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Abstract

In this note, we discuss the electric response of the (2+1)-dimensional rotor model
using effective field theory. Some of the discussion follows [1,2].
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1 Linear response theory

In this section, we will review the linear response theory. This is a broad subject that can be
applied to different fields of physics. We will first consider the general setup. Most conclusions
follow from basic principles such as causality and positivity of dissipation and can be applied
to both classical and quantum systems. Then we specialize to the electromagnetic response.

1.1 General response theory

Let us consider a system governed by the Hamiltonian H(, which is initialized in some state.
Usually, it is the ground state or thermal equilibrium state. But it can also be out-of-equilibrium
state (e.g. laser). Then we perturb it by time-dependent external sources f;(t), i.e.

H(t) = Ho — Z fi(t)X; (1)

where X; is the (generalize) coordinate that is coupled to the source and i is a generic index
(it can be a collective index as well). We will assume f;(¢) is small such that we can use
perturbation theory and write the response of the observable O; to the source f;(t) as

) = 0+ Y [ )50 + 0

At the zeroth order, (X;), is the initial value and will be set to zero without loss of generality.
At the linear order, we have x;;(¢,t') which is called the dynamical response function. All the
higher order terms will be ignored. Namely, we focus only on the linear response regime. We
will assume time-translational invariance x;;(¢,t') = x;;(t — t’) and have

o) =X [ e 0)50) ©)

It is also convenient to work in the frequency domain. Let us choose our convention of the
Fourier transformation to be

T dw

0= [ e, s - [ v (o

0027T )

Then, the integral in (2) becomes a simple product in the frequency domain

(Xi(w)) = Z Xij (w) f(w) (3)

Namely, in a time-translationally invariant system, the response must have the same frequency
as the external source unless the non-linear responses are included.

Let us give two simple concrete examples before the abstract discussion on the properties
of the response function.



Example 1: harmonic oscillator The first example is a classical system: harmonic oscilla-
tor with friction. The Newton equation is

mi +nt + kx = f(t) (4)

We can also represent it by a Hamiltonian where the friction can be modeled by a coupling

to an environment. We apply a single frequency driving force f ~ e ™! the oscillator also

responses with the same frequency x ~ et Then we have
1

—mw? —inw + k

x(w) = (5)

In the limit » — 07, we have

X0) = g (o b ) = (6)

© 2mawg _w—wg—i-iO* w + wgy + 10t m

It is an analytic function away from the real axis and has two poles at +wy —i0*. We can write
its real and imaginary part separately as
1 1 m

Re x(w) = R Im x(w) = S, (0(w — wo) — &(w + w)) (7)

Example 2: spin in a magnetic field We consider a spin-1/2 pointing along the y-direction
and turn a magnetic field ga”” at t = 0. The magnetization along the z-direction is

<ﬁ@»={° <9 8)

sin(tB) t>0
We can expand it to the linear order and have
(c*(t))y=Bt+---, t=0

Thus the response function is yx(t) = t0(t), where 6(t) is the Heaviside theta function. The
response is continuous in time but not smooth at ¢ = 0. However, its frequency domain

representation is still analytic
1
X(w) = s Imw >0 9)

Causality and analyticity Although the integral in (2) is formally from —oo to +oo, there
is a causality constraint on the response function

xij(t—t)=0, if t<t (10)

Namely, the response can depend only on the past but not the future. A corresponding state-
ment of the response function in frequency domain is that

Xij(w) s analytic on the upper-half plane Imw > 0 (11)

The two statements are equivalent under some technical assumptions:
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e Causality = Analyticity. We need to assume the boundedness of x(¢) (bounded by a
polynomial function of ¢). Then if Imw > 0 and x(¢) < 0 for ¢ < 0, the following integral

+o0o ) +oo )
/ x(t)e™tdt = / x(t)e™ dt
- 0

converges absolutely due to the exponential decay of et
e Causality < Analyticity. We need to assume x(w) vanishes at infinity faster than 1/w.
If t < 0, we have!

where Cg denotes the infinite semi-circle on the upper-half plane at the infinity. Then,
we can use analyticity and the residual theorem to deduce x(t) = 0.

Note that the analyticity of y(w) holds only on the upper-half plane. It is allowed to have
singularities, such as poles and branch cuts, on the real axis. These singularities have important
physical consequences.

In practice, we are interested in the response function of real time ¢ and real frequency w.
However, they are normally hard to calculate due to the convergence issue. The analytical
structure of x(w) provides us with another approach. We can first compute the response
function in imaginary time 7 and imaginary frequency iw,, which is generally easier, then
perform analytical continuation from the upper-half plane iw, — w + i07.

If we give up time-translational invariance. We can still talk about the relation between
causality and analyticity. In this case, we have to define x;;(w) by

+o0
XU(U)) = / Xij (t, O)letdt

o0

Then all the above discussion still follows.

Remark on analyticity in the time domain In the above discussion, the analyticity is im-
posed in the frequency domain. One might wonder whether we can require analyticity in the
time domain as well. Let us make an attempt on this question by assuming quantum mechanics,
i.e., (X;(t)) is given by the unitary evolution

(Xi(t) =T (U X,U(t)), U(t) = Te ot

If H(t) is a well-defined quantum system, its instantaneous spectrum must be bounded from
below. Therefore, we are allowed to analytically continuation ¢ to the lower-half plane.

Now, let us assume that (X (t)) is analytic on the lower-half plane. On the other hand, if the
external source is turned on at ¢ = 0, causality requires that (X (¢)) must vanish on the negative
real axis. As a result of “the edge of the wedge theorem”, (X (¢)) must vanish identically on
the full plane. Therefore, we either have to turn on the source at the infinite past (adiabatic
switch-on) or have to give up the analyticity in the time domain.

!There are special cases where this assumption fails. Rather, x(w) approaches a constant y(oco). Some
examples are the free electron gas and superfluid. In this case, we can assume that Y(w) = x(w) — x(o0)
vanishes faster than 1/w and repeat the argument for ¥(w). Since x(t) and X(¢) only differs by a delta function
0(t) and have the same behavior at ¢ # 0, our final conclusion still holds.
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Dissipated power We then consider the energy dissipated into the system due to the response.
The dissipated power is (force times velocity)

W= 505 (X(0) (12)

For simplicity, let us assume that the external source only contains a single frequency f(t) =
fwe ™ + c.c.. Then we have

W = Z fi—wfjw2w Xi (W) —2;(3‘1-(—11)) + oscillating terms

2¥)
The oscillating terms will be ignored (we are interested in the time-average of the dissipated
power). External sources are real functions, which requires f;(w)* = f;(—w). Physical observ-
ables are Hermitian operators, which requires (X (w))" = (X(—w)) and y;;j(w)* = x;;(—w).
Therefore, we can rewrite the dissipated power as

Xij(w) — xji(—w)
21

W=203 ), Xw) (13)
ij

where we have introduced the anti-Hermitian part of the response function x7;(w). Similarly,
we can also introduce the Hermitian part

/ _ Xij(w) + xgi(w)” vy Xig(w) = xgi(—w)
If the indices i, j are trivial, these are the real and imaginary part of the response function. If
the system is initialized at the thermal equilibrium, it can only absorb energy. As a result, we

have the following conclusion
Xij(w) =0 at w >0 (15)

One can check that the example of harmonic oscillator satisfies this property.

Being at the thermal equilibrium is an important assumption and can be broken. Laser is
such an example. In quantum mechanics, X;’J(w) is related to the spectral function that counts
the states in the Hilbert space. One can show that the positivity of x7;(w) is related to whether
higher-energy states have less population.

Kramers-Kronig relation The anti-Hermitian part x;;(w) contains as much information as
the full response function in the sense that we can reconstruct x;; from x7;

o dg xi;5(6)

I 0 16

() = x5(0) + [
where the integral is along the real axis. This is called Kramers-Kronig relation, which relies
mainly on the analyticity and is independent of the thermal equilibrium assumption. One
additional technical assumption is that x;;(w) vanishes at the infinity.

The proof is the following. Let us introduce y(w) = x(w) — x(00) to get rid of y(cc). Then

h
we have /M%ng(g) :/+°°g>?ij(§) +/*°°ﬁm

o TE—w 2m € —w 2m £ —w

o0 —00
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For the first term, we can attach to it the large semi-circle on the upper-half plane and use the
residual theorem to obtain x;;(w). For the second term, we can first replace x;;(§)* by x;i(£*)*
(because y is real) and regard it as an analytic function of £* on the lower-half plane. Then we
are free to attach to it the large semi-circle on the lower-half plane and show that it vanishes.

1.2 Electromagnetic response

Now, let us specialize to the electromagnetic (EM) response. It can be described in different
and also equivalent ways. The main description we will use is the following one

(TR 1)) = / dr' dE (b1 ) AL (' ) (17)

or in the momentum space (with time and spatial translation symmetry)

(J*"(q,w)) = x"(q, w)A.(q, w) (18)

Namely, the external force is the background electromagnetic field A, (z) and the generalized
coordinates are the charge density and electric current. Since we use the covariant description,
let us clarify our convention (we only write 24+1-d for simplicity)

ot = (t,w), q“ = (’LU,Q), JH = (p7 J)

-1
_ 1 0 —FE, —F,
o = A A E B
1 o (—QO, )7 F,uu = 1 0 3
Ey —By 0
From now on, we will use Greek letters pu,v,--- for space-time components and save Latin
letters a, b, - - - for spatial components.

Alternative description One can also choose the external force to be the electric field E.
This will lead to some alternative descriptions of the EM response. For example, we can define
the dielectric function €q;(q, w) by

Da(q,w) = €a(q, w)Ey(q, w) (19)

where D, is the electric displacement and it is related to the electric field E, and polarization
P, by D, = E,+4nP,. The dielectric function and response function are related to each other.
Note that we can pick a gauge such that £, = —9;A,. The polarization is related to the current
by J, = 0;P,. Therefore, one can show

4
6ab(qa w) = 5ab + EX&b(q) U)) (20)

Although the definition only involves electric field and the spatial components, it actually
provides a complete description.
Another complete description is to define the conductivity function o.(q,w) by

Ja(qaw) = Eab(q7w>Eb(q7w) (21)
which is related to the response function by

70s(4,0) = = Xa(g, ) 22)
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The covariant description is over-complete because different components of x,, are not
independent from each other. The constraints mainly come from the following two general
principles:

e Current conservation. The current must be conserved 9,J* = 0. Accordingly, we have
qux"” A, = 0 for arbitrary A, which requires

g X" (q,w) =0, or more explicitly — wx® + g, x* =0 (23)

e Gauge invariance. A pure gauge A, = d,a cannot generate any physical response. Ac-
cordingly, we have y*”q,a = 0 for arbitrary «, which requires

X" (q,w) =0, or more explicitly — wy"® 4+ gox** =0 (24)

Therefore, x4, determines all the other components w, ¢ # 0. In particular, we have

00 _ ¢’ @b

w2

(25)

which is called the longitudinal response function (one has to distinguish it from the longitudinal
component of x,, defined below) and is related to the compressibility.

For rotationally invariant systems, the indices of Y. (g, w) can only come from ¢ or .
Therefore we can decompose it into a longitudinal part and a transverse part

Xav(q, w) = q;gbx”(q, w) + (5ab - q;gb) X" (g, w) (26)

where ¢ = |g|. We can see that ! is proportional to x*°. The two parts are generally
independent from each other and have different meanings.

In order to understand the physical meaning of the electromagnetic response function, let us
examine some limits to relate it to quantities that we are more familiar with. For the purpose
of later discussion, we are mostly interested in two different limits:

e w=0,qg — 0. Namely, we consider the response to a static but non-uniform electromag-
netic field.

In this limit, the charge can locally redistribute in response to the electrostatic potential,
ie.

(7°(q)) = x"(q,w = 0)Ao(q)
Thus, x*°(q, w = 0) is the compressibility

X" (g, w =0) =—x(q) (27)

There can also be induced current due to the magnetic field. Note that a pure gauge
A,(x) = 0,a(x) cannot generate any physical response, thus we must have

(g, w=10)=0 (28)



And the spatial response can be written as

a Qaq a
(@) = = 0) (s~ 22 ) ) (20)
In particular, the long-wavelength limit

D, = —lim x*(¢,w = 0) (30)
q—0

is called the superfluid weight. This is because if D, # 0, the system satisfies the London
equation in the long-wavelength limit

uw»:w(%—ﬁﬁmmzmﬁ@ (31)

which is the key to the Meissner effect and so on.

qg = 0,w — 0. Namely, we consider the response to a uniform but dynamic electromag-
netic field.

In this limit, Ay(0,w) describes an electric potential that is homogeneous in space but
changes with time. Because of charge conservation, the charge cannot globally fluctuate,
therefore

XOO(q =0, U)) =0 (32)

The system is allowed to have a uniform electric current, which defines the AC conduc-
tivity, i.e.

1
" = —vu(g=0, 33
7)== Xarlg = 0,) (33)
The DC conductivity is defined by
1
DC _ 1 T _
0u = lim ow(w) = lim — (g = 0,w) (34)

Let us write the longitudinal conductance as
Oaa(w) = Do(w) + o (w) (35)

and define the coefficient of the delta function as the Drude weight D. One motivation
for this definition is to consider the infinite collision time limit of the Drude conductivity

2 1 2 ;
lim &7 _r (7‘(‘5(21]) + i)

oo m 1 —iwT m w

Thus, D measures the density of the charge carriers. In the absense of impurities, a metal
will be characterized by a finite value of D (no resistence) and an insulator will have a D
which vanishes in the thermodynamic limit.



The uniform limit ¢ — 0 and the static limit w — 0 of the response function x®*(q,w)
provide criteria for determining whether the system is insulating, metallic or superconducting
superfluid: hm lim x*’(q,w), insulator or metal: lim lim x**(q,w)

0w—0 w—0 g—0
The order of limit is essential. For example, taking the static limit first and the uniform limit
then cannot give us the conductance. This is also reasonable on physical ground. In an actual
experiment, the wavelength of the EM field is normally much larger than the system. Thus

it can be regarded as uniform but still fluctuating. The two limits generally give independent
results. For simple systems, the two limits are related as we will see in our example.

2 Rotor model

In this section, we study the electric response of the rotor model

=3 =)~ 73 cos(d:— ) (36)
(i)

i

It has insulator phases at U > J and a superfluid phase at U < J. We assume that ng
is an integer and can be safely ignored for our purpose here. We will mainly consider the
zero-temperature case and comment on the superfluid phase at finite temperature only at the
end.

In principle, the EM response depends on both the Maxwell equations with sources and
the properties of systems at interest. Here, we only consider the second part by ignoring the
dynamics of the EM field itself, hence, a background field. One way to obtain the response
function is to calculate the current-current correlation function and apply Kobu formula. We
will take a different approach, using the Euclidean effective action.

The full Euclidean action is written via the minimal coupling, where A., A;; are background
electromagnetic field pointing along the time and spatial direction respectively

/ a7 (00 Aue)? = I S cos(on = 6+ ) (37)
(i)
It is gauge invariant under the following transformation
i = it i, Air = Air+0rqi, Ay — Aij — i + (38)

The effective action of the background field can be obtained by integrating out all the dynamical
fields, the ¢ field in this example

Al = / DeeeloA] (39)

where Se[A] must be gauge invariant but does not have to be local in general. The current

expectation value is given by the functional derivative of the effective action, i.e.
0Se| Al

5AM(_qa _an)

(J"(q,iwn)) = —(2m) ! (40)



If Seg[A] is a quadratic in A, this will compute the response functions for us. However, this
procedure yields response functions in Matsubara frequencies and we have to perform analytic
continuation iw, — w + 90" to obtain the actual (physical) response functions. A priori, it is
not obvious why this procedure gives the correct result, i.e. the evolution of an observable in
real time after perturbing the thermal equilibrium state. This is related to the Kubo formula
and analytical structure of general two-point correlation functions. We provide a justification
in Appendix. A.

2.1 Insulating phase

In this subsection, we consider the insulating phase U > J. We will treat J cos(¢; — ¢; + A;j)
as a perturbation, the validity of which comes from choosing n( as an integer. We only consider
the zero-temperature case. The behavior at the low temperature is expected to be the same
if the temperature is smaller than the gap. Because the insulating phase is fully gapped, the
effective action must take a local form. The gauge-invariant terms with lowest order derivatives
are the Chern-Simons term and the Maxwell term. Other terms with higher order derivatives
are suppressed by the gap A ~ U. We will show that only the Maxwell term appears.
Let us separate the action into two parts Sg = Sp + 0.5 with

B B
S() = /0 ﬁ ZZ:(@TQS, — 147_)27 0S = —J/O %COS(QSZ‘ — qu + AU)
and do Taylor expansion in S as follows
Z:/D¢(1—5S+%652+---)6_SO

Note that different sites are decoupled in Sy, evaluate (§5™) reduces to computing expectation
value of operators for each site individually. By using the symmetry ¢;(7) — ¢;(7) + «; for a
constant «;, we can show that (65?"™!) = 0 (assuming a square lattice). Then we have

1 1
Z = Z, (1+§<552>0+ﬂ<5s4>0+---)

One can verify that Zy = [ Dpe 4] does not have any dependence on A,. Thus, the
effective action can be written as the following series expansion

1 1

SenrlA] = 2 24

(85%) = 57 (95" = 3(08%)5) + -+ (41)

where higher order terms are suppressed by 1/U and will be ignored.

Evaluate (05%), We introduce ¢;; = ¢; — ¢; and write it as

<(552> :J2 Z Z/dTl /dTg <COS(§Z§¢j(7'1) + Aij(Tl)) COS(qbkl(Tg) + Akl(T2>)>0

(i) (ki)

= J? ; / dm /dTQ (cos(@ij(11) + Aij(11)) cos(@ij(T2) + Aij(72))),

10



On the second line, we have used the fact that different sites are completely decoupled in Sy
and (cos ¢;), = 0. We can expand each cosine function into two exponential functions and the
non-zero term must be invariant under the shift ¢;(7) — ¢;(7) +«; for a constant «;. Therefore

we have
682 _ Z/d,]—l /dT eZ(AZ] 7'1 ZJ(TQ))< (¢z](7'1) ¢zg(7'2))> + c.c

The correlation function can be evaluate by using the result in Appendix. C, then we have
552 = Z/dﬁ /dTQ@ Ulnial ¢og Wi (71, 72,4, ) (42)

where W, . (71, 72,1, j) is the Wilson loop in the 7 — z plane

T

h Wea (71, 72,1, §) = / (i) - Ajr(7))dT + Ay (1) — Aij(72) (43)

T2

T2 x
( J

Note U is large, thus 75 has to stay close to each other. We can do a large-U expansion, or
equivalently, a derivative expansion in 7.2 Up to a constant term, we have

(652), = Z / chos( ir(7) = AJ’T(TH&AM(THO(U—?’)) (44)

U

Evaluate (65%),. The lowest order contribution comes from having four cos(¢;; + A;;) that
form a closed loop, which is shown below. It generates Wilson loops in the z — x plane and we
have

4oy
i+7 i+T4+7 <5S4>o,c: <‘;> 4 X4OZ/dTCOSWm )+ OU?)

(45)

‘ i Wio(i) = Aiira(7) + Aivziva+g(T) + Airargirg(T) + Aiga(7)

Here W, ,(7) is defined for a single plaquette with the lower left corner being i. If we choose
a different lattice, such as the triangle or honeycomb lattice, this contribution will appear in
different orders.

Effective action and continuum limit As a result, the effective action to the lowest order
in 1/U can be written as

/ df_zcos( . Aj,fguafmjm) +§(‘;ZW(> (46)

2We use the formula

oo —U|¢| _ 2 2 "
| U@ = G0+ )+
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Then we assume that the background fields are slowly varying in the spacetime and go to the
continuum limit by using the following replacement rule

Air = A(z), Aiigs = aAy(x), Ay — ady(z) (47)

where a is the lattice constant. For slowly varying fields, we can expand the cosine function
and get the following continuum action

J2

Serldl = 10

drd’s Y (0;A; — 0:A;))* + 5(Ja)* (0,4, — 9,A,)° (48)

=y
This is nothing but the Maxwell action, where ¢ = v/5Ja is the speed of light.

Electromagnetic response Taking the derivative of the effective action with respect to the
background field, we have
J? 2 2 2 2
Xav(gs 1w) = =55 (6" = (0)*)ow — att) (49)
Note that we have written 1w explicitly to indicate that this is the response function in the
imaginary frequency and we have to do analytical continuation iw — w + 0"

J2
Xab(q> w) == 2_U3 ((02612 - w2)5ab - C2C]aQb)
00 _ 2

Regardless of the order, both functions vanishes in the limit q,w — 0, which says the system
has (1) zero superfluid density, (2) zero Drude weight and (3) is incompressible.

2.2 Superfluid phase at the zero temperature

In this subsection, we consider the superfluid phase U < J. In this limit, we are allowed to
expand the cosine term and write the action in the continuum limit as

sulol = 3 [[arda (0—12<8T¢ A+ (0ud - Aa>2) (51)

where ¢ = v/JUa is the speed of light and a is the lattice spacing.

To compute the effective action, it is more convenient to first rescale the coordinate and
field by 7 — 7/c, A, — cA, to absorb the speed of light. Then, we can do a Gaussian integral
to get the effective action

Sald] =5 [ s ) (30— 250) -0 52)

It has two important features:

12



e This is not a local action due to the k? in the denominator, which is a manifestation of
the gapless nature of the superfluid phase.

e The kernel 6, — k’,;—f” is a projector that projects out all the longitudinal components of
the background field. This also naturally follows from the form of the action (9,¢ — A4,)*.
Namely, any longitudinal component of A will be absorbed by 0¢.

Electromagnetic response The response function is given by (we need to rescale the coor-
dinate and field back to get the speed of light)

2q,
xammz—ﬂ(%——éﬂL)

2 — w2
e (53)

X" (g, w) :Jcm

where we have already performed the analytical continuation iw — w + i0". Now, let us
examine the static and uniform limit:

e w = (. In this limit, the longitudinal response function becomes a constant

J [J 1
00 =0)=2=4/== 54

Thus the superfluid is compressible with a finite compressibility KX = a+/J/U. The
current response is given by Y., and we have

nta) == (3, - ") ay(@ (55)

which is the famous London equation. Following the definition (30), we have a nonzero
superfluid weight
D, = Jc=Kc* (56)

e g = 0. In this limit, the longitudinal response function vanishes identically, which is
consistent with the charge conservation. The response function y,, is diagonal, thus
there is not Hall conductivity. The longitudinal conductivity is

_ —Jc Je

o(w) = = mJed(w) + ZE (57)

1

In the second step, we have used the formula H# = ~—imd(r). Following the definition

(35), we have a nonzero Drude weight
D=nJc (58)
Thus, the superfluid is good at conducting current.

In this case, the superfluid weight and Drude weight are proportional to each other D = 7 D,.
This is related to the fact that the transverse component of the response function x* has nice
analytical property at low energies (simply a constant). Generally, they are independent from
each other.

13



2.3 Superfluid phase at low temperature

In this subsection, we consider the superfluid phase at low temperature. If the temperature is
too high, ¢; does not have to change slowly in space and the simple expansion of the cosine
term breaks down. Thus, we assume that the temperature is nonzero but low enough to expand
the cosine term. The action in the continuum limit is

B
Sl A] = % /0 drdz %(M A 40— A2, k=YY (59)

a

One can still apply the same procedure to calculate the EM response function. Actually,
all the calculation follows without any modification®, which implies that the EM response
does not change at low enough temperature. Another characteristic of the superfluidity, which
also persists at low temperature, is the phase rigidity. Let us consider the system of size
L, x L, with a periodic boundary condition in y and a twisted boundary condition in z, i.e.
¢(x + L) = ¢(x) + Ag. This is equivalent to having periodic boundary condition in both
directions with a uniform vector potential A, = A¢/L,. Such a twist costs nonzero free energy

density, which is given by
6_5AF = thist’ AF — EAQ
A L.L, 2
However, the system does not have off-diagonal-long-range order even at an infinitesimal
temperature. Let us show this by turning off the background EM fields and calculating the

following equal-time two-point function

(60)

(¢19() i6(0)) _ / Deit(r) o—i6(0) ,~Spld] (61)

By doing the Gaussian integral in the momentum space, we find

2
(€990 — axp _ilz/ d*q 1 —cos(q-7)
Kp ” (2m)? w2 + ¢?
The sum over bosonic Matsubara frequency gives

o _l/ d*q 1 —cos(q-7y2) sinh (g
PITK (2m)? 2q cosh B¢ — 1

If we take the zero temperature limit § — oo first, it yields the off-diagonal-long-range order.
For a finite 3, this integral is hard to compute in general. But we are only interested in the
long distance limit so that analytical results can be obtained and we have (details will be shown
later)

(€990 o 1= 7R Blr < 1 (62)

Namely, the two-point function decays algebraically in their separation.

30ne simply replace iw by iw,, for the response function in the imaginary time. But this will not affect the
final response function in the real time.
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Details on computing the integral Let us explain the details of the calculation for (62).
After the summation over Matsubara frequency, we can further complete the angular integral
and get

1 [Ydg1— Jy(gr) sinhpq
K J, 2m 2 cosh Bqg — 1

where r = |r|, A is the UV cutoff and Jj is the Bessel function. It is more convenient to rewrite
the expression as

exp {—

1 /OA’“ dg1—Jo(q) sinh(Bq/r) }

P [_? 2r 2r  cosh(Bq/r) —1

We fix the temperature and take the long distance limit, i.e. §/r < 1. Thus, we can separate

the integral into two parts
Ar r/B Ar
L=l
0 0 r/B

In the first part, S¢/r is small and we can expand the sinh and cosh terms, i.e.

/’”/5 dg1—Jo(g) sinh(Bg/r) N/”ﬂ dg1—Jo(q)
o 2r  2r cosh(Bg/r)—1"J)y, 27 PBq

1
zm (w; + log %) + 0™

In the second part, we can assume that Sq/r is large such that we can approximate the integral
as follows to show that it is upper bounded by a constant term

/Ar dq1—Jo(q) _sinh(Bq/r) /A’" dg1—Jo(q) _ (A—B7")
;g 21 2r  cosh(Bq/r) —1 g 2w 2r 47

Therefore, the whole integral is controlled by the logr term in the long distance limit

/AT dg1—Jo(q) sinh(Bg/r)
o 27 2r cosh(Bq/r)—1 278

r
28

One can verify this equation by explicitly compute and compare the two sides numerically and
will find good agreement. This justifies the result in (62).

log — + O(1)

A Quantum theory of linear response

In this section, we consider the quantum linear response theory and prove the Kubo formula.
Then we digress to discuss the analytic structure of general two-point functions, which will help
us be prepared to justify (40).

A.1 Kubo formula

Recall that the Hamiltonian is written as H(t) = Hy+ V with V = =", fi(t)X; and we solve
the evolution using the first-order perturbation in the interaction picture. However, sometimes
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the full Hamiltonian H (t) is quadratic in external source f;, which can modify definition of the
observable X;. Therefore, let us be more careful and separate X; into two terms

X=X+ x[f]

where XZ-(O) is the operator in the absence of the external source. Since we are only interested
in the linear response, it suffices to using V.= —>". f (t)XZ-(O). As a concrete example, when
a system is coupled to an electromagnetic field, the electric current is modified by adding a

diamagnetic term O[A?], i.e

a __ 8H_ a
J'=— A Jj* 4+ O[AY] (63)

where j is proportional to the particle current.
For simplicity, let |¥y) denote the initial state and the final result applies to a generic mixed
state as well. The state at time ¢ to the first order is
t

V(1)) = [Wo) + |0W(t)), |5‘If(t)>——’i/ V(t")dt" [ Wo) (64)

— 00

Accordingly, the evolution of the observable X; to the first order is
3 (Xi(t)) = (W) X;()|W(t)) — (Wo| X[ Wo)
(Wol X (D)|0W (1)) + (59(8)|X(6) [ Wo) + (ol X[ (1)][ W)

By plugging in the expression of 0¥ and V', we arrive at the Kubo formula

S = [t On e

—00

1) (65)
alt ) = i8(e = ) (00, X0 + 25 A
where we recognize the retarded Green’s function (note the minus sign)
Gi(tt) = —ib(t — ') {[(Xi(t), X;(t)]), (66)

A.2 Justification of the Euclidean effective action approach

Now, let us justify the approach of calculating the response function using the Euclidean ef-
fective action. For concreteness, we will focus on the electromagnetic response though the
formalism can be generalized to other cases as well.

The spatial response function y,, in the Euclidean time is defined as the second order
derivative of the effective action

no_ 62 Sest[A] B 62 log Z[A]
Xar(T ) = _514(1(7')&4;,(7") A=0  0AL(T)0A(T) | a=

(67)

0

Plugging in the expression of Z[A], we have

5SE 52SE 7SE[¢,A]
Xan(7, ') / D¢ ( 5A,,( D) 5Aa(T)5Ab(T’)> ¢ ’A:O
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Note that j* = — 55&55) is the current in the absence of the background field and —s—~5% = (‘f)?ﬁb )
() | A=0 ‘

is the diamagnetic term. Namely, we can write Xab(T,7') as
6 (J*(7))
(SAb (T’)

Xao(T,7) = (5°(7)5"()) + (68)

which exactly involves the time-ordered imaginary two-point function of % (up to a minus sign)
and the diamagnetic term. By using the analytical structure of the two-point function, we know
that (68) can be transformed to (65) under the analytical continuation in the frequency domain
iw,, — w + 107, This justifies the Euclidean effective action approach.

B Analytical structure of two-point functions

This section is a digression on analytical structure of two-point functions. Let us consider a
generic theory and two operators A and B, both of which are either bosonic or fermionic. For
the purpose of studying linear response theory, only the retarded and imaginary time-ordered
Green’s function will be relevant. We will discuss other types of two-point function for the sake
of completeness.

B.1 Definition of the two-point functions

We will be interested in the following four kinds of two-point functions, which are defined with
additional phase factors to be consistent with condensed matter literatures:

e Imaginary time-ordered Green’s function,
G'(1) = =T (A(1)B(0)) 4

1

== (9(7) Tr [e P A(T)B(0)] + ¢O(—7) Tr [e *" B(0)A(7)] ), (69)

where A(7) = e™HAe ™ 7 = TreP and —8 < 7 < 3, ¢ = 1 if A, B are bosonic and
( = —1if A, B are fermionic. By using the cyclic property of trace of operators, we can
show the following periodicity properties,

G(1) =(G"(T+B), =B <7 <0, (70)

G7 (1) outside the domain [—f, 5] will be defined by analytical continuation which pre-
serves this periodicity property.

e Real time-ordered Greens’ function,

GT(t) = —iT (A(t)B(0)) 4

i (71)

- (e(w Tele *" A(t) B(0)] + CO(—t) Tr[e-ﬁHBm)A(t)]) -

where A(t) = eIt Ae=*H! is the Heisenburg operator and —oo < t < co.
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e Retarded/Advanced Green’s function,

G (1) = ~i(1) (AW, BO)) 5 = — 2 Tr [P A(1), BO)L] o)
G (1) = i0(—1) (1A0), BO)), = P [ 140), BO)
where [o, o] represents commutator if ( = 1 and anti-commutator if = —1. The retarded
Green’s function is used in the Kubo formula (65).
o (Generalized) Wightman Green’s function,
GV (1) % Tr [ =1 A(t)e" B(0)] . (73)

where 0 < s < f and —o0 < t < co. When s = /2 this goes back to the Wightman
function widely used in the discussion of chaos; when s = 0, 3 this becomes the G>/<(t)
in the Keldysh formalism.

B.2 Lehmann representation

It turns out that these four types of two-point functions are intimately related to each other
in the frequency domain. This will be manifested in the Lehmann representation, which we
introduce below.

Imaginary time-ordered Green’s function By inserting resolution of identity, we can
write it as,

T 1 TE, —BEq _BE
G'(1) = —E;Aa@&aae 7 (0(r)e PP + CO(—1)e PPo) .
Due to the periodic property of G7(7), it can be expanded into Matsubara frequency,
Sy 1 S
GT(iwn> — / dTeMnTGT(T) _ _Z ZAaﬁBﬁaeﬁEa/ dTe(zwnJrEaB)T’
0 oy 0

where w, is the bosonic or fermionic Matsubara frequency respectively. Notice that e™»? = ¢

we have,

i 1 A /3B,3 o -
G (iw,) = — _frapTba BEa _ BEsY 74
(iwn) = 7 £ o+ Bog (e (e?) (74)

Real time-ordered Green’s function Using spectral decomposition, we can write it as,

1 ; _sE, _
GT(t) = —ZZZBAMBM Bas (Q(t)e P 4 CO(—t)e PE5) .
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Its Fourier transformation is defined by,

G"(w) = / dt e~ G (1)

o0

1 © o
= _iE X;AaﬁBﬁo‘ (/O eliwtiBap—e)t o —BEa | g/oo 6(zw+zEa5+e)t6—ﬁE5)

where € is to guarantee the convergence. Finally we have,

1 ¢ BEa e BEs
GT(w) == > AusBsa —
() ZQZB pep (w—l—Ea5+ie Cw—l—Ea[g—z’e)

(75)

Retarded/Advanced Green’s function In terms of the complete set of states, they can
be written as,

—i0(t) . )

Gt = =7 2 ¢ AagBagle™0 = (e7P),
i0(—1) = ) )

G = T 2 e Ana sl = (e7P)

In frequency domain,

G(w) = / 4t GR(t)ei 9t = L > _AepBa _( —pra _ co-pray,

00 A op w + Eocﬁ + 1€
> 1<~ ALB (76)
GAw) = | dtGAp) it = — N~ __LabPBa ( —pEa _ ro—BEs
@)= [ a3 Al (oo oo

@,

where € is technically to make the integral convergent and physically to guarantee the causality.
We can see that the retarded/advanced Green’s function can be obtained from the imaginary
time-ordered function by replacing iw, — w 4 €. This is useful in the calculation of the
response function.

(Generalized) Wightman function Using spectral decomposition, we can write it as,

1

GW(t) _ Z Z e—ﬁEae(s—&-it)Ea[;AaﬁBaﬁ
a76
In frequency domain, we have,
< 2
G (w) = / dte™' GV (t) = 7” > e PPetFes A Bgab(w + Eap) (77)
o oy
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B.3 Spectral function and Hilbert transformation

These four functions share similar structures. All of them can be expressed in terms of the
spectral function,

Alw) = —2Tm GE(w) = i(GR(w) — GH(w)). (78)
Recalling the formula —+ = 1 F imd(z), we have,
2 _ _
Alw) = 2 sl = ()30 + Eu), (79)
Physically, it probes the spectrum of the system. One can verify that it satisfies a sum rule,
< dw
| Soa) = (4. B, (80)

Let us introduce the Hilbert transformation of the spectral function

G(z) = /_ " de AR) (81)

o 2m 2z =&’

which defines a master function G(z) with a complex argument z. Its evaluation at the imagi-
nary axis and real axis gives us G7 and G/ respectively,

G(z — iwy) = G (iwy,), (82)
G(z = w =+ ie) = GF/A(iw). (83)

The real time-ordered function has a more complicated expression in terms of A(w)?

de A(z) i 14 ce
GT(w) = P / i% - %A(@%. (84)

The last one, (generalized) Wightman Green’s function, can be written in terms of A(w) in a

simple way,
e—SUJ

GY(w) = A(w)m.

(85)

C Correlation function for a particle on a ring

In this section, we consider the particle on a ring ¢ = ¢+ 27 and study the correlation function
of vertex operator e’*. The Euclidean action is

1

SE[¢] = ﬁ

/ T4 (0.6 — AY (36)

4One can show it by writing down the real and imaginary part of GT (w) separately.

1
w+Ea57

ReGT(w) = %ZAaﬂBﬁa (e FFe — (e PER) P
a,B

T _ —_
Im G (w) = —EZAQBBM (e7PPa 4 Ce™PEs) §(w + Eap).
o,
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and we want to compute the two-point function (higher-point functions are similar)
) ) 1 ) .
i¢(r1) o =i(12)\ — — | D) o—id(r2) o, —SEl¢] ]7
e e e e e
( )= [ Do (87)

For simplicity, we only consider the zero-temperature case.
We can treat the operator insertions as source terms and rewrite the two-point function in
the frequency domain as

1 1 d d . .
E /qu exp [_ﬁ / %(—ngbw — Aw)(iwgb_w — A—w) —f—Z'/%(e_“‘”—l _ e—sz2)¢w:|

and perform the Gaussian integral to obtain

dw 1 — coswTt dw e~ — T2
exp [—U 1 - coswrp Aw}

2 w? 2 w
For the first term, the integral evaluates to

dw 1 — coswryy 1’ |

_——— — — T

o w? 2!
For the second term, we note that it can be written as an integral in the time domain (one can
check that the two sides have the same value at 7 = 0 and same derivative)

d —iwT T d Aw
e 4, = —z'/ A(r) + [ 8w
2w 0 2T w
Eventually, the two-point function takes the following form
. . U T1
(o) — oxp | Sl 41 [ atryar] (58)

Let us explain the physical meaning of the two terms:

e The first term is the energy cost due to the excitation created by e**. At the zero
temperature, the initial state is the ground state and e*® maps it to the first excited
state which has an energy cost U/2. This term will be modified at finite temperature.

e The second term is the Wilson line to guarantee that both sides match under the gauge
transformation ¢(7) — ¢(7) + a(7), A - A+ 0;c. This term will not change even at
finite temperature.
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