. It can then be shown that
the operator {3, B} is a bona fide self-adjoint operator, which
is not the case for the operator E alone, on this range.

Asin Sec. I A, we can now apply the canonical transforma-
tion S = exp(—iA,,J,) to transform to the Hamiltonian in X
variables, in which the corresponding kinetic momenta are [T
(the variables B and P in X variables should be distinguished
from those in the x variables also, but we will not introduce
additional notation for this; at this point, it should be clear
from the context). We find, as in the zero magnetic field case,
that the system with time-varying strain is equivalent to one
with Hamiltonian

Zn’ I +ZV(X’

i#]

+Bemx X )]

(2.49)

/w

= H(§X> + H, (2.50)

to first order in A.

As above, we can obtain an expression for the stress
tensor in the presence of a magnetic field by considering
the continuity equation for the kinetic momentum density
(with time-dependence obtained from H, (x), which is now
generalized to include B), which reads

dgv(X)
ot ll ;(L?J)(X) _evaga(x) (251)
with the kinetic momentum density given by
1 .
gx) =5 Z (', 8(x — x')} (2.52)

As in the previous section, we Fourier transform this equation,
and to first order in wave vector q we find [again, T/i%) =

[ d*x tfg)(x)]
9 LT 0 TO
E XJ: T, = T {x/unv} +lqlb v
B RV A
= ZEW Z (ni — % {xﬁ,né}) .

J

(2.53)

Now, the first term on either side cancels since only the Lorentz
force breaks conservation of total kinetic momentum. Thus

1 d i i B i i
T;E?;) =3 Z (E{XMJTU} - Zem{ana}) (2.54)
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We see that the term in the time derivative matches the first
term in Eq. (2.49) for the strain generator. Then we have

9 1 i i
5 (le + 5 lz {XM,T[V}>

B A o
=3 [€ve (77,20 + x,,700) + Suv€paXpmy]
B o
= %GVQZ{XL,TL’(;} . (255)
Thus, finally,

v ot

justasin Eq. (2.21) above. The definitions for 7},, and for Tlgf)
and their expansions to order A in X variables are the same as
in zero magnetic field.

Again, at zeroth order in the strain, we can express
the expectation of the stress in terms of thermodynamic
properties, if we assume the state is a normalizable ground
(and eigen-) state of H, for each value of B, and as a
function of B is concentrated near a value B. In the case
of a two-dimensional system with a magnetic field, the field
itself provides confinement, so normalizable eigenstates exist
for given B, and we may consider a disk of fluid that covers
an area L. Then we expect that the average total stress <T;£?;))0
can be decomposed into a pressure term and a magnetization

term®° as

(1), = 8, (PL* — MB), (2.57)

where P = —(0E/d(L*)y p is the pressure, and M =
—(0E/9B)y 2 is the total magnetization. We define the

internal pressure?’ as
MB
Pu=P— =5 (2.58)
or as
P = — (£> , (2.59)
a(L?) DN

where the partial derivative is at fixed N and fixed filling factor,
as we specified before. As pointed out by Cooper et al.,” in
a homogeneous fluid, the usual pressure P is the change in
energy under a change in the size of the box (at fixed B), and
so includes a contribution from the Lorentz force acting on the
boundary current that is related to the magnetization. This part
is removed by defining the internal pressure, or equivalently,
by taking the derivative with the flux through the system held
fixed.

In our framework, derivatives with respect to strain are
taken in exactly that way. If we calculate the expectation of
the stress using Eq. (2.56), then we must be careful to recall that
the state is a wave packet in B, and so not an energy eigenstate
of Hy, because the energy for given B generally depends on B.
Now when calculating the expectation of an operator that may
depend on B, but not on P (i.e., does not contain P), we can
take the expectation in the H eigenstate for each B, and then
average the result over B using the dependence of the wave
function on B. For the traceless (or shear) part of J,,, P does
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not appear, and so the fact that the state is an eigenstate of H
for each B can be used to conclude that the expectation of T;ﬁ)
is zero. This cannot be done for the trace, so the result can be
nonzero. On the other hand, the stress, including its trace, is
itself independent of P, and so the result is the average over
a small range of B of the result for each B, and the latter can
be related to the derivative of energy with the strain (holding
v and N fixed) using the Hellmann-Feynman theorem just as
in the zero magnetic field case. (This is done in X variables,
using H,, and we emphasize that then x’ and B are viewed as
fixed when taking derivatives with respect to strain 1.) Then
by averaging over a sufficiently small range of B, the result
for the trace is just the internal pressure. Then the full result is

(TD), = 8,0 Pm(L)L?, (2.60)

and this result can be considered as exact, rather than just as the
order L? part as the size goes to infinity, if Py (L) is defined
in this way at finite L, but tends to the thermodynamic Py
as L — oo. For nonzero temperature, we should include all
energy eigenstates, weighted by their Gibbs weight, but then a
similar difficulty as in the zero magnetic field case in infinite
size reappears: most states are spread over arbitrarily large
volumes. We may deal with this in the same way as in Sec. IT A,
or by including a confining potential as in Appendix B. The
result takes the same form as in Eq. (2.60).

III. KUBO FORMULAS FOR VISCOSITY

In this section, to calculate the viscosity, we first compute
the retarded response function X, of the integrated stress
tensor T,, to the perturbation H; in Sec. III A. Initially,
we consider separately the zero magnetic field case in any
dimension and the case of nonzero magnetic field in two
dimensions. In Sec. I1I B, we give the response in the form of an
intensive response function y , which can be defined in periodic
boundary conditions also. Then in Sec. III C we relate X and
x to the viscosity tensor. We show in Sec. III D that a leading
part of x at low frequency is the inverse compressibility, and
finally, in Sec. II1 E discuss sum rules and positivity properties
of X and y.

A. The response function from strain generators

We work in the X variables, and calculate the response of
the integrated stress va‘) to the perturbation H,, using linear
response theory. Dropping the superscript (X), the change in
the stress tensor to first order is given by

! a)"(xﬂ([,)

(T;w>([) - (Tuv>0 = _f dr’ X;Lvaﬁ(t - t,)

_ at’
3.1)
where the retarded response function X is given by
X,U.V(Xﬂ(t) = - elir(r){r i®(t)<[T/w(t)a Jaﬁ(o)]>06761. (32)

These expressions are to be evaluated with A = 0, so we may
now drop the distinction between X and X, and corresponding
superscripts. The time evolution here is taken with respect to
H,, and the expectation is taken in the unperturbed ground
state of Hj (in zero magnetic field, it is again subject to the
same caveats as in Sec. II A, which are addressed further in
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Appendix B). The exponential damping ensures that the system
was unperturbed infinitely far in the past. Fourier transforming
Eq. (3.2), we find that in the frequency domain

oo
Xpnup(@) = — lim i /0 dt & ([T0(0). O, (3.3)
where ™ = w + i€ (the € — 0T limit will be left implicit
from here on). We call this the stress-strain form of the response
function. It corresponds directly to the response of the stress
to an applied spatially uniform rate of strain dlAqg/df. No
rotational invariance has been assumed in the derivation.
Using Eq. (2.21), we can express Eq. (3.3) in two additional
equivalent forms. The second form of the Kubo formula is the
stress-stress form

1
X/Luaﬁ(a)) = E {([Tuv(0)7 Jaﬁ(O)DO

+/ dteiw+l<[Tuv(t)9Taﬂ(O)])0}- G4
0

[In obtaining this, we had to use time-translation invariance
of the correlation function in Eq. (3.3) to shift the time
dependence onto the operator Jug4, and then back after using
Eq. (2.21) and integrating by parts on ¢.] The time-integral term
is what one might have expected for the response function,
as the deformation of shape couples directly to the stress
tensor through the metric. In the additional contact term (the
equal-time commutator term), the coefficient of 1/w™ is purely
imaginary, because it is the expectation of a commutator of
self-adjoint operators. The complete expression is directly
analogous to the standard Kubo formula for conductivity in
terms of the current-current response, and the contact term in
Eq. (3.4) is analogous to the diamagnetic conductivity. The
latter will be discussed further in Sec. III B below.

Lastly, we have the strain-strain form of the response
function

Xvap(@) = —i([J(0), Jop(0)])o
+a)+/ dt ei“’+’([JM,,(t),Ja,3(0)])0. (3.5)
0

[In this case, the identity (2.21) and integration by parts was
used on the operator 7,, in Eq. (3.3), and time-translation
invariance was not invoked.] This form of the response
function is closely connected with the adiabatic formalism for
viscosity.>= For systems with nondegenerate ground states and
an energy gap, the contact term (the equal-time strain-strain
commutator term) is the adiabatic curvature associated with
deformation of the metric, and gives the full response as
o — 0. Note this part is real and is manifestly antisymmetric
under exchanging the pair wv with af. It gives the simplest
way to see that the Hall viscosity is connected with the orbital
spin density in these cases.’ See also Appendix C.

A similar analysis applies in the magnetic field case.
Because the equations of motion Egs. (2.21) and (2.56) are
functionally identical, the same three forms of Kubo formula
Egs. (3.2)—(3.5) for the response of T to H; hold even in the
presence of a magnetic field, provided one uses the appropriate
strain generator as given in Eq. (2.49).

The different forms of the Kubo formula can be viewed as
related by use of Ward identities. Generally, Ward identities
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are the consequences of symmetries or conservation laws for
response or correlation functions. In our case, the key relation,
Eq. (2.21) or (2.56), was obtained by expanding the Fourier-
transformed continuity equation to first order in wave vector.

There are some technical points about the derivation
to discuss. These center around the assumption of time-
translation invariance, which is usually assumed to hold for
response functions such as Eq. (3.2), on the basis that the
unperturbed ground state is an eigenstate of the unperturbed
Hamiltonian (or similarly at nonzero temperature, because
the thermal weighting is stationary). As we have mentioned
already, for the systems we consider, in zero magnetic field a
normalizable ground state is generally not available unless a
confining potential is included; this is because the system is in
infinite volume, so that the strain generators can be defined. In
Appendix D, we show that the preceding Kubo formulas are
certainly valid as written in the presence of nonzero magnetic
field, using the formalism of Sec. II B, and also more generally
using the formalism of Appendix B.

For rotationally invariant systems, in which Hy commutes
with angular momentum (the antisymmetric part of J,,, ), the
symmetries of X can be read off from the formulas. First,
T, is symmetric, and therefore X ,,og is symmetric under
i <> v. Next, in the stress-strain and stress-stress forms the
part of X antisymmetric under o <> 8 also vanishes, using
the assumption that the ground state is an H, eigenstate
(more detailed or careful arguments can be given along lines
discussed at the end of Sec. III E and in Appendix D below).
This holds without assuming the ground state is an angular
momentum eigenstate. Finally, for the strain-strain form, at
first sight it may be less obvious that the part of X that
is antisymmetric under u <> v vanishes. However, for these
components one can see that the time-integral term cancels the
contact term (and similarly for the part antisymmetric under
a < f), again without assuming the ground state is an angular
momentum eigenstate.

B. Intensive form of the response and
periodic boundary conditions

The stress-stress form, Eq. (3.4), of the response X 45(w),
which is an extensive quantity, can also be understood in
another way, as the response to a change in A using the
Hamiltonian H, in the x variables. In the rotationally invariant
case, this is the same as the response to a change in metric,
and this point of view may be familiar to some readers. Using
this approach, we can also obtain a Kubo formula in terms of
intensive quantities only, which is compatible with periodic
boundary conditions, and will be useful later.

To rederive Eq. (3.4), we work in x variables, and recall that
the integrated stress tensor we are using is T, Eq. (2.31),
and its expansion to order A in the x variables was given in
Eq. (2.32) (and the same forms are valid with a magnetic
field). Then the linear response of Tlfv() to the strain, divided
by —iw™ so that this is actually the response to dAqg/dt, and
finally dropping the distinction between x and X variables (as
we require only the linear response), gives exactly Eq. (3.4).
The contact term came from the expansion of the stress to
order A in Eq. (2.32), just like the familiar diamagnetic term in
the conductivity response comes from expanding the current
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operator to order A,, (A, being the perturbing vector potential,
the response to which is conductivity).

A similar approach works for the linear response of the
local stress tensor 7\3)(X) = (detA)_lAWA;ﬁ1 Tup(X) to the
uniform strain [the (det A)~! factor is present because this
transforms as a density, or formally because the § function
should be written in X space rather than x space]; the result is
the same as Eq. (3.4), but with 7,,,(0) in place of 7,,,. Here we
have used the same boundary conditions as for the previous
derivation, that is, a system in an infinite volume. But a similar
derivation also works for periodic boundary conditions. These
are defined in x variables as periodic boundary conditions on
a box (or “unit cell”) of fixed shape and size (independent of
A), say a cube. The Hamiltonian is H, as before, except for
the different boundary conditions, and uninteresting changes
to the interaction potential to ensure it is periodic. When a
magnetic field is present (in two dimensions), the flux through
the unit cell is fixed independent of A also, and must be an
integer number of flux quanta (the flux quantum is 27 in our
units); use of the operator B is not required here. In X variables,
the box has periodic boundary conditions described by A, as
X = ATx, while the Hamiltonian H(gx) is independent of A,
except possibly through the interaction potential, the boundary
conditions, and also the magnetic field strength varies with A
so that the flux through the unit cell stays fixed. We note that
with these boundary conditions, translational invariance holds
strictly. Eq. (2.32) does not hold due to the nonexistence of
J,v 1n a finite-size system with these boundary conditions,
but there is still an expansion of rl% (X) to order A in the x
variables:

aT®(X)
TV (X) = T0(x) + g,\—ﬁ g + 002, (3.6)
P a=0

Another benefit of these boundary conditions is that nor-
malizable energy eigenstates always exist. Then the Kubo
formalism, working in x variables, leads to the result for linear
response of the stress at x = 0 in the ground state (or at nonzero
temperature) to a uniform rate of strain, which we call x;

1 at®(0 o0 ,
Xuvap(@) = — {<“—() +i/ dt/ddx oot
iot o 0

0Aap
< (onol)

A=0

3.7)

the integral over X is restricted to the box. (There is of course
also a similar formula for X with these boundary conditions;
one expects the leading, extensive part of X to be independent
of the choice of boundary conditions.) Now we can take the
infinite size limit (with particle density held fixed, as always).
In the limit, because r/%) (0) is a local operator, its expansion to
order Ay in terms of the commutator with J,g is again valid.

Then finally we have [dropping the superscript (0)]
1 OO d., o't
X;waﬂ(w) = <[T;w(0)v Jaﬁ])O + dt | dxe
w 0

X <[T/w(071)vtaﬂ(xso)]>0} . (3.8)
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This agrees with the argument sketched just above, which
began with N particles in infinite space.

We can also transform this stress-stress expression into a
stress-strain form. As we have already passed to the infinite
system, we can use the relation Eq. (2.21) and integration by
parts again, to obtain

Xﬂvaﬁ(a))z_if dt e ([1,(0.1), Jup(O)])o.  (3.9)
0

Note that a strain-strain form for the response is not available
in terms of intensive quantities.

C. Viscosity from the response function

It is natural to ask how the extensive and intensive forms
are related. x,,,4p(®) is not simply X, ,qp(w)/ L%, because of
the following simple point. Recall that X is the response of
(TOY) to strain, while x is the response of (z(y(0)) instead.
Assuming a homogeneous fluid state, these should be related
by

(7)) = Lz D)), (3.10)
where L? means the volume of the system, which is the A-
dependent volume of the box, LY = L¢|,_; det A, calculated
either in the X variables as the volume of the A-dependent
box using the fixed, standard Euclidean metric, or in x
variables for a fixed box but with the A-dependent metric.
(Actually, without rotation invariance, these metrics might not
be uniquely defined by our models, however, the formula is
still correct, because the important point is how the volume
varies with A, which is always through det A only.) Then for
the response at first order, we obtain

i
Xpvap @)/ L = Xpvap (@) = —8ndog P, (3.11)

where in the last term we use the result at zeroth order in the
strain, that in the thermodynamic limit the expectation of the
local stress is

(tQ0) = 8, P, (3.12)

and this becomes §,,, Piy, in the presence of a magnetic field in
two dimensions.

The response function y is almost exactly what we need
to obtain the viscosity, which is supposed to be the local
stress response to a uniform dA,,/d¢, and so is an intensive
quantity. However, the expectation value of the stress that
we just discussed will respond to static (time-independent)
strains—see, for example, the hydrodynamic forms (response
local in space and time) in Eq. (1.2). As yx is the response
to the time derivative of the strain, these elastic moduli at
zero frequency will show up as the coefficients of singularities
~ i/w" in x.If nonzero, they might be confused with viscosity
coefficients that happen to diverge at w = 0.

To deal with this and obtain expressions for the viscosity
tensor at all frequencies, we will remove from x these
static, and thus equilibrium, elastic coefficients, by subtracting
the zero-frequency value of the response to strain, that
is the elastic moduli divided by iw™, and call the remainder
the viscosity tensor. For the homogeneous fluids we consider,
the expectation of the stress obeys Eq. (3.12), which has an
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obvious generalization in the presence of a static strain, and is
affected only by a dilation. Then we arrive at our definition for
the viscosity tensor at frequency w in zero magnetic field,

i L P
nuvaﬁ(w) = Xp,vaﬁ(w) + a?(spw(saﬂL 8(Ld) . s (313)

inverse compressibility « ! =

or, in terms of the
—LY@P /ALy,
~1

ik
ﬂuvaﬂ(a)) = X/waﬁ(a)) - Fauvaaﬂ-

This, along with Egs. (3.3)—(3.5) and (3.11), or Egs. (3.8) and
(3.9), give the Kubo formulas for viscosity in the absence of
magnetic field.

The case of two dimensions with a magnetic field is similar,
but the dilations involve a rescaling of magnetic field, as we
have seen. Then we arrive at

(3.14)

~ i 5 5 12 0 P
rlp,vozﬂ(w) = Xll«‘)aﬁ(w) + E pvOap a(LZ) v,N

ik
= Xuvaﬂ(w) - w;fauvsaﬂv

(3.15)

where K, = —L?(d Py /d(L?)), v is the “inverse internal
compressibility,” with the second partial derivative taken with
BL? (or the filling factor) held fixed. If we write the energy
of the system as E(N,L%* B) = L?*¢(v,B), where (v, B) is the
energy density as a function of Landau level filling factor
v =Tn¢gy/B, where 7 = N/L? is the particle density and
¢o = hc/e is the flux quantum (¢ = 27 in our units), then

de(v, B
Pin(v,B) = B ( ngB )>v —¢&(v,B), (3.16)
_ 8%e(v,B)
kil (V,B) = B <W> (3.17)

In the fractional quantum Hall effect, one encounters
incompressible fluids, which have vanishing compressibility
at zero temperature. This refers to the usual compressibility,
which can be related to the change in density with chemical
potential with the magnetic field fixed, and so differs from the
internal compressibility considered here, which is well defined
and usually nonzero and finite. (Later, we will see that the latter
can be extracted from the g2 part of the conductivity.)

Further, there are similar results at nonzero temperature.
For the (internal) compressibility, there is the question of what
is held fixed in taking the partial derivative of the pressure:
the temperature or the entropy. We will discuss this point in
Sec. III D, and argue that it is the entropy, as mentioned in
Ref. 14. After this point, our discussion applies to both zero
and nonzero temperature, unless otherwise noted.

D. Nondivergence of bulk viscosity

Next we comment on the subtraction of terms containing
the thermodynamic inverse (internal) compressibility in the
expressions for the viscosity in terms of the response function,
Egs. (3.14) and (3.15), in either the extensive or intensive
forms. We will be led to the striking conclusion that the bulk
viscosity is finite, not infinite. Consider first the case of zero
magnetic field in d dimensions, and the extensive response X in
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finite size. We can show in general that the leading contribution
to the diagonal or trace part Xq = X, /d2 of the response
function as w — 0 is given by the derivative of PL? with A.
In the stress-stress form, X is

1
Xa(w) = d—([T(O),K(O)])o

wT

+L+ dte’ " ([T@),TO)])o, (3.18)
0" Jo

where we have defined T = T,,,,/d with d the dimension of
space. Asymptotically as w — 0,

. 1
@" Xq ~ —([T0),K(Oo

oo

+ lim

o—0 Jq

dt &7 ([T(1), TO)])o. (3.19)
This is the response of the system to a static dilation at zero
wave vector. By inserting a complete set of energy eigenstates
|e) of Hj into the commutator in the second line, we obtain
0I7]e)|*

1
o Xy~ ST KON +2 Y 1

(3.20)
Ey—E,
e:E,#E

(the restricted sum over states is really a principal part, arising
from careful use of ¢ — 0). As explained already in Sec. III B,
working in the x variables the first term on right-hand side
is the expectation of the change in the operator 7™ under a
dilation. Then time-independent perturbation theory using the
x variables shows that the right-hand side is the change in the
expectation of TX due to the dilation, the second term being
due to the change of the ground state. Thus

vy (0D __.mmﬁ)
@ X l(mmgN_l<a@% N

=ik = P)L,

(3.21)

showing that the response to a dilation at leading order as w —
Ois given by the difference between the inverse compressibility
and the pressure—it is an elastic response. This is precisely
the term we subtract from X to get the viscosity in Eq. (3.13).
We conclude that there can be no divergent bulk viscosity
at zero frequency. The argument goes through similarly in the
presence of a magnetic field ind = 2, with P and x ~! replaced
by Py and ki, respectively. It also goes through similarly
for the intensive formulation of viscosity in terms of y,
Eq. (3.7).

This argument may give rise to some unease. The shear
modulus of a fluid is of course zero, while the preceding
argument may lead us to expect that it is given by a similar
time-independent perturbation theory expression, which (as
we will see) is nonzero in some cases. This must be related to
the fact that the conventional way to obtain the elastic moduli
(including the inverse compressibility or bulk modulus), which
are susceptibilities, from the stress-stress response function,
would be by taking the thermodynamic limit of the (intensive)
response first, then taking w — 0 before ¢ — 0. But we have
q = 0, then took @ — 0, and finally the thermodynamic limit.

One can find susceptibilities directly at q = 0, provided
one is careful with the order in which one takes the derivative
with respect to strain and the thermodynamic limit. The usual

245309-14



KUBO FORMULAS FOR VISCOSITY: HALL VISCOSITY, ...

“thermodynamic” formulas involve finite size, but the size
is treated as large and discreteness effects are ignored when
differentiating the ground-state energy, which corresponds
to taking the limit first. (Here and in the remainder of this
section, we concentrate on the case of zero temperature.) The
perturbation theory formula for the derivative (in finite size),
as in the right-hand side of Eq. (3.20), takes the derivative
of the expectation in a state that varies continuously with
strain. If the ground-state energy level does not cross others
as the strain is varied, the result is most likely independent
of the order of the limit and the derivative. We expect this is
the case for pure dilations, leading to the pressure and inverse
compressibility. But perturbation theory can break down if
energy levels cross, especially if they do so on a set in A
space that becomes dense as the size goes to infinity. Then if
by “ground state” we mean the lowest-energy state for given
strain (as in the thermodynamic formulas), this state vector
changes discontinuously with strain, and this effect cannot be
picked up in perturbation theory. Taking the derivative after
the limit will give a different result from taking it before, at
whatever strain it is taken. This is the case for shear strains, in
some gapless systems.

As an example, consider the free Fermi gas. Using periodic
boundary conditions on a rhomboid-shaped box, we can
examine the expectation of Hy and of 7},,, and their variation
with shape to first order. In X variables, A describes the shape
of the box, and the metric in Hy and in 7, is the standard
one. Then as is well known, the many-particle ground state for
a given box is constructed by occupying all single-particle
plane-wave states with wave vectors k inside the Fermi sphere;
the radius of the sphere is chosen to obtain the correct particle
number N. Under shear and dilation, the k points move around,
and every so often points enter or leave the Fermi sphere. Under
a pure dilation, the volume of the Fermi sphere changes so that
exactly the “same” set of k points (up to a rescaling) is always
occupied, and no levels cross. But during a nonzero shear
(or shear and dilation together), k points do enter or leave the
Fermi sphere, and so the ground state energy levels cross. In the
limit, the ground-state energy density depends on the particle
density in the system, but not on its shape. Hence derivatives of
this energy density with respect to shear vanish, as expected.
Derivatives with respect to dilations give the pressure and
inverse compressibility, and because no levels cross as the
scale factor det A is varied, the same result would be obtained
by differentiating the energy of the finite volume system, and
taking the limit afterwards. But for derivatives with respect to
shear, in finite size the second derivative is nonzero, though it
becomes undefined on a set of measure zero at which ground
state levels cross. Through the above formulas, this leads to
an infinite shear viscosity, while the bulk viscosity is zero (we
give further details for the free Fermi gas in Sec. V A below).
We expect, though we do not have a rigorous proof, similar
behavior for an interacting Fermi gas in a Fermi-liquid phase,
so that the pressure and compressibility can be obtained by
using dilations either before or after the thermodynamic limit.
This means the i /w™ terms in X4/L? or the corresponding part
of x are canceled by the subtraction, and the bulk viscosity
cannot be infinite. But the shear viscosity will be infinite at zero
temperature, in agreement with calculations of its temperature
dependence.”!
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For the first derivative of ground-state energy with respect
to shear, that is, for the traceless part of the expectation
of the stress, the situation is slightly different from that for
the second derivative. Taking the limit first, the ground-state
energy density will be independent of shear. If, as an interval
of a path in A space is traversed (with tr A fixed), there are no
level crossings, then the limit of the first derivative along the
path will also be zero. But suppose there are level crossings on
this path, and the spacing of them goes to zero in the limit, so
that the set of positions of level crossings is dense (as for the
free Fermi gas). As the derivative taken after the limit is zero,
the lowest-energy levels as a function of position on the path
must be close to a sequence of overlapping parabolas, with the
minimum of each at the same energy. We have seen that the
second derivative is of order one, and so the first derivative on
any of these curves, anywhere within the interval in which it is
the lowest, will tend to zero in the limit, because the distance
in A from the minimum of that curve goes to zero, as the level
crossings become dense. So (except on a set of measure zero
in A on which the first derivative is not defined) the traceless
local (or intensive) stress in a fluid state does go to zero in the
thermodynamic limit, as claimed earlier.

At nonzero temperature, one can make different but related
arguments. In particular, the trace part w™ X4 is now identified
as —i(P — kg "L?, or similarly with a magnetic field in two
dimensions, where the inverse isentropic compressibility, KS_I,
isky! = —LY P /(L) s atfixed entropy S (and also fixed
v for the isentropic internal compressibility). This is because,
as for the pressure, the response function can be identified
as the partial derivative taken under the thermal average,
with the probabilities and hence the entropy, held fixed.
These compressibilities must be nonnegative for stability.
The appearance of the isentropic compressibility in this limit
of the response is frequently obtained from hydrodynamic
considerations, rather than directly from the stress-stress
response, as here.

In the preceding arguments, we have taken the frequency to
zero in the response function before the thermodynamic limit.
However, we will be using the intensive functions X /L%, x
and 7 in the thermodynamic limit, and the behavior of these
as the frequency tends to zero subsequently. The different
order of limits does not appear to be a problem. For example,
in the zero-temperature case, we can use the intensive form
in x variables to study the response of the trace of 7 to
a low-frequency dilation. The leading part comes from the
ground state adiabatically following the dilation, and gives
the inverse compressibility. The real part of the bulk viscosity
involves transitions to excited states of the unperturbed system,
for which the available phase space is usually small (as in a
Fermi liquid, for example) or zero. Hence we expect that at
zero temperature, in general the real part of the bulk viscosity
actually goes to zero at zero frequency.

E. Spectral density, sum rules, and positivity

We can derive a spectral density for the viscosity tensor, and
a sum rule for it, by following a standard method, starting from
the convenient stress-strain formulation, in either extensive or
intensive forms. For the extensive form, using Eq. (3.3), we
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define the spectral density function by'”

1, [*® ;
Xﬂmﬂ(a))z _Ei/ dt &' ([T, (1), Jop(0)]). (3.22)

—00

In many cases of linear response theory, such a function
would be the imaginary part of the corresponding retarded
response function, although for transport functions, such as
conductivity as well as viscosity, the division by —iw (in
the current-current, respectively stress-stress, forms) means
that the spectral density is proportional to the real part of the
conductivity, if certain symmetries such as time-reversal and
reflection symmetry are unbroken. But this is not generally the
case: X’ is not in general real,’® but does consist (in a finite
size system) of a sum of § functions in w, with tensor-valued
coefficients.
There is a spectral representation:

. 00 X// o (w/)
Xpnap(@) = — f de 2P (3.23)
T

. ot —

This shows that if X” is real, it is the real part of X, as
expected. X, ,4p(w) is analytic in the upper-half complex
w plane, and there are also corresponding Kramers-Kronig
relations between X" and the complementary part X}, ,,4(w) =
[X,ep(@) — X l’ivaﬁ(a))] /i (for real w), which is the imaginary
part of X when X” is real. Finally, the definition leads
immediately to a sum rule for the total spectral density,

*dw _,
o Niesl) =

The “sum” on the right-hand side is real, because the expec-
tation of a commutator of self-adjoint operators is imaginary.
The sum rule can also be viewed as describing the w — 0o
limit of X,,,4g(w), using the spectral representation on the one
hand, and integration by parts from the stress-strain definition
of X, together with the Riemann-Lebesgue lemma, on the
other; this explains its relation with the contact term in the
stress-stress form. There are related results for x,,,4s and for
Nuvap- (Similar sum rules were also discussed in Ref. 14, but
only in the absence of Hall viscosity.) One would expect that
the right-hand side is symmetric under uv <> o8, which can be
shown in certain limits, as we discuss below. That is, the Hall
viscosity cancels from the sum rule. This would then be similar
to the case of conductivity, in which the Hall conductivity
cancels from the sum rule.

For further arguments, the stress-stress form of the spectral
density is most convenient. The only complication here is the
factor 1/w™ in the formula for X, which causes the appearance
of §(w) terms in the spectral density, in addition to § functions
that come from the stress-stress time-integral term. The former
correspond to the terms discussed in Sec. III D. We can obtain
the spectral density by multiplying X” in Eq. (3.22) by iw,
which means differentiating with respect to ¢ under the integral,
and then using relation (2.21) once again (after shifting the ¢
dependence onto J,g). This has the effect of removing any
8(w) terms from X”, one of which we know is the inverse

_i<[T//.v(0),]ot,3(O)])- (324‘)
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compressibility term. Reinstating these terms, one has

X//ivaﬁ(w) == JTC/LV(X/SS(CU)
1 o0 _
+ % /foo dt &' ([T, (1), Tu(0)])  (3.25)

(in finite size, the time-integral expression should not produce
any 6 function at w = 0), where the constant tensor C,,p is

C;waﬂ =—i <[T;w(0)s szﬂ(o)])o

i / dt e ([T, (D).TupOl0  (3.26)
0

and is real. Then, using arguments presented in, e.g., Ref. 19,
one can almost conclude that X" (w), viewed as a matrix with
rows and columns indexed by the pairs nv and «f, respec-
tively, should be Hermitian, and also positive semidefinite,
for all w, and that at zero frequency it (i.e., C, o) should
be real. We say “almost” because Forster’s discussion'® does
not include the contact terms in our stress-stress form, which
contribute to X” only at zero frequency. Hermiticity holds at
nonzero frequencies, and the time-integral term in C,,p is
real and symmetric, so to obtain symmetry of the matrix at
zero frequency, we would need the contact term coefficient
—i ([T, Jap]) to be symmetric under the exchange uv < af.
This is not yet obvious in general, and we discuss it further
below. For positivity, the energy absorption argument!® does
allow for contact terms, and those that occur in the positivity
statement at zero frequency are automatically symmetrized,
as they arise from the second derivative of the Hamiltonian
with respect to the perturbing field, in our case, of H, with
respect to A. The part of Cy,48(w) that vanishes on taking
the trace on pv and on o would either be zero, or would
represent an infinite shear viscosity, as discussed in Sec. III D.
At zero frequency, the infinite shear viscosity (if any) must
be positive. For arbitrary frequencies, in simple cases such as
with time-reversal and reflection symmetries in which case the
X" matrix is symmetric, these conditions imply that the real
parts of the shear and bulk viscosities must be positive (like
the real part of the symmetric conductivity tensor). In general,
at nonzero frequency, the condition that the Hermitian matrix
X" be positive semidefinite involves the imaginary part of
the Hall viscosity, and not only the shear and bulk viscosities
(just like the case of conductivity, in which the imaginary
part of the Hall conductivity enters); note that the discussion
in Sec. I was for frequency-independent or zero-frequency
viscosity coefficients only. At zero frequency, one statement
of positivity is for the intensive function x”(w), which differs
from X" by the pressure term in the trace part; it implies that
the inverse (internal) compressibility should be nonnegative,
in agreement with a consequence of thermodynamic stability.
On the other hand, positivity of the trace part of X” implies
that «;,' — P >0 as well. This can also be viewed as a
consequence of thermodynamic stability, by using tr as a
“generalized coordinate,” rather than the volume L4,

If the zero-temperature real part of the shear viscosity
is a § function (that results in part from the contact term),
then at nonzero temperature in an interacting system in the
thermodynamic limit, the shear viscosity at zero frequency
will generally be neither zero nor infinity, and as a function of
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frequency the § function becomes broadened. In this case the
8 function is canceled by a contribution from the time-integral
term, which also produces the broadened peak (which tends to
a § function at zero temperature). For such cases, the spectral
representation above for finite size should be rearranged so
there is no & function in the traceless part.

The symmetry of the contact-term coefficient

_i<[T/LU’JOKﬂ]>

under puv <> off can be shown under some conditions or in
some limits. Using Eq. (2.21) again, the antisymmetric part is
—% times the expectation value of

[[HO’J/Lv]aJaﬂ] - [[H()vjotﬂ]v‘]/u)] = [HOa[JuvaJaﬁ]] (328)

(this also gives the difference between the contact terms that
would result in the x variables from use of 7),, versus T/flf) at
the end of Sec. II A). The commutator of the two J’s always
contains only traceless parts, as the commutation relations can
be rewritten as

i[J/AvaJaﬁ] = 8,1/,/5]0(1) - 5\101]/4/3»

1 1
= Sup (Jav - E‘swaw>_5W (Juﬂ - E‘Smfﬂw)'

(3.29)

(3.27)

Taking the expectation value, and using the Eq. (2.21), we
arrive at two expectations of traceless parts of 7},,, which we
have argued are small compared with L¢ in the thermodynamic
limit (or zero, in the magnetic field case in two dimensions).
(In the rotationally invariant case, we look at parts symmetric
under i <> v and under o <> § only, and then the commutator
gives the angular momentum, and the expectation is zero even
in finite size.) Hence, if we are interested in the viscosity of
the infinite (thermodynamic limit) system, then the symmetry
under uv <> «f does hold, and has the pleasing consequences
mentioned above.

One might wish for more in the finite-size case. Our basic
definitions can, and perhaps should, be modified to make the
contact term in the stress-stress form symmetric, by taking its
symmetric part. It is not clear to us fundamentally why that
would have to be done, but it would be useful anyway when
performing numerical calculations at finite size, to remove
the antisymmetric part that should not be present in the limit.
Alternatively, perhaps there is some physical meaning to the
antisymmetric part of the coefficient of §(w) in X”, even though
it does not contribute to energy absorption, or to the physical
(infinite-size) viscosity.

IV. RELATION BETWEEN VISCOSITY
AND CONDUCTIVITY

In a Galilean-invariant system with particles that all have
the same charge (which is one in our units) and mass m,
the momentum density is m times the number current density.
We will now use the intensive form of the stress-strain response
function to derive a general relation between viscosity and
conductivity for this case. We note that this does not require
rotational invariance, provided that the inverse mass tensor is
the same for each particle. In this section, we will usually treat
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the zero and nonzero magnetic field case together and so spe-
cialize to d = 2 dimensions; other cases are handled similarly.
We begin by using the translation-invariant system in a
box of volume (area) L? with periodic boundary conditions,
with Hamiltonian Hy. The continuity equation for momentum
density, Eq. (2.51), can be written as
<_‘SUA% + wcﬂ)k) axt) = a[LT[LV(Xﬂt)ﬂ 4.1)
where w. = B/m is the cyclotron frequency. (For B > 0, the
following derivation still holds if there is an anisotropic mass
tensor, by making a suitable modification of w.€,, to adifferent
tensor.) Due to the uniformity of the magnetic field, we can use
this to derive additional modified Ward identities, in particular
starting from the stress-stress retarded response function:

9249, /0 T dren f d*x e ([13,(X,1),7,4(0,0)])o
= (iw8,). + we€ ) (—iwdp, + wc€pp) /:0 dt e
x / dPx e ([g, (x,1).,(0.0)])g
—iqy f d*x 719 ([7,,(x),85(0)])0

—(iw8s — weeny) / Pox e ([0, (%), 8, O))o. (42)

Expressions similar to this have been used for zero magnetic
field (w. = 0) by many authors, in particular Taylor and
Randeria,'* however, even in that case our approach differs
in some of the details.

Assuming Galilean invariance, the number current den-
sity j(x,?) is related to the momentum density by j(x,7) =
g(x,t)/m. Hence the retarded function on the right-hand
side of Eq. (4.2) is the same as the one appearing in the
Kubo formula for the electrical conductivity (current-current
response function),

S PLLID SN N oy
vB q,w)—mw+ Uﬁ+0)+ 0 € X

x e T([jy(x,1), j5(0,0)])o. 4.3)

Meanwhile, the left-hand side of Eq. (4.2) includes the time-
integral part of the intensive form of the response function for
viscosity, with two factors of q contracted into it, presently
in finite size, as in Eq. (3.7). We will now account for the
remaining terms on the right-hand side and aim to take the
thermodynamic limit and only then expand in powers of q to
second order, to obtain the response function x,,,4s(®) from
the conductivity. It follows from the preceding derivation that,
as the left-hand side of Eq. (4.2) is of order ¢?, all terms of
order one and of order q on the right-hand side must cancel.

First, still in finite size, in the last term on the right-hand
side of Eq. (4.2), we can use translation invariance to introduce
integration over a variable X', divide by L2, and then evaluate,
giving
% d*x d*x' e ([g,(%), g, (X))o

1 1 i —iqx i Ligx
= 2 S Ml ) e

1
= E(lNBevp - qV(G,O>0 - qp<Gv>O)»
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where G = ), m' is the total momentum. The thermodynamic
limit of this exists, and contains no term of order higher than
qasq — O.

Next, the second term on the right-hand side of Eq. (4.2)
can be manipulated to produce the contact term in x. First,
we take the thermodynamic limit, and then the part quadratic
in q, by expanding the exponential e~/ to first order. We
also use translation invariance again, so that the expression
contains [7,,(0),gs(—x)]. Then we recognize the occurrence
of the first term of the strain generator, if we write Eq. (2.49)
in the form

1 o
J = —/d2x X, 8v(X) + Z EBemx;x&

1 .
+ 58’”{6’ E({x'}.B)} 4.4

(or similarly without the terms containing 3, if B = 0). Then
we can cast the contact term from Eq. (3.8) in the form

1 1
S5O doplho = - [ @ (5,0 58500
(4.5)

where for B # 0 the last two terms in Eq. (4.4) do not
contribute, because they fail to commute only with the kinetic
part of the stress tensor, and the result of that commutator
always contains a product of a particle coordinate with a delta
function of that coordinate at the origin. This means that the
term in question can be absorbed into the time-integral term
on the left to produce precisely x contracted with two qs.

Hence, Eq. (4.2) turns into a relation between the con-
ductivity and a symmetrized part of the intensive strain-
stress response function; we define X ;45 (@) = %[Xuvaﬂ (w) +
Xaw/.ﬁ(a))]s then

820—)»p (‘Lw)
04,.0q. q=0
(4.6)

[W€py)

1
Y,uvaﬂ(w) = Emz(a)svk -

X (wdpp — W€ pp).
This is the central result of this section. When the magnetic
field is zero, one can simply substitute w. = 0 in the above
equations. Let us note that a similar relation holds in three
dimensions:

1 .
X/M)Otﬂ(w) —mz(a)(SM - lwcbyeyvk)

X ((,()(Sp,g — l.(,()cbgégp/s),

where b = B/|B| is a unit vector in the direction of the
magnetic field.

These results lend themselves to a simple interpretation.
For simplicity, we will concentrate on two dimensions. If we
expand the wave-vector-dependent conductivity in powers of
the wave vector q,

03(q.0) = 01 () + 0,7 (q.) + - (4.8)
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then the zeroth order term (the response to a uniform electric
field) is fixed by Galilean invariance to be

() no. 4 -1
Tip (w) = —Z(la) 8rp + @c€rp)

n

- (a)“ - (4.9)

a)z) (l'a)Jr(S)\p — wCeAp).
By Eqgs. (4.6) and (4.9), the second order in q term is related
to the viscosity through

o (q.w) = aAJ(w) G X (@) ~quop, (@) (4.10)

One can intuitively understand this expression as follows:
in the presence of a nonuniform electric field E(q,w), to
the leading order the system responds with a nonuniform
current, {jg(q,w)) = om)(a))Ek(q,a)) which implies a strain

rate iag(q,w) = (zqa)oﬁk (w)E;(q,w)/n (symmetrization over
« and B is notimportant, as x,.q(w) is symmetric with respect
to these two indices). The strain rate results in an average stress
(T (q,0)) = = Xuvap(@)ilep(q,®), whose spatial derivative
gives a contribution to the effective electric field acting on the
particles, ESf(q,w) = —ig, (t,,(q,w))/m, which then affects
the current (and the conductivity) via UM)(a)) resulting in
Eq. (4.10).

By Eqgs. (3.14) or (3.15), to arrive at the viscosity one
should subtract the inverse (internal) compressibility con-

tribution from ,,44(®w). Defining 7,44 (w) = %[nwaﬂ(w) +
Navup(®)], we have
1 3%03,(q,w)
n, Vo, (w) = _mz(a)&))» — IWcEyy) =z
wvap 2 3¢,,0¢a o

. —1
LK
int ((Suvaaﬁ + B/LﬂSUDZ)

@11

X (wépﬁ — l.(x)L-Gplg)

For rotationally invariant two-dimensional systems, there
are only three independent (frequency-dependent) coefficients
of viscosity: the bulk viscosity ¢, shear viscosity n*", and Hall
viscosity n [cf. Egs. (1.6) and (1.7)]. The relation (4.6) can
be used to extract the viscosity coefficients at all frequencies
from the conductivity [taking q in the x (i.e., one) direction
without loss of generality],

—1

{(a))—‘r— mt
= X1111(w) — X122(®)
m? 92 2
= 2 02 {(0® — @) [011(q.0) — 022(q, )]} ‘q:O’
(4.12)
2 42
(@) = Xan(@) = - Y — {0’ on(q.0) + ©lon(q.0)
+2iow.o (q,a))}|q=0, (4.13)
ooy X1(@) =X (@) m? 9°
n(w) = 5 5 3qx{(w +w )cr (q,w)

—iwwc[o11(q,0) + 02(q.0)}|, (4.14)
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where o (q,w) = [012(q,0) — 021(q,w)]/2 is the Hall con-
ductivity. Here we have separated ¢ (w) from i/ci;tl /w, accord-
ing to our analysis of the trace part of the viscosity tensor in
Sec. I D. For zero magnetic field (w. = 0, and ;! =« 1),
relations similar to the first two are fairly well known, but often
are written in terms of the transverse and longitudinal parts of
0,5 see, for example, Ref. 14, in which, however, the k' term
is absent. The Hall viscosity decouples in this case.

Alternatively, again for a rotationally-invariant system in
two dimensions, we can invert Eq. (4.6) to obtain the ¢ part
of the conductivity tensor, a;i)(q,a)). For vanishing magnetic
field, we find

) 1 il(_l
05 (4, 0) = Py {(w) + el LU

+ ™M (w)q?83, + n”(w)qzexp] (4.15)

For zero magnetic field, we see that the Hall viscosity can be
obtained just from the ¢ part of the Hall conductivity, at all
frequencies.

In the presence of a magnetic field, the expressions are
more complicated, and for later use we retain only terms that
are nonvanishing at zero frequency, assuming that ¢ and n
do not diverge as w — 0, and that n*" does not diverge more
rapidly than 1/w™. Then we have, as @ — 0,

o 2(q.)

~

-1
LK; s
m2w? { |:§(a) =0+ a)lfrt ]quéuxqaew +n"(@)q*8,
-1
)
+in @ =0)— 2 4 22

c We

nsh<w>]q2exp}. (4.16)

This can be used to obtain n(w = 0) from the ¢> part
of the conductivity at @ — 0. If »*" is nondiverging as
w — 0, the antisymmetric part of the equation reduces to the
relation found by Hoyos and Son® between the Hall viscosity,
internal compressibility, and g part of the Hall conductivity
at zero frequency in the presence of a magnetic field, which
they obtained for a gapped quantum Hall system at zero
temperature [see Eq. (3.17) for the equivalence of «j,, with
their expression]. That relation is now seen to hold even
when ¢(w = 0) and n*(w = 0) are nonzero but finite, with
a generalization for the case of diverging n*". Our formulas
above give the generalization to all frequencies as well.

V. EXAMPLES OF THE KUBO FORMULAS AND
CONDUCTIVITY RELATION

In this section, we consider applications of the Kubo
formulas to various simple model examples with rotational
invariance, at zero temperature except where otherwise stated.

A. The free Fermi and Bose gases

As a first application of our Kubo formula, let us compute
the viscosity of the free Fermi gas in d dimensions at
zero temperature and zero magnetic field. The unperturbed
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Hamiltonian for this system is
1 i
Hy = m Z PuPy-
i

For a system of N particles enclosed in a very large box, the
ground-state energy E has the form

5.1)

Eo = (Ho)o o< (L) 4. (5:2)
From Eq. (2.21), the stress tensor is given by
. 1 i
T = —ilHo, Jw] = - Zpﬂpv. (5.3)

Because 7}, is independent of time, the time-integral term in
the stress-stress form of the Kubo formula (3.4) vanishes, and
we easily find

1
X;wocﬁ(a)) = ;([Tuv(o)a Jaﬂ(O)D
i
= F(SM,3<TVOZ>O + 8,uoz<Tvﬂ>0)
2i
= ﬁEO((SMﬁSUa + S/wz(svﬁ)’

where we have used rotational invariance to express (7},,)o in
terms of Eo: P = 2Ey/(dL%). Lastly, we have that

P dEo 1 3% Eg 4 -
— K = — _— — = - .
ALY ), aLh ), 2L’

(5.5)

and so from Eq. (3.14), we see that the zero-temperature
viscosity tensor of the free Fermi gas is given by
2i Ey 2
%ﬁ 8uﬂ8ua + (Swavﬁ - 35,“,5“,3 .

This is purely a shear viscosity—the bulk viscosity of the free
Fermi gas is not only not infinite, as anticipated, but identically
zero at zero temperature. Furthermore, the dissipative shear
viscosity coefficient n*", given by the real part of the scalar
prefactor of 7,,,4p, is

5.4

(5.6)

2 E()
(@) = =7 8(),
which is zero for all w # 0, and infinite at w = 0. Such §-
function divergences in response functions are characteristic
of noninteracting systems, and indicate that in response to
shear strains, the free Fermi gas accelerates without bound. In
an interacting Fermi gas at nonzero temperature, the § function
is broadened and the zero-frequency shear viscosity is finite.
As the temperature tends to zero, it approaches a § function;
the limit is continuous in the space of distributions.
We note that one can derive the same result by first
finding the g-dependent conductivity through elementary
Green function techniques,

(5.7)

_ i 2i Eooo oo,
Gvﬂ(qvw) = s vB + A3 ﬁ( v q + qu;‘})
+ 0(q"), (5.8)

and substituting this expression into the zero magnetic field
version of the viscosity-conductivity relation, Eq. (4.11) [or,
equivalently, comparing it with Eq. (4.15)].
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For the free Bose gas, the calculations are very similar,
except of course that the Bose distribution must be used
in place of the Fermi distribution. In particular, at zero
temperature, the ground state is a Bose condensate with all
particles in the p = O state, instead of filling a Fermi sea. In
this case, the ground-state energy Ey, pressure P, and inverse
compressibility « ~! are all zero. Then using similar arguments
as above, the viscosity response tensor vanishes identically. At
positive temperature, the results take the same form as above,
but Ej is replaced by the average energy E = (Hp)o. Then a
§-function real shear viscosity, with coefficient proportional to
E/L?, again appears; the bulk viscosity remains zero.

B. The integer and fractional quantum Hall fluids

Let us now compute the viscosity for noninteracting
electrons in an external magnetic field. The Hamiltonian Hj is

1 o
i

We can take our unperturbed state to have the lowest v Landau
levels occupied, in a region of area L2, and so the ground-state
energy is

(5.9)

v_z B2L2
2meo '
where as before s = v/2 is minus the average orbital spin per
particle. However, this is unnecessarily restrictive here, and at
any temperature and any average filling factor v the average
energy is again (Hy)o = nsw.L*. From Eq. (2.56), we have
that

Ey = nsw.L* = (5.10)

1 . .
Ty = —ilHo, Jyu] = > DR 778 N CR D)

J

We will calculate X using both the strain-strain and stress-
stress Kubo formulas. It will be convenient to work in the
symmetric gauge, where the dilation generator K takes the
simple form

1 o
K==23 {x.m}+BP) (5.12)
i
We can diagonalize the Hamiltonian H, with two sets of

creation annihilation operators. Writing z/ = x/ 4+ iy/ and
7/ = x/ —iy/, these are (see, e.g., Ref. 5)

1 .
b = —(n] +in!), (5.13)
\/%( })
. B .
J=pit— i\/;Zf, (5.14)
satisfying
b b1 = [d'al"] = 55, (5.15)
b .al'l = [b.a']=0. (5.16)

In terms of these operators, the Hamiltonian takes the simple

form
B ity 1
H0=;2i:<b b +§>. (5.17)
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The stress tensor can be written as

T[/.v = SMVHO + % Z [(bﬁz + blz)‘[;v —+ (bsz _ blz)flfu],

1

(5.18)

where ¥ and ¢ are the standard x and z Pauli matrices. The
shear generator J, ;‘]‘) from Eq. (2.38) takes the form

D DE T

iy

J
— Z %(bf + b aﬁz)rx
j

T
+> 5(bﬁbf —al'a)e,, (5.19)
J

(note we could have written €,, =i 7jy), and the dilation
generator K can be written

K={BP)+i) @b —ab)),

J

(5.20)

The shear generators agree with those presented by Read and
Rezayi.’ The last ingredient we need is the commutation rela-
tions between P and the creation and annihilation operators.
A computation shows that these are

A i
b= —al', 5.21
[P.b’] B (5.21)
. i t

,a'l= —bl . 5.22
[P.a’] B (5.22)

It is worth noticing also that
[K.,a']=[K,b']=0. (5.23)

Now, using the stress-stress Kubo formula (3.4), we find
rather directly that

Ey .
m[m} (88000 — €up€va)

X;wozﬁ () = 2

c

1E
— 20c(Bva€p — Suplan)] + w—faﬂvaaﬁ, (5.24)

where in w, = B/m, B is again the value at the center of
the narrow wave packet over 3 values. Finally, applying
Egs. (3.16) and (3.17), we have

_ Ey
Py = nsw, = Iz’ (5.25)
—1 — Ey
Ky = 2nSw, = ZE, (5.26)
and hence

Muvap(@) = B it Gusbie — eupern)

nvap LZ(Q)JFZ — 40)2) uBOva uBCva
— 2w (8va€up — Bup€av)]. (5.27)

Atnonzero temperature, the result is the same, with the ground-
state energy density Eo/L? replaced by (Hp)o/L?. We notice
that the trace on pv or on af vanishes at all frequencies—the
bulk viscosity is identically zero. In the remainder, the spectral
density consists solely of § functions at the frequencies +2w,,
which represent transitions in which the Landau level index
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changes by £2. This is because of the quadrupolar nature of
the stress, and the fact that only the operators b' appearin 7},,.
In the @ — O limit, the viscosity reduces to the Hall viscosity

np.vaﬁ(w = O) = %ﬁg(avaeuﬁ - 8;}.,8601\))’ (528)

in agreement with known results.>*?? It is not surprising that
the zero-frequency bulk and shear viscosities vanish when the
temperature is zero and there is a gap in the spectrum; that
they do so in other cases as well is due to the noninteracting
nature of the system.

To make contact with the adiabatic calculation of the Hall
viscosity,>>?? we can also calculate the viscosity from the
strain-strain formula (3.5). Naturally, this must give the same
result as Eq. (5.27), however, it is enlightening to see how this
comes about. If we evaluate just the equal-time contact term,
we find

i g llo = 5 | o zj:<a.z i §>O
X (8va€pup — Sup€av)- (5.29)

The intra-Landau level (afa) term is larger than O(N), but
we know that it must cancel. On calculating the time-integral
contribution, we find as w — 0

o /0 dt & [Ty (1), JapO)])o

ko > falta’ + ),

a;waaﬁ ) uﬁfav)'

(5.30)

(ava €up — )

Here, the i/w™ term arose because there is a part of the
correlation function that is linear in ¢ for large ¢. That is present
because the trace K = J,,, has time derivative —i[K,Hy] =
—T,,, = —2H,, which is time independent. Combining these,
we see that the intra-Landau level contributions to X exactly
cancel in the final result. The traceless part of this result was
obtained previously by considering the transport of degenerate
subspaces in the disk geometry in the infinite plane in the
adiabatic transport formulation of viscosity.’

We can also use the strain-strain form of the Kubo formula
(3.5) to calculate the w — 0 traceless viscosity of a fractional
quantum Hall fluid in the lowest Landau level. Although the
presence of interactions makes manipulating the stress tensor
rather cumbersome, we can calculate the necessary matrix
elements of the traceless strain generators (5.19) for certain
trial states. Because of the nonstandard time dependence of
the dilation generator K, we avoid computation of the diagonal
response function.

Let us consider a fractional quantum Hall system in
the lowest Landau level. We assume that the interaction is
rotationally invariant, and commutes with all the Landau level

raising and lowering operators b"T, b'. Further, we assume it
is one of the “special” Hamiltonians for which exact zero-
interaction-energy ground (and edge, and quasihole) states
lying in the lowest Landau level are known (for more details
on these, see Ref. 5). Since we are only concerned with the
traceless strain generators, we are free to work with states
with a fixed magnetic field B. We denote by |0) the unique
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minimum angular momentum ground state of the fluid. Using
the strain-strain form of the traceless response function X*" in
Eqg. (3.5), along with the commutation relations Eq. (2.9), we
have

X5 ap(@) = 8,0 (0113510) — 8,5(0[J35]0)

+w+/0 dte"w*’<0|[Jsh(r) SH(]10). (5.31)

Using the fact that the system is in the lowest Landau level,
we can evaluate the first term above to get

1 L
X;hvaﬂ(w) = - E Z(O|aﬁa'l|0>(8va€uﬂ - Suﬁeav)
J

+w" / dt & (O] [Th(0), J35(0)] 10).
0

(5.32)

In the limit w — 0, we can evaluate the time-integral term.
Note that in this limit, the only nonzero contributions come
from elements of the expectation value which are independent
of time (there is no other kind of nonoscillatory time
dependence for these traceless components). Let {|D) : D =
0,1, ...} be an orthonormal basis for the subspace degenerate
with the ground state (including the ground state |0)), and
{le) : e =1,2...} an orthonormal basis for the space of all
eigenstates with energy larger than that of the ground state
(thus we are assuming a discrete spectrum, as in a finite
system). Now we use the following fact: given a system with
a discrete spectrum, and denoting by Py = >, |D) (D] the
projection operator onto the lowest-energy subspace, we have

w—0

lim o™ /00 dr "' (0] A(t)B(0) |0) = i (0] A(0)PyB(0) |0)
0
(5.33)

for any operators A and B. (In fact, the identity continues to
hold if |0} is replaced by any state in the degenerate subspace.)
Using this in X ‘hm s(w — 0), we obtain exactly the expression
that results from adiabatic transport of a degenerate subspace
as in Ref. 5:

—i{01Juv Py Jopl0) + i (0 Jop P1 J ;10 0),
(5.34)

X ap(@ = 0) =

where P, = 1 — Py. Thus it is the expectation of the commu-
tator of J’s, as in the contact term, but in the intermediate-state
sum, the states degenerate with the ground state are omitted.
(The noninteracting system considered above is a particular
case, in which all intra-Landau level effects cancel; this does
not occur in fractional quantum Hall states in interacting
systems.)

In the present case, using Eq. (5.19) and noting that ) _, a't?
leaves the ground state in the degenerate subspace while Y, a'?
takes it out of that subspace,5 we have

(01 T35 P33 10) — (O] J35 PoJ3 10)

:—Z 0] a;%a

0) (Bup€av — Saveup). (5.35)
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Inserting Eq. (5.35) into the Kubo formula (3.5), we find

h
Xioap

1 . 1 o a2
_5(8va6uﬂ - S,uﬁeow) <lZalTal - Z ;CllzajT >

(0 —0)

0

1
= EEN(SWIGWS - auﬂeav)’ (536)
(atleading order in the thermodynamic limit) where the second
line follows from the matrix elements computed in Ref. 5. Thus
again we obtain for the viscosity

Nuvap(@ — 0) = S57(8ua€s — Sup€an)- (5.37)

C. The viscosity-conductivity relation for quantum Hall systems

In Sec. IV, we obtained a general relation between the
viscosity and the ¢ part of the conductivity for a system in
a magnetic field. We have already commented there that as
w — 0, we obtain a relation

20y
—B*—o0 , = 0)|q=
355,200 =0l

X

kol 2i

= /(@ =0)— = 4 =),
w, w,

C (g

(5.38)

which is more general than that of Hoyos and Son,® but which
reduces to theirs [using Eq. (3.17)] when the shear viscosity is
nondiverging at  — 0.

It is interesting to compare the full frequency-dependent
relation with an exact calculation for the integer quantum
Hall state at filling factor v, based on the results of Chen
et al.” for 0,,(q, ). Extracting the quadratic in q terms in the
conductivity from their calculations we find

3%011(q,w) Cw V22 w? w?
g 9%, -2 _ ’
9q? =0 w, 21 \w? —40? ot?—o?
(5.39)
d%0x(q,0) we Vi? 4or? 307
9q2 q=0 iot 2r \owt? —40? o?—w?)’
(5.40)
3?0 (q,w) _ 5 v2¢2 ? ?
g2 =0 - 2 \ot? —40? ot?—w?)’
(5.41)

where ¢ = 1/+/B is the magnetic length. Substituting these
expressions into Eqs. (4.12)—(4.14), we arrive at (using again
Kind = VAW, 5 = 1/2):

{(w) =0, (5.42)
n(w) = Tt (5.43)
4? — wt?
2w?
H — [4
' (w) = ns—4wZ o (5.44)

in full agreement with Eq. (5.27).
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D. Complex £-wave paired superfluids in two dimensions

Lastly, we shall consider a complex £-wave paired super-
fluid of fermions in two dimensions. The model mean-field
Hamiltonian we shall consider takes the form

1
Hy = fdzx ¥i(x) (—Evz - u) ¥ (x)

1
+5 // d’x d*x' Ax — X))y (x) ¢ (x) + H.c.,

(5.45)

where the pairing function A transforms as an £-wave under
rotations. We note that we are now working with a number-
nonconserving system, in which the chemical potential appears
as a parameter. Previously we worked with systems at fixed
number, however, generalizations to fixed chemical potential
(the grand canoncial ensemble), or even as here to systems in
which particle number is not conserved, should be reasonably
self-evident. The terms in the Hamiltonian that violate number
conservation also violate angular momentum conservation; the
system is not rotationally invariant. However, the operator ® =
€y — %ﬂ]\? is still a conserved quantity, where €,,,J,, is
the angular momentum operator, and N is the number operator.
Using the continuity equation (2.20), we find that the
second-quantized strain generator is given by

Jow = — f d*x x,,8,(X)

j .9 ayt
_ ’5 / d*x x, [wf(x) v v (X)zp(x)] (5.46)

0x, 0x,

The general relations such as Eq. (2.21) between stress and
strain generators still hold, as do the Ward identities for the
response function, and their consequences. We should view the
system as a nonrotationally invariant case, and we commented
on these as we went along. To compute the viscosity, we shall
use the strain-strain form of the Kubo formula, and specialize
only to the w — 0limit. From Egs. (2.9) and (3.5), the response
function X is given by

Xuvaﬂ(w g O) = (81)01(-];“3)0 - 8/4/3<Jav>0)

=+ lim CL)+/ dt einrl([JMu(t),Jaﬂ(O)])Oa
0

w—0

(5.47)

with averages taken with respect to the ground state of the
system in the plane geometry.

We now proceed to evaluate this expression. Introducing
momentum space creation and annihilation operators ck and

cl, Eq. (5.46) for the strain generators becomes

1

I =313

Z/dzx x,u(ky +k;)c£/cke‘i(k—k’)"‘, (5.48)
Kk’

and in the limit of large system size L — oo
;o iL?
B 42m)?

3 d ,
x - 5(k — k).
ok, Ok,

f 2k d*k' (k, + k.)c|ci

(5.49)
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(This clearly has the form of a strain generator in momentum
space.)
To proceed further, we use the Bogoliubov transformation

(5.50)

* T T T *
Ck = Uyl — VKO _g, Cp = U — V_j 0k,
where

{ak,air} = Sk (5.51)

and other anticommutators vanish. We have a gauge freedom
in choosing the phases of ux and vy, and for convenience we
shall work in the gauge where uy is real. This implies that vk
transforms as an £ wave under rotations. The explicit forms of
ug and vk will not be needed. The Hamiltonian then takes the
form (see, e.g., Ref. 24)

H() = Eo + Zsk(xiak, (552)
k
where Ej is the ground-state energy and
k2 2 )
ek = (2— - M) + [ Ak (5.53)
m

is the quasiparticle dispersion relation. We work at parameters
for which g > 0 (gapped) at all k.

We turn first to the contact term in Eq. (3.5). Using the
properties of the oy operators, we find

i L? vy 3
! /dzkku ek i O (5 5
42m)? ok, ok,
This is the continuum limit of the expression given in Ref. 5.

From rotational covariance, it follows that this term is purely
antisymmetric. Writing

(J;w>0

vk = |vele’®, (5.55)

we have
1

(Ju.v>0 = EG[Ll)(‘]Xy - Jyx)O

L2 9 9
= ——¢un | &kl (k= —ki—
40272 " / [ <"8kx ak),>¢k

L? Dk
= ———e€u | kdkdb |vl* —
42m 2" / Iul” g
LZ
J— —E v
4Q2myr "
But since vy transforms as an £-pole under rotations, we have

k(0 = 2m) — ¢(0 = 0) = 274,

/ kdk[vi P [9(6 = 27) — (6 = O)].

and hence
(L), = —ﬁﬂew / kdk |vl? (5.56)
= _WG’” (5.57)
=5 L?7ise,,, . (5.58)

Thus the contact term gives the expected Hall viscosity n# =

11—
2Sl’l.
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Next, we must consider the time integral term in the
response function X. Because of the nondegenerate ground
state, and the gap in the excitation spectrum, we expect that
at low frequency, the only terms will be the pressure and x !
terms that go as 1/w™. Butx ~! here will be the derivative of the
pressure with respect to size at fixed chemical potential u, not
fixed number N, and will vanish. The pressure itself is minus
the derivative of the ground state energy with volume, at fixed
chemical potential, as usual (this “energy” is really the grand
thermodynamic potential), and is not expected to vanish (nor
does the usual inverse compressibility, which is defined using
a derivative of pressure with volume at fixed particle number,
not fixed chemical potential). We have some difficulty with
the formal calculation, because k space was most convenient
to diagonalize the Hamiltonian, but to make sense of the
size dependence of the energy, we need the formalism of
Appendix B, with a confining potential (the use of periodic
boundary conditions does not fit with the strain generators,
though we could use the approach of Appendix C). But we
have seen in previous sections how the pressure term emerges
in the stress-stress form, and thanks to the formalism, this is
equivalent to the strain-strain form we wanted to use. Hence
we will not pursue this further.

Finally, let us apply the viscosity-conductivity relation
(4.6), which is still valid in the present situation, even though
number is not conserved. We consider only the £ =1, or
Dx +ipy, spinless superconductor. The conductivity in that
case was calculated by Lutchyn et al.?® The result for the Hall
conductivity (the antisymmetric part) in the 2D limit to order
g reads [cf. Eqs. (72) and (103) in that paper]:

2 2 .2
Vrq

Ah 2wt
where vg is the Fermi velocity and /(w) is a dimensionless
factor obeying I(0) = 1. Substituting this result into the
viscosity-conductivity relation (4.11), taking @ to zero, and
remembering that the particle number density is related to
the Fermi wave vector kr by n = k% /(2m) in 2D, we find
that the Hall viscosity is n =nhns/2, with 5 =1/2, in
accordance with the discussion above, except for an apparent
sign discrepancy: for p + ip, 5 should be —1/2, not +1/2.

o"(q0) = I(») (5.59)

VI. HALL VISCOSITY FROM ELECTRODYNAMICS
OF A FLUID WITH ORBITAL SPIN

In this section, we present an alternative derivation of
Egs. (1.7) and (1.8) by examining the electrodynamics at
small q and w of a Galilean- and rotationally invariant fluid in
the spirit of a low-energy effective description, in which we
assume there is an orbital spin —s per particle; we neglect bulk
and shear viscosity. We find the orbital spin contribution to the
conductivity, and hence to the viscosity.

When one applies an electric field to such a fluid, to
lowest order in q the electric current response is (j,(q,))® =
0;%)(w)E 8(q,); by the continuity equation, the corresponding
change in the particle number density is 8(n(q,w))" =
Gu (Ju(q,@)) @ /w*. Since each particle carries orbital spin
—s, this leads to a change in the magnetization density,
su(q,w) = —s8(n(q,w))V /(2m). Finally, this feeds into the
electric current, (ju(q,w))f} = €,,1q,01(q,w), and gives the
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following order g contribution to the conductivity:

(2) M S qaqy (0) ()

(q.w )__iimw €vu0y4

6.1)

This contribution was previously discussed by Lutchyn et al.?
in the zero magnetic field case.

A similar contribution comes from the fact that by
Maxwell’s equations, a curl of the electric field implies a
time-dependent magnetic field, B(q,®) = €qpqs Eg(q.w)/w.
The magnetic field couples to the magnetization density,
which is —5 times the particle number density, divided
by 2m; hence, it is equivalent to an electric potential
VB(q,w) = 5B(q,w)/(2m), giving rise to an effective electric
field £ (q,0) = —ig, V" (q,), and thus to an electric current

density (ju(q.®))} = o(w)Ef(q,w). The corresponding
order ¢ contribution to the conductivity is

S qaqu
2 mo*

Summing Eqs. (6.1) and (6.2), we find the total contribution
of the orbital spin to the conductivity:

o\ (@)eap.

o (qw) = — (6.2)

(2) 5 S qaqy [ ()

Gw/.aaﬂ (0)) + 0(0)(0))6aﬁ]s

(qo)=—i; (6.3)

2m
where aig)(w) is given by Eq. (4.9).

These terms, however, do not in general give the full
conductivity tensor, even for gapped systems. In that case,
the only other possible contribution comes from a response
with the form of the inverse (internal) compressibility # 7!,
which is not necessarily the total one /ci;tl, as we will see.
As before, in the presence of a nonuniform electric field, to
lowest order in q the electric current response is { j, (q,w))® =
ao([%) (w)Eg(q,w). Again, the corresponding change in the
particle number density is 8 (n(q,®))"" = g, (ju(q.0))? /0.
Through the inverse compressibility, this leads to a contri-
bution to the pressure § P(q,») = & ~'8(n(q, w))V/n, which

is equivalent to an electric field E, P(qw) = —tq,LBP(q,a)) /n.
Finally, this leads to a change in electrlc current, (j?),(q,0) =
0"(w)E ] (q,w). Combining all these expressions, we find an
order g2 contribution to the conductivity,

K .1 914
o2 = —ik o o (@)oyy (). (6.4)
We then have the total ¢> conductivity
013 (q,0) = 0,3 (q,0) + 0,5 (q,0). 6.5)

Using Eq. (4.9) we then obtain, in the absence of a magnetic
field,

- qvqp ns g’
ot T am a2

S CROESL: (6.6)

The contributions of 5 and £ ! have different tensor structures,
and the result agrees with Eq. (4.15) if we identify # ' = « !,

and nf = Ins.
On the other hand, for nonzero magnetic field, we find

ins qoqu . ns qze
5 T 1 €« v S5 55y
m? wtw, AL ) w? p>

ol (@) ~ 6.7)
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! m

(2) K
m2awtor P T

1
- 2
(qva)) 2_a)3q €v8, (68)
c

as w — 0, up to terms linear or higher order in w. Adding
these, we see that the total inverse internal compressibility is
Kt = k™' 4+ nsw,, and hence
Kl 9u qu

1— -1 L,
+ Enswc — Kint mza)gq €h8.

This agrees with the general form Eq. (4.16), giving again
nt = 1ns.

In this derivation of the Hall viscosity, the centerpiece was
the use of the magnetization equal to the orbital spin over
twice the mass, for each particle. This is the standard result
for zero magnetic field, and can be obtained by taking minus
the derivative of the kinetic energy with respect to B in the

symmetric gauge, then setting B to zero. But doing the same

in a uniform nonzero field gives —(b' b + 1y/m for the ith
particle, which is rwice the orbital angular momentum of the
cyclotron motion of a particle divided by twice the mass in the
noninteracting case. Of course, in the rigorous microscopic
derivation, this was not the way that the conductivity was cal-
culated, so there is no contradiction, however, the underlying
reason for the assumed coupling seems less clear. Hence in the
magnetic field case, the present argument should perhaps be
viewed as an interpretation of the correct result, rather than as
an alternative derivation from first principles.

05 (q.w) ~

(6.9)

VII. CONCLUSION

The motivation for and conclusions of this work have been
described in detail in the Introduction. Essentially, we have
a fairly complete formalism for defining the stress response
to an external strain field and obtaining from it the inverse
compressibility and the viscosity tensor in different situations
that include nonzero temperature or magnetic field and finite
systems with a confining potential or periodic boundary
conditions. The results from distinct formulations (such as
different boundary conditions) agree in the thermodynamic
limit. The results illuminate the relation of the Hall viscosity
results, obtained from adiabatic transport, to more traditional
Kubo formula approaches; the Kubo formulas extend to more
general situations.

A motivation for this work was to make it possible to
study Hall viscosity experimentally. The generality of the
Kubo formulas should make it possible to analyze possible
experimental setups to see when Hall viscosity manifests itself.
In particular, the use of optical techniques to obtain the current
response o(q,w) to an external perturbing electromagnetic
field at small q and w, in conjunction with the relation due
to Hoyos and Son,® which holds more broadly as shown
in Sec. IV, to obtain the Hall viscosity should be explored.
The result would be of interest in quantum Hall physics,
because Hall viscosity is related to the so-called shift in
the ground state,*> which can distinguish between distinct
possible ground states at a given filling factor.
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APPENDIX A: THE STRESS TENSOR
FOR PAIR INTERACTIONS

For completeness, we present a derivation of an expression
for the local stress 7.0)(x) and its integral 7% for the case
of a system of particles interacting through a two-particle
interaction. In particular, starting with the position-dependent
generalization of Eq. (2.23) in a space with coordinates x and

a general metric g,,,(X),

SHy
5g;1.v(x) A=I '
and setting the metric to its standard flat space form after
taking the functional derivative, we shall recover the known
Irving-Kirkwood form of the stress tensor,'®!? and show that
its integral over space agrees with Eq. (2.21). (We consider
only the rotationally invariant case, as this was assumed in
those references.) Note that any time dependence of the metric
does not enter into this derivation (all variational derivatives
are taken at equal time), and hence it has been suppressed for
brevity.

We begin with the Hamiltonian (in zero magnetic field, for
simplicity)

1 . . .
- 5 X[ sl sl

T0(x) = -2

(AD)

1 .
+3 2 VO X)), (A2)
i#]j
Here, we have introduced the geodesic distance
1 rv
Dx,x) = d v _ A3
(x,x') /0 £./8u (r(S))dé T (A3)

which is the length (computed using g,,(x)) of the geodesic
r(&), the path from x to X’ satisfying

r(0) = x, (A4)
r(l) =%, (AS)
ort arv
ar(g) / \/guu [r(&)]—— T 85} 0, (A6)

where the variational derivative is taken with fixed endpoints.
For metrics close to the flat metric, which is sufficient for our
purposes, there is a unique path that is a local minimum (in the
space of paths) of the length, and this path is the geodesic. The
use of the geodesic distance allows us to use the same potential
function in curved space as in flat, and while in principle the
choice of path entering the distance function D is somewhat
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arbitrary, we believe that the geodesic distance given above
represents a natural choice. Different choices could produce
different stress tensors even in the flat-space limit, but they
will differ only by divergenceless tensors.

We now proceed to evaluate Eq. (A1). Looking first at the
kinetic term, and using the identity

58P (x)

1
=—zd(x— X/)(aa 3pv + 8avbpu),
ag#v(x/) nop Bu

2

(A7)

g=1

we easily find for the kinetic part of the stress tensor

1 S 4
T 0= - > {p{plsx =D}

i

(A8)

in agreement with standard results.
Moving on to the interaction term, we have

b 1 .y
_2—8g,w(x) 3 Z V(D ,x'))

D', x7).

= Z V(D' ,x/ )) (A9)

i#j uv

(X)

Now comes the key observation. D(x',x/) depends on the
metric in two ways: through its explicit dependence indicated
in Eq. (A3) and implicitly through the definition (A6) of the
geodesic r(§) for each pair i, j. However, because r(§) is
defined such that the distance is stationary under variations of
the path, the chain rule tells us that only variations of D with
respect to the explicit metric dependence are non vanishing.
Thus we have

1 dr* dr"
D(xt,x/) dé dg
(A10)

i o]y — 1 _
Sg,w(x)D(X X)) = —/ d§S(x — () 5——

Now, at g = I, the geodesic r(£€) is simply given by a straight-
line path

Mle—y =X + &/ —x) (A1)
and the distance D by the standard Euclidean norm
D' \x/)|g=s = X' —X/]. (A12)

Thus, putting it all together, we find for the interaction
contribution to the stress tensor

1 , (= x Dt — 2y
= —— V'(x' —x/ . :
2%;(m XD

0),V
TV (x)

1
X / dE S(x —x' + £(x' — x/)), (A13)
0

which is the well-known contribution due to two-particle
interactions introduced by Irving and Kirkwood.'® Physically,
it means that the flow of momentum between particles i and
j when they interact is treated as flowing along the straight
line connecting them, and so there is a momentum flux at
any x on that line, which necessitates the integral over & from
0 to 1. The verification that this stress tensor satisfies the
continuity equation for the momentum density, Eq. (2.20), is
straightforward or can be found in the literature.
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Finally, integrating t{0) = (0% + (2" over space yields

ny Y
/l(.(l)))z Zp;/_pv__zv(lx le)
i#]
i — JYM o J)V
G 2o — Xy (Al4)
X — x|

which a simple calculation shows is equal to

T\ = —i[Ho. ] (A15)

as expected.

APPENDIX B: STRAIN GENERATORS FOR SYSTEMS
IN A CONFINING POTENTIAL

Because the volume of a system in the infinite plane with
zero magnetic field is poorly defined, we would like to work
in a finite-sized system when using the extensive forms of
the stress response function given in Sec. III. Unfortunately,
because the strain generators contain an explicit X operator, we
cannot do this with periodic boundary conditions. Instead, let
us add to the Hamiltonian H, (¢) a general confining potential
(this differs slightly from what was mentioned in Sec. IT A, for
reasons that should become clear)

U™ = Z u(ZxH,

i

(BI)

with an invertible matrix of shape parameters Z,,,, and we take
the single-particle potential u such that u(x) — co as x —
oo in any direction. For example, the most general harmonic
confining potential can be written

mC? o
U =% — ZinZyaX\ Xy

i

(B2)

Now, under an additional strain transformation we have
x — A’Txi, and this A’ can be absorbed into A by multi-
plication on the left. According to the definition just given,
U™ in the x variables should be unchanged, so we need Z —
ZAN" To implement this transformation using operators,
we are motivated by our treatment of the magnetic field in
Sec. II B to quantize the Z,,,. We introduce operators Z,, and
their conjugate momenta M, such that

[M Vs Zaﬂ ] =
and take for the strain generators J,,,

1 o
Jp.v = _E (Z {X:L,p:)} - {Maﬂ,zau}) . (B4)

i

_ia,ua&)ﬂv (B3)

These satisfy [JMU,(in)a] = 0, and so also

[/, UP] = 0. (B5)

For given eigenvalues Z of Z, the confining potential is fixed,
independent of A, and defines a box that is always fixed in the
X variables.

To use this formalism, we first note that M does not
appear in the Hamiltonian H, + U™, and so with A = I (for
example), states with given eigenvalues Z of Z evolve with
Z fixed, however (as with ), formal eigenstates of Z are not
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normalizable. One can, however, consider normalizable states
that are eigenstates of Hy 4+ U™ for each Z, with a narrow
range of Z. These are almost as good as true eigenstates for
most purposes.

We want to show that both our basic relation (2.21) and our
Kubo formulas (3.3)—(3.5) continue to hold unmodified in the
presence of the confining potential. First, we will verify that
the stress tensor is given by minus the time derivative of J,,.
This is simple, as J,, commutes with U ® and the {M, Z)}

terms in J,,, commute with H(§">. Hence

T = —i[Hy" + U™, 7). (B6)

Next, we will verify that our Kubo formulas still hold with
these strain generators. We have the Hamiltonian H, (t) + U®
in the x variables (which include Z and M), and we make a
time-dependent canonical transformation to X variables. The
analogs of Z and M in X variables will be denoted by Z=
SZ8~! = ZAT-! and M = SMS~!. Then the Hamiltonian
in X variables is H = Héx) + U + H,, where

=Z%+%ZV(W—X’)

1 + U

i i#]j
+ > u(ZXDH, (B7)
ar
H, = _le]/w (BB)

to order A. In these variables, the {/\/l Z} terms in H, cause
Z to evolve in time, in such a way that if the X's also
evolve by the H; term only, then they continue to lie inside
the “box” (defined by U) if they do so initially; this was
the desired behavior. The stress in these variables, T,
is the same expression as in the case with no potential U. Thus
the stress-strain Kubo formula (3.3) obtained from standard
linear response theory takes the same form as before (though
the strain generator is now different, and the Hamiltonian
includes U). Additionally, the Ward identity Eq. (B6) ensures
that the stress-stress and strain-strain Kubo formulas are still
valid in the presence of a confining potential, as is the final
formula (3.15) for the viscosity, up to a choice of the volume
L4 to assign to the system. (Technical justification of these
statements is discussed further in Appendix D.) If the potential
u is taken to have a hard-wall form, the volume can be taken
as that within the walls.

As an example of this formalism, let us consider a system
of noninteracting spinless fermions in a harmonic potential in
two dimensions, with Hamiltonian

C?
H— Z (pupu m leZMﬂx xﬂ)

We consider the state |0) in which the potential has angular
frequency C/L, meaning that Z,, |0) = L‘ISM |0) (strictly,
this means a narrow normalizable wave packet centered at this
value, as we explained above) and the lowest Q levels filled.
This state has N = Q(Q + 1)/2 particles, and its energy is

c<,

(B9)

(B10)
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The integrated stress tensor is T,,, = Y_; pi, pj,/m. We will use
the stress-stress form of the Kubo formula, Eq. (3.4). Let us
examine the contact term first. This gives

(00 Jas O = = 3 (PPl + (P Pl)osc)

iEp

= T((Suaavﬂ + 811018/1,6)’
where the last line follows from an application of the virial
theorem. To evaluate the time-integral term, note that the
stress tensor and the Hamiltonian are independent of M,,,, and
hence 7, (¢) leaves the ground state in the fixed Z,,, = L71s v
subspace. Hence we are free to evaluate the time dependence
in this subspace. Doing so, we find

(B11)

/ dte " ([T, (1), Top(0))o
0
_ —iEp 1

o= ()

2 (Sua(svﬁ + Svaauﬂ)- (B 12)

Hence we find that the response function for harmonically
trapped noninteracting fermions is

iEg 1
Xuvap = -2 [1 -3

21 wt L 2:| (Buabup + 8vadup)-
- (%)

(B13)

The fluid in the harmonic potential is not homogeneous; its
density is not uniform, and accordingly its other properties,
such as the expectation of 7,,,(x), are not uniform either, and
this effect does not disappear in the thermodynamic limit L,
N — oo, if we take it with the density at the center held
fixed. A macroscopic fraction of particles experience a nonzero
potential (this is already apparent from the use of the virial
theorem: the kinetic energy, which is used to obtain the trace
of T,,, is only half the total energy). Therefore use of the
results involving P and « ! which relied on homogeneity is
not justified. However, we find that if we use the free Fermi
gas results in Sec. V A to obtain the pressure and viscosity at
a given density, and then average the results using the density
profile of the harmonically trapped gas, the results agree in all
details with the thermodynamic limit of the above. To obtain a
fluid that is homogeneous (up to a negligible boundary layer)
in the thermodynamic limit, we need a confining potential that
is essentially zero in the interior, then rises rapidly very close
to the edge.

APPENDIX C: STRESS RESPONSE WITHOUT USE
OF STRAIN GENERATORS

In this section, we show how to obtain even more general
forms of the stress response, which work for either the infinite
system with a confining potential, or for periodic boundary
conditions, and are analogous to the stress-strain and strain-
strain forms, but do not require the use or existence of the strain
generators. The approach we use is based on that of Niu et al.
for the conductivity case,2° however, we extend it to nonzero
frequency as well as adapting it for the stress response. For the
case of infinite space, the expressions reduce to the forms in
the text when written in terms of strain generators.
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We begin with the time-integral part of the extensive
stress-stress form at zero temperature, which we write in
a spectral representation. For definiteness, one can assume
periodic boundary conditions. Then we have

o0

1 -
(,(T 0 dte'” ([T/w(t)sTaﬂ(O)DO

wt

1 «© .
=— | die®" Y [e T ET 01T, (0)]n) (n] Top(0)[0)
0 n

— ¢ B0 EDN (0 T, 6(0) 1) (1] T}, (0)]0)], €D

where {|n)} is an orthonormal set of energy eigenstates of
Hy (or Hy + U if the confining potential is used in place of
periodic boundary conditions) with energies E,, and we now
write |0) for the ground state, which we assume for simplicity
is nondegenerate. We now use the identity

. d p—i(E,—Eo)t
e*t(E,len)t — dt. (C2)
_Z(En - EO)
in the first term inside the integral, and the same with n and 0
switched in the second term; then integrate by parts. Further,
we recall that in the x variables, the Hamiltonian H (¢) to first
order in A is

H(t) = Hy — Tophap(t) (C3)

[where T, = Top(0) is at zero time in the Heisenberg picture],
and so if we define the ground state of H, for given A to be
lp(A)), that is,

Hilp(b)) = EM)|p(D)) (C4)

(with |@(0)) = |0), E(0) = Ey), then perturbation theory to
first order in A gives us

Ip \ ) (n|T.p(0)]0)
‘axaﬁ>_z E,—Ey

(C5)

(We leave it as understood that the partial derivative is
evaluated at & = 0.) Combining these results, and moving the
term resulting from the lower limit in the integration by parts to
the other side, we arrive at two forms of the response function

Xp_vozﬂ(w):

X,uvotﬁ (0))

= j [<¢(0)

o]

0p dp
T,,(0)| —— —
ol )'3Mﬂ>+<3/\aﬁ

TMU(O)'w(O)H

1 i
+— dt e " (p(0)|[ T, (1), Tup(0)]19(0))  (C6)
w” Jo

_ « iwtt 3_§0
_fo dte [<<p(0) 8)»0,5>
dp
+ <m T,,() <ﬂ(0)>] . (C7)

The first of these is the stress-stress form and the second is the
stress-strain form.

In order to use the same identity and perform a second
integration by parts, we generalize the previous perturbation
formula by using 7,,,(¢) for given ¢ as the perturbation and

T(1)
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define
0p(D\  ~ n) (1T, (010)
' dhpn > N Z E, — E, (€8)
— Z |n) n|Tuv(0)|O) 7,'(5075”);' (C9)
E,— E,
Then the strain-strain form of X is
X;waﬂ(w)
_ [< 9¢(0) | 3p(0) > B <3</)(0) 9¢(0) ﬂ
Oy | OAgp OAgp | OAp
+w+/'°°dt Qi [<3<p(t) 9¢(0) > _ <3<p(0) de(t) >] '
0 Ay | OAgp g | 0A
(C10)

The first part is the curvature of the Berry connection. This
part reproduces the formulas for the antisymmetric (Hall
viscosity) part of X at w =0 that result from adiabatic
transport in a gapped system (with the sign here corrected as
explained earlier). The derivation of this @ = 0 limit from the
stress-strain form is presumably equivalent to the one reviewed
in Ref. 5. The last term produces the ix ~' /w™ term in the trace
part, as w — 0, similarly as in Sec. V B [such parts, referred
to as “persistent currents” by analogy with the conductivity
case, were suppressed in Ref. 5 by subtracting the ground
state energy E(A) from Hp]. The strain-strain form given
here can be viewed as generalizing the adiabatic curvature
(and the related Chern number for conductivity) to the full
stress response tensor, to all frequencies, and to systems that
are gapless in the thermodynamic limit. Because the formal
derivation is general in form, similar ones can be given for
conductivity at all w, and for other transport properties also.

The similarity with the three forms of X given in the text is
evident and can be made exact by use of the formula

lp(2)) = e |(0)), (C11)
and expanding to first order. Then one can view
de(1) . ) (n| Top(1)10)
— ) = —iJu®)]p(0)) = —— (CI12
8m> i Jup (1)1 0(0)) Z SR (C12)

as resulting from the basic relation, Eq. (2.21). This is not
merely an analogy; for the infinite-space geometry, the ground
states of H, are of exactly this form (with + = 0), using the
formalism for magnetic field and for a confining potential, so
they form a “homogeneous bundle” in the language of Ref. 5
[here for GL(d,R), not just SL(d,R) as mainly considered
there]. We note, however, that strictly speaking for the infinite-
space geometry, the formalism for a magnetic field or in
Appendix B again produces issues regarding the existence
of normalizable energy eigenstates, and some arguments with
wave packets analogous to those in the text or in Appendix D
are needed to overcome these. In any case, the forms given
here for periodic boundary conditions are expected to yield
the same results for intensive quantities in the thermodynamic
limit, justifying the use of the same notation X ,,,(®) in the
formulas given here.
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APPENDIX D: TIME-TRANSLATION INVARIANCE
AND THE KUBO FORMULAS

In this Appendix, we give arguments that justify the use
of time-translation invariance (TTI) in the derivation of the
Kubo formulas in Sec. IIT A, even though the states that must
be used are not true eigenstates of the Hamiltonian. We say
that a correlation or response function in the time domain
has TTI if shifting the time argument in each operator by the
same constant has no effect on it. For the zero magnetic field
case in the informal treatment without a confining potential
that we have mentioned in Sec. II A, one has to appeal
to an assumed limit in which time-dependence of the state
occurs only near the boundary, and the bulk of the system
presumably dominates the response over relevant time scales.
This is intuitively appealing, but quite involved to justify fully.
Here we give more detailed arguments for the case with a
magnetic field in which normalizable ground (energy eigen-)
states in which a disk-shaped region is occupied exist for given
magnetic field. There is still an issue here, however, because
our strain generators involved the introduction of the magnetic
field variable 3, and eigenstates of B are not normalizable.
Similar arguments are also given for the case with a confining
potential, in the formalism of Appendix B.

The “ground” state that we described in Sec. IIB is not
strictly an energy eigenstate, because though it is such for
each value of B, the energy eigenvalue depends on B (the
Hamiltonian Hy depends on 3 but not on P, so parts of the state
with different B values do not mix). Thus the contributions
from different B change phase with time at different rates.
When we calculate an expectation value of some operators,
these time-dependent phase may cancel; in particular, they
will if those operators do not contain . Now the stress tensor
T,,, does not contain P, so the correlation function

([T (@), Top(t))o = f(t,1)

is TTI—it is unchanged if we replace ¢, t' by t + £y, ' + 1. (In
the following, the indices on the operators will play no role, so
they will not be recorded on f and similar functions below.)
Now consider the correlation function

(D1

([T (1), Jop(t)])o = g(t.1). (D2)
From the identity (2.56),
0 AN ’
@g(t,t)— S, (D3)
and f(¢,t') = f(t —t) (say) by TTL Integrating gives
gt = /0 dt" f(t") + g(t.0), (D4)
where
g(t,1) = ("™ [T,,,(0), Jap(0)] e~ "o (D5)

The commutator [7},,(0), Jog(0)] does not contain P for any
choice of indices, and so g(¢,7) is again independent of ¢,
or TTIL. Hence g(¢,t') = g(¢t — '), say, is TTL These results
justify the use of TTI to pass from the stress-strain to the
stress-stress form of response.

For the strain-strain form, we proceed similarly with

([ (), Jap(t)])o = h(2,1"). (D6)
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Then
8 4 /
h(t.r) = —g(t —1), D7)
ot
and so
t—t'
h(t,t') = —f dt” g(t") + h(t,1). (D8)
0
The equal-time piece is
h(z,t) = ([Juv(0), Jup()])o- (DY)

The commutators of two J’s are the gl(d,R) Lie algebra
relations, given in Eq. (2.9). The generator corresponding to
the trace [the generator of the gl(1) or u(1) subalgebra] never
occurs on the right-hand side; see Eq. (3.29). The traceless
parts of J’s do not contain P, and so Ah(¢,t) is independent of
t, that is, it is TTL Hence h(¢,t') = h(t — t'), say, is TTL

In fact, TTI was not used to obtain the strain-strain form
from the stress-strain form, but we have learned that it can
be applied to the final form. This enables us to reverse the
argument, but with the roles of the two pairs of indices
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interchanged. This leads to the same stress-stress form of
response, but with the two pairs of indices exchanged in the
contact term. We showed in Sec. III E that this contact term is
symmetric, which shows the arguments are consistent.

For the formalism of Appendix B, with a confining
potential, we can proceed similarly, using a wave packet in
Z space of energy eigenstates for each Z. The preceding line
of argument goes through, up to the point where h(t,t) was
studied. In the present case, all strain generators J,, contain
M, not only the trace. Hence h(¢,t) is not independent of z. If
we take its time derivative, we find

a
Eh(t,t) = i8an (Tyup(D))o — 18, (Ten())o  (D10)

in which the trace of the expectation of the stress cancels. We
have shown that the expectation of the traceless part of 7},
is time independent, so A(¢,t) is linear in ¢, and also its time
derivative is smaller than O(L?) as the thermodynamic limit is
taken. Thus in the limit, for our purposes A(z,t’) is again TTL
The strain-strain form in the main text is nonetheless correct
as written even in finite size.
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