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Motivated by the normal state of the cuprates in which the integrated spectral weight of the
optical conductivity or optical sum increases faster than a linear function of the particle density,
we derive an f-sum rule for a system in which the kinetic energy operator in the Hamiltonian is a
general function of the momentum squared. Such a kinetic energy arises in scale invariant theories
and can be derived within the context of holography. Our derivation of the f-sum rule is based on
the gauge couplings of a non-local Lagrangian in which the kinetic operator is a fractional Laplacian
of order a. We find that the f-sum rule in this case deviates from the standard linear dependence on
the particle density. We find two regimes. At high temperatures and low densities, the optical sum
is proportional to nT*& where T is the temperature. At low temperatures and high densities, the

. . . 2(a=1) . . . . .
optical sum is proportional to n' ™= @ with d being the number of spatial dimensions. The result

in the low temperature and high density limit, when a < 1, can be used to qualitatively explain the
behavior of the effective number of charge carriers in the cuprates at various doping concentrations.

I. INTRODUCTION

Understanding the nature of the current carrying de-
grees of freedom in the normal states of the superconduct-
ing copper oxides stands as a key challenge in modern
condensed matter physics. Many properties in the nor-
mal states of the cuprates deviate from the standard the-
ory of metals. One well-known example is that the elec-
trical resistivity, p, observed in the normal state, exhibits
a non-Fermi liquid behavior. Instead of having p oc T2
as in the case of Fermi liquid, p in the cuprates goes like
T* with a in a range of 1 to 2 depending on the chem-
ical composition[l]. Explaining such strange properties
in the cuprates may require a non-traditional model, in
particular models in which the basic notions of particles
and locality are abandoned.

The focus of this study is the deviation of the inte-
grated spectral weight of the optical conductivity (also
known as an optical sum) in the normal states of the
cuprates from the standard f-sum rule (or conductivity
sum rule). The content of the f-sum rule is that the op-
tical sum is directly proportional to the charge carrier

density: [;° o1 (w)dw = ”;—fn" Here o7 is the real part
of the optical conductivity, n is the charge carrier den-
sity, e is the electric charge, and m is the mass. When
o1(w) is integrated up to a cutoff frequency w,, the opti-
cal sum is proportional to the effective number of charges
from energy below w. (Neg). In normal metals, when w,
is chosen to be in the region of the optical gap, Neg is
simply given by the number of electrons in the conduc-
tion band. However, in the cuprates|2, 3], Nog deviates
from what one expects from the dopant concentration,
x. When 0 < x < 0.2, instead of having Neg(z) = =z,
Neg () is greater than = and is concave downward. We
find that the empirical Nog from Refs. [2, 3] can be fitted
to the functional form,

Ncﬁ‘ :N0+N1(E’y, (1)

with v =~ 0.3 — 0.4!. Here Ny and N; are dimensionless
constants. Shown in Fig. 1 are the plots of Neg as a
function of x from Refs. [2, 3] overlaid with the fitted
lines from Eq. (1). We note that the optical conductiv-
ity measurements upon which this Neg is based on were
performed at room temperature[2, 3].
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FIG. 1. Effective number of charge carriers (Neg) vs. doping
concentration (x) from Refs. [2, 3].

The proof (see for example [4-6]) underlying the con-
ductivity sum rule relies on the fact that the kinetic en-
ergy operator of a single particle in the Hamiltonian is

K= %. The deviation from the standard sum rule indi-
cates that the dynamics of the charge carrying degrees of
freedom may not be governed by the kinetic term which is
quadratic in momentum. Recently, in the context of the
gauge/gravity duality, one of us[7] has shown that a mas-

sive free theory with a geodesically complete metric in the

1 We fitted Eq. (1) to the data points extracted from the plots in
Ref. [2, 3]. As a result, the values of v we present here are only
approximated.



bulk generically gives rise to a boundary theory with a
fractional Riesz derivative (a fractional Laplacian). The
power of the fractional derivative is partially determined
by the mass of the field. The result of this work implies
that, in some cases, the infrared behavior of a strongly
coupled theory could be described by a non-local oper-
ator such as a fractional derivative. This leads us to a
postulate that an emergent charge carrier in the infrared
is an object with a fractional kinetic energy. That is,
the kinetic energy operator is a fractional Riesz deriva-
tive K o< (—0%)® with o being a positive real number.
Equivalently, in momentum space, the kinetic term is a
fractional power of momentum K o p?®. We note that
the quantum mechanics of such a kinetic operator was
studied in Refs. [8-10]. Recently, the fractional kinetic
operator has been presented as a way of understanding
unparticles[11].

The concept of fractional kinetic energy is not limited
to gauge/gravity duality. In the context of a quantum
critical theory, a critical system with its kinetic energy of
the form K o p?® can be thought of as having a non-inter
value of the dynamical exponent z = 2a. Non-integer
values of z’s have been derived theoretically, for example,
in the model of Josephson array in 3+1 dimensions[12].
Hence, the particle with fractional kinetic energy is the
same as a sharp excitation near a quantum critical point
with non-trivial value of z.

In this work, we consider a model of non-relativistic
particles with a kinetic term given by a general func-
tion of momentum squared, K(p?). The particles are
allowed to have non-derivative interactions with one an-
other. This model is equivalent to the restricted band
model where the kinetic energy is replaced by the band
dispersion, F(p).? In the restricted band model, one
considers only particles in a single band and ignores the
inter-band interactions. It turns out that the conductiv-
ity sum rule of the restricted band model[4, 13], is given
by

B 7 me? dp 0?
W= /Jl(w)dw = (QW)dn(p)afple(p)v
0

(2)

where o7 is the real part of the optical conductivity and
n(p) is the occupation number of the momentum state
p- We review a proof of the sum rule in this paper.
Our proof is based on the gauge couplings of a nonlocal
Lagrangian[14]. This sum rule is applied in many systems
such as the Hubbard model®[15, 16], graphene[17], and

2 We ignore the fact that the kinetic energy of our model is rota-
tionally invariant and simply replace it by the band dispersion.
3 The sum rule in this case is usually written as

oo
2
W= /01(w)dw = —%a?(KQ
0

the d-density wave state[13, 18]. We then apply the con-
ductivity sum rule to the case of non-interacting fermions
with fractional kinetic energy: K(p?) o p*®. We show
that the behavior can be divided in two regimes. In the
high temperature and low density regime, the optical sum
is proportional to nT “=" where n is the density and T is
the temperature. On the other hand, in the low temper-
ature and high density regime, the optical sum is propor-
tional to n'* 7. Here d denotes the number of spatial
dimensions. To make contact with experiment, we make
a further assumption that the density of these emergent
excitations, n, is the same as the density of bare charge
carrier (bare electrons or holes). This means n x z in
the cuprates. In the low temperature and high density
limit with 0 < a < 1, the optical sum is proportional to
2P with 0 < 8 = 1+ 2@ < 1 which is qualitatively
the same behavior as Neg in the cuprates.

II. HAMILTONIAN WITH A GENERALIZED
KINETIC ENERGY

We investigate a system of non-relativistic particles in
which its kinetic term has a non-canonical form. K is not
necessarily proportional to a square of momentum (p?)
but is some general function of p?, i.e. K = K(p?). The
second quantized Hamiltonian of this system in d spatial
dimensions is

H= /ddm/JT(r) [K(—82) - u}zb(r) + Hothers  (3)

where 9T (r) and 1(r) are creation and annihilation field
operators, respectively, u is the chemical potential, and
H,iher describes non-derivative potentials and interac-
tions. Since Hoiher contains no derivative operators, the
current only comes from the kinetic term. To derive the
conductivity sum rule of this model, one needs the form
of its U(1) current operator.

A. Current Operator

The couplings between the particle fields and the U(1)
electromagnetic gauge fields can be obtained by gauging
a nonlocal Lagrangian with Wilson lines[14, 19]. One
starts by rewriting the kinetic term of the Hamiltonian,

Hy = [d%rT(r)K(—0?)i(r), in the form,

Hy = /ddedr’wT(r)F(r,r')w(r’), (4)

where F(r,r’) is a function resulting from rewriting the
kinetic term. Hpy can be made U(1) invariant by in-

serting a Wilson line, W (r,r’) = exp(—ie f:/ dz'A;(x)),

where a; and K; are the lattice spacing and the kinetic energy
operator along the ith direction, respectively.



between ¢ (r’) and v (r) in the kinetic term as

Hy = /ddrddr’wf(r)W(r, VF(r, e )y(r').  (5)

Here e is the electric charge and A; is the ith component
of a U(1) electromagnetic gauge field. The vertex cou-
plings can be derived by taking derivatives of the gauged
Hy with respect to the particle and gauge fields. The

J

§*Hy

coupling between two particles and one gauge field is
T (p.a) = o M
’ 5Ai(q)dy(p)ovt(p + q)
=e(2p+q)'F(p,q) (6)

and the coupling between two particles and two gauge
fields is

62Fij(p7 q1, Q2) =

0A;i(a1)0A;(q2)0v(p)Yt(p + a1 + az)
(2p + q2)’ (2p + 292 + q1)°

[F(p,d1 +q2) — F(p, q2)]

2 17
= e 926V F(p,q1 +q2) +
{ ( ) @ +2(p+a2)aq

(2p +a1)"(2p + 2q:1 + q2)’
o ra) @ [f<Pv%+qz>—f<p,ql)1}, ™)

with
K((p+q)?) — K(p*)
(p+a?-p* ®)

Using the vertex couplings obtained above, one can ex-
pand Hy to second order in gauge fields as

Hy = / dhrpt () K (~02)(r)

d%pddq
+@/ @/
/ ddpdd(hddQQ

F(p,q) =

Q¥ (p)I(p,a)Ai(q)

— v+t a + q2)¥(p)

x T4 (P, a1, a2)Ai(a1)A;j(az)
+0(A3). (9)
We neglect the higher order terms, since we only need
up to the terms with two gauge fields in linear response

theory. The current operator can be obtained by taking
derivatives of Hy[A;] with respect to the gauge field,

Ii(—a) = ~(emy' s

Performing the derivative leads to

d
Ji(q) = —e / (d L0l (b~ @)U (b ~a)

(10)

dp,dd
e / P P2 ity 4 py — @)(p1)

(2m)2d
x I (p1,—q, p2)A;j(p2).  (11)

III. DERIVATION OF THE CONDUCTIVITY
SUM RULE

We use linear response theory to derive the conductiv-
ity sum rule. Our approach is based on the derivation of

(

the standard conductivity sum rule from Ref. [20]. The
idea on the diamagnetic contribution to the conductivity
and some of the notations we use are from Ref. [21]. We
assume that the system is time-translationally invariant
and the background electric field is uniform. We work in
the gauge that Ag = 0. Let us denote (O) as an expecta-
tion value of an operator O with respect to the thermal
equilibrium state in the presence of a background gauge
field 4;. (O)o denotes a thermal expectation value of an
operator O with A; = 0. From linear response theory[22],
the difference in the current §(J;(x,t)) = (J;) — (J;)o is
given by

ST, 8)) = —i / d’ / A ([Ti(%, 1), T (< )0 Ay (', ).

(12)

The total current is then (J;) = (J;)o + 6(J;). The term
(J;)o gives rise to the diamagnetic conductivity, o¢, while
the term §(J;) contributes to the paramagnetic conduc-
tivity, oP. Let us first calculate the diamagnetic conduc-
tivity. Taking the expectation value, (...)g of Eq. (11),
one has

d
<Ji>0(qaw) :76/ (;l )

d
—¢? / %(W(m +p2 — 4)¥(P1))o

x T (p1, —q, p2) A; (P2, w).
(13)

- (41 (p — @)v(p))ol (P, —q)

We drop the first term because in the thermodynamic
limit (q — 0), it corresponds to a spontaneous cur-
rent which vanishes according to the Bloch theorem (see
Appendix A). For a uniform background field, we have
Aj(p2,w) = (27)%0(p2)Aj(w). Integrating over the delta



function, (J;)¢ can be simplified to

(To(a.w) = — & / (" (0! (o1

X FZJ (pla

—a)(p1))o
—q,0)4;(w,). (14)

From the definition of an electrical conductivity
(Ji)o(q,w) = 0;j(q,w)E;(q,w), we can extract the dia-
magnetic conductivity as

i€2 1
/ LDt (b - Q)0

(Jd w
ij(qy) w + 11 (2m)d
x I (p1,—q,0). (15)

The factor i with 7 — 07 is there to make sure that o is
a retarded response function. Taking the thermodynamic
limit, we have

lim '/ (p, —q, 0) = 26" K'(p?) + 4p'p' K" (p?)
q—
82
= ——K(p?). 16
pidp; (p7) (16)
Finally, the diamagnetic conductivity is given by

o1 (w) = lim 0% (a.)

ie? d? 0? 9
=35 | G K6 ()
where n(p) = (1T (p)¥(p))o is an occupation number of
the momentum state p.

We now calculate the paramagnetic conductivity from
d(J;). We can drop the terms with A; in J; (the second
term in Eq. (11)) inside the commutator, since they con-
tribute to a non-linear response. From the assumption
of a uniform background field, we have A;(x,t) = A;(t)
in Eq. (12). Performing the Fourier transform on §(J;)
and then taking the thermodynamic limit, one obtains

t

ST (1) = —i / A0, Ti(Ee A (), (18)

— 00

where J = [d?xJ;i(x,t). We define the response
function as X”(t,t) = —i0(t — t')([Ji(t), J;(t)])o. As
a result of time-translational invariance of the system,
Xij (8 1') = xij(t = 1) = —i©(t — ') ([Ji(t — 1), J;(0)])o-
As a result, we find 6(J;) in frequency space is given by

6(Ji)(w) = xij(w)A; (W), (19)
with
o e_ﬂEn <wn|jz‘wm><wm‘jj‘wn>
Xij(w)_z 7 ( W—(Em—En)—Fin

m#n

- (En - Em) + i77 .
(20)

Here J = J(t = 0) and the summation in Eq. (20) is
over all eigenstates of H from Eq. (3). Using Eq. (19),
we rewrite the paramagnetic conductivity as

——) (21)
C wH in w+ in 9
Combining the results from Eqgs. (17) and (21), we finally
obtain the total conductivity

ie? ddp 0? 2
7) =55 | ) e K
)
+ o+ mX%J( w). (22)

To derive the sum rule for the 7 component of the optical
conductivity, we utilize the Kramers-Kronig relation,

17 /
__—/dw’PU}(w), (23)
™ W —w

where o1 and oy denote the real part and the imaginary
parts of g;;, respectively. P denotes the Cauchy principal
integral. Taking the limit w — oo in Eq. (23), one finds
ffooo o1(w)dw = lei_)rrgo wog(w). Using the fact that oy is

even, we obtain the sum rule

we? d%p 02
W= [ o0(w)dw=— n() QK( )( 4)
0/ o

2 (2m)d

We can neglect the paramagnetic part when taking the
limit lim woy(w) because 0% ~ w™! and o? ~ w™? as
w—00

w — 00. The result coincides with the conductivity sum
rule of particles in a restricted band (Eq. (2)). For the
trivial case in which the kinetic term has a canonical form
K(p?) = £, the optical sum of oy is given by W = Z£n
as expected

IV. NON-INTERACTING FERMIONS

We apply the conductivity sum rule derived above to a
system of non-interacting fermions with the kinetic term
of a form

K(p®) = ep™, (25)

where ¢ and « are positive real constants. The constant
c has units of [E]'~2% where [E] denotes units of en-
ergy. The potential of this system is assumed to be weak
enough such that the low energy (or small momentum)
behavior of the total energy is the same as the kinetic
term.? That is, the total energy e, = K(p?) = cp*®

4 Tt is possible that, due to the potential, the constant c is renor-
malized to be ¢’. However, using c instead of ¢/ in ep will not
change the powers of n and T' we obtain in the optical sum (Eq.
(28)). So, for simplicity, we will use ¢ in our calculation.



when p is less than a large momentum cutoff A. For sim-
plicity, we will take e, = cp** for the whole range of p.
This approximation is valid as long as T < €. Since
this is a non-interacting-fermionic system, the occupa-
tion number of the momentum state p is given by the
Fermi-Dirac distribution,

1

= eﬁ(ipf/—‘) + 17 (26)

n(p)

where p is the chemical potential. The density is the

integral of n(p) over all momenta,

d
n= [ o) (27)

We calculate the optical sum of this system in the large
(Appendix B) and low temperature limits (Appendix C).

The result is
W DeanT*s ifn< (
if n>> (

)a

. (28)
)2a
where the constants D = («+ 20‘(‘;_1) ) F(;"Titl) and A =

2a
a(27r)2(0‘*1)(s%)2(ad71) We note that when o = 1 and
c= ﬁ, we recover the standard result, W = ”;;”,
both limits.

We numerically evaluate the optical sum (Eq. (24)).
We display the results for the cases of @ = 1/3 in Fig.
2(a) and o = 5/3 in Fig. 2(b). The numerical results
confirm that W has different behaviors at low densities
and high densities for both a < 1 and a > 1 cases.

Using the result we obtain in this section, we can
qualitatively explain the behavior of the effective num-
ber of charge carriers, Neg, at various doping levels in
the cuprates[2, 3]. When 0 < z < 0.2, Neg(x) x z7
with v ~ 0.3 — 0.4 as we have discussed in the introduc-
tion. Qualitatively matching this feature of Neg with our
model necessitates low temperatures and 0 < o < 1, and
hence one has W x nf o 28 with 0 < 8 = 1+@ < 1.
Here, as mentioned in the introduction, we make an as-
sumption that the number of excitations with fractional
kinetic energy is the same as that of mobile electrons
or holes, n o« x. This assumption links our postulate
that the propagating degree of freedom in the infrared
of the low-doping regime is described by a fractional ki-
netic energy. That is, it would be justified to use n x z
in the low-doping regime where Mott-type physics is im-
portant. To be more specific, this is the region in which
the number of carriers (as measured by Hall coefficients
or quantum oscillations, see for example Ref. [23]) is z.
At higher doping in the Fermi-liquid regime, the num-
ber of carrier equals 1 4+ z and thus the assumption is no
longer appropriate. As a concrete example, we make a
plot of W vs. m in this low temperature limit with the
exponent between 0 and 1 (for &« = 1/3) in Fig. 3. The
plot in the case of o = 1 is also displayed for comparison.
The region of n for which W(a =1/3) > W(a = 1) has
qualitatively the same feature as Neg in the cuprates. We
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FIG. 2. Log-log plots of optical sum (W) vs. particle density
(n) at two values of . We work in the units that ¢ = 1. The
parameters we use are d = 2 and T' = 0.5.

note that there is no unit cell in the model we are using.
This means we cannot numerically relate W to Neg and
n to x. As a result, rather than making a plot of Neg
against z as in Refs. [2, 3], we are restricted to the plot
of W vs. n.

Although an effective theory with a fractional kinetic
is an attempt to model a correlated system with strong
interactions, one can go further by adding interactions
to this effective free Fermion system. From Eq. (24), we
can see that interactions only affect the sum rule through
the occupancy n(p). For weak and short-ranged interac-
tions, the system should behave as a Fermi liquid but
with a fractional kinetic energy. This means there is a
discontinuity in n(p) at the Fermi momentum similar to
the free fermion case. As a result, the qualitative feature
of the sum rule we obtained for the free case (e.g. the
exponents in Eq. (28)) should be applied for this sys-
tem. Still, one may need to do a proper renormalization
group as in [24, 25] to confirm that the system is really
Fermi-liquid like.

For the strong interactions, the form of n(p) and thus
the sum rule would be drastically different from the free
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case. This is because fermions with fractional kinetic
energy are no longer appropriate low energy degrees of
freedom. The direct computation of n(p) can be difficult.
So one may have to identify the new low energy theory
and then compute the new sum rule.

V. DISCUSSION AND CONCLUSION

The key result of this paper is that the conductivity
sum rule of non-interacting fermions with a fractional

kinetic energy does not follow the traditional result. At
high temperatures and low densities, the optical sum

At low temperatures and high

2<a 1)

scales as W o nT % .
densities, the optical sum is given by W o« n'*=a
One can use the result at low temperatures to quali-
tatively explain the behavior of N.g at various doping
concentration in the cuprates. To nail down that the
current-carrying excitations in the cuprates are in fact
governed by a fractional kinetic energy requires further
experiments. That is, one needs to experimentally
verify that the optical sum has two regimes as we
have predicted in Eq. (28). This can be achieved by
measuring the optical conductivity and then computing
the empirical optical sum as a function of x at higher
temperatures. However, we must keep in mind that
the temperature cannot be raised too high because the
assumption that the excitation energy, e, has the same
form as the kinetic energy, K(p?), will break down
eventually. The assumption is valid only when T < e,.

Acknowledgements We thank the NSF DMR-1461952
for partial funding of this project. KL is supported by the
Department of Physics at the University of Illinois and a
scholarship from the Ministry of Science and Technology,
Royal Thai Government.

Appendix A: Bloch Theorem for Generalized Kinetic Term

In this section, we show that the spontaneous current term in Eq. (13),

dp ‘
/( 7)d <¢T( )¢(P)>02le/(pz):07

is zero in the thermodynamic limit. We note that in Eq. (13), lin%) I'(p
q—

Refs. [26, 27].
Let us introduce the momentum translation operator,

T(p) = e PR

(A1)

,—q) = 2p'K’(p?) . Our proof is based on

where the operator R is defined as R = [ d%r¢(r)rey(r). For small p’, one can show that

TH(p )0 (p)T(p') ~

Il
@@ <

(
(p)
(p)
(

On the first line, we use the identity [¢)f(r)y(r), 1/1(1‘ )] =

(A2)
¥(p) +ip" - [R,9(p)]
p /ddre 7.pr / w()
p) +p - Vpi(p)
p+p). (A3)

—6%(r —r')4(r) which is valid for both fermionic and bosonic
fields. In the same manner as Eq. (A3), one can show that 77 (p’)yf(p)T(p’)

=¢T(p+p).

Let {|¢;)} be a complete, orthonormal set of eigenstates and let the eigenenergy of the eigenstate |¢;) be E;. We
define the thermal equilibrium density matrix which gives the lowest free energy at temperature T as

Py = Z |[93)wi (i,

(A4)



where w; = % is a Boltzmann weight. The expectation (O)y of an operator O defined in the main text

corresponds to Tr(p,O). We assume that the expectation value of the current,

d
Ty = [ (oo o1o) )20 ) £ 0 (45)

with respect to p, is finite. We show, in this appendix, that this assumption will lead to a contradiction. We introduce
a trial density matrix,

Py = Z |piywi (). (A6)

K2

Here {|¢;)} is another set of complete, orthonormal eigenstates defined by

|0i) = T(=6p)[) (A7)

where 6p is a small momentum parameter. Since, by construction, p, and pgs have the same statistical weight, w;,
their entropies are equal: Sy, = Sy = —Tr(plnp) = — >, w; Inw;. The expectation value of the energy with respect
to pg is

By =Tr(ppH) = Zwi<¢i|H|¢>i>
= Z w; (| T (—=6p) HT (—6p)|¢h:)
= 1o (o) HT (~0p) ). (A8)

For the kinetic part of the Hamiltonian, Hx = [ %z{ﬂ (p)¢(p)K (p?), we find that

d
71 (=6p) i T(=0p) = [ (G EsT! (~dp)i! ()T (~0p) T (=3p)(p)T (~3p) K (0°)

d

= / (;lpz))d ' (p — 6p)¢(p — 0p) K (p?)
ddp + 2
= [ Gt ) K (2 + 0)?)
d

~ i +p- [ B (0)6(p)20K (07) + O3p?). (49)

On the first line, we use Eq. (A3) and its complex conjugate to translate the momentum of the field operators by
—o0p. Because there is no derivative terms in other parts of the Hamiltonian, the momentum translation leaves them
invariant. As a result, one finds

d%p

(2p)d¢T(p)¢(p)2pK’(p2) +0(6p”). (A10)

TT(—5p)HT(—5p) =H+dp /

Using Eqs. (A5), (A8), and (A10), we rewrite the energy of py as

Ey =Tr(pyH) + 0p - / éjﬁlTY(pwa(p)w(p)) 2pK’(p?)
=Ey,+0p-Jy. (A11)
The free energy of pg is
Fy=FEy—TSy=Fy+06p-Jy. (A12)

If we choose 0p to have the opposite direction as Jy, we find Fyy < Fy. This result contradicts the assumption that
py has the lowest free energy. Consequently, the spontaneous current J, is zero.



Appendix B: High Temperature Expansion

We investigate the conductivity sum rule of non-interacting fermions at high temperatures and low densities. We
first perform a high temperature expansion on the Fermi-Dirac distribution to obtain the fugacity as a function of
density and temperature [28]. We rewrite Eq. (27) as

2a T
B1
S /z—leﬁa IR By
“7 0
1 d
where z = €7 is the fugacity, A = 2r(%)2= z (W)E is the thermal de Broglie wavelength, and Sy = % is a
2
surface area of a unit (d — 1)-sphere. Expanding the right-hand-side in powers of z, one finds
Sl —1)" n+1
nxd =3 (D)% (B2)

n=0 (’I’L+ 1)% '

o0
We then solve for z in term of nA? by substituting z = 3 a,,(nA%)™ and then matching the coefficients of (nA?)!.
m=1
The result is

= nA (AN 4 O((nAD)P). (B3)

%
At high temperatures, one can omit the higher order term in nA? and thus
2z~ n\d, (B4)
It follows that n(p) in the high 7" limit is given by
n(p) = n\le Per. (B5)
Substituting Eq. (B5) into Eq. (24) and then evaluating the momentum integral, we obtain the optical sum,
W

1 a—1
@ = DcanT = (BG)

d—2
where D = (a + QQ(Z_l))F(@—gl) is a constant. This result is valid when nA\? < 1 or n < (%)%
2a

Appendix C: Low Temperature Expansion

We perform the Sommerfeld expansion[29] on Eq. (24) to investigate the low temperature (T' < ep) and high

density behavior of the conductivity sum rule for non-interacting fermions. Using equation n = [ d?p, one can
P<PF

d
relate the density, n, to Fermi momentum, pp, as pr = 2m(< )1/d 1/d where Sq = 1%?;) is a surface area of a unit
2

(d — 1)-sphere. From e, = cp®@, one finds the Fermi energy is given by
d 2

ep = c(2m)2(—) " n i (C1)
P
We solve Eq. (27) for p using the Sommerfeld expansion[29]
[ e HE) ,
2
z/H(s)der(u—sp)H(ep)Jr FH/({:‘F)TQ. (C2)
The result is
72 d T2
p=er— (L -1 (C3)

6 2« Er



In the next step, we use the Sommerfeld expansion on Eq. (24). We substitute the chemical potential (Eq.(C3)) and
Fermi energy (Eq.(C1)) into the resulting expansion. We are then able to rewrite the optical sum at low temperature

as
KQ _ Acn1+2(ad—1) 4B (a — 1)(d + 2(04 — 1))T2 n1_2(ad+1) . (04)

e c
A and B iti iven by A = a(2m)2@D ()27 and B = 22 1 (Sa) 2y 1t i
an are positive constants given by A = a(2m) (g;)" @ an = mm(j) @ . This result is

valid when T' < ep or n > (%)%
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