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Recent photoemission experiments' reveal that the excitations along the nodal region in the
strange metal phase of the cuprates, rather than corresponding to poles in the single-particle Green
function, exhibit power-law scaling as a function of frequency and temperature. Because such
power-law scaling is indicative of a scale-invariant sector, as a first step, we perturbatively evaluate
the electron self-energy due to interactions with scale-invariant unparticles. We focus on a GoW
type diagram with an interaction W mediated by a bosonic scalar unparticle. We find that, in
the high-temperature limit, the imaginary part of the self-energy ImY is linear in temperature. In
the low-temperature limit, ImY exhibits the same power law in both temperature and frequency,
with an exponent that depends on the scaling dimension of an unparticle operator. Such behavior
is qualitatively consistent with the experimental observations. We then expand the unparticle
propagator into coherent and incoherent contributions, and study how the incoherent part violates
the density of states (DOS) and density-density correlation function sum rules (f-sum rule). Such
violations can, in principle, be observed experimentally. Our work indicates that the physical
mechanism for the origin of the power-law scaling is the incoherent background, which is generated

from the Mott-scale physics.

I. INTRODUCTION

Scale invariance is the cornerstone of any infrared the-
ory or physical system in which the physics is controlled
by a critical fixed point. It is surprising then that re-
cent photoemission experiments' on the strange metal
phase of the cuprates indicate that scale invariance is
applicable not just at a single (quantum critical) point,
but over an entire phase. The experiments reveal that
the excitations along the nodal direction are not at all
quasiparticle-like, but rather exhibit a power-law scaling
in which frequency and temperature are interchangeable.
Specifically, they show! that the scattering rates inferred
from the momentum distribution curves (MDCs) along
the nodal direction exhibit a power-law scaling of the
form

((hw)? + (vkpT)*)*

gLL(W) =To+A (hwy)2e1 ) (1)

where wy is a normalization energy scale, and v and \ are
constants. This scaling form of the self-energy is found
to hold over a wide range of dopings — from underdoped
where a < 1/2, to optimal doping where a = 1/2, and to
overdoped with a > 1/2. While scaling has been observed
previously, it was typically associated with just a single
doping level, namely at the optimal concentration®*. It
is the modeling and possible origin of such power-law
scaling over an entire phase that we address here.
Theoretically, mechanisms yielding similar non-Fermi
liquid scalings have been extensively studied®'4. In
a marginal Fermi liquid®, a polarizability proportional
to w/T leads to T-linear resistivity, while a d-wave
Pomeranchuk instability in two dimensions® yields self-
energies with w?/? and T?/® dependence. In addi-
tion, similar behaviors can also be obtained by coupling
quasiparticles with gauge bosons’, Goldstone bosons®,
and critical bosons® near a quantum critical point'®.

Furthermore, strong coupling theories using AdS/CFT
correspondence'!, and Gutzwiller projection in hidden
Fermi liquid theory!'? also exhibit T-linear resistivity. In
particular, the spectral functions calculated within the
AdS/CFT formalism can also exhibit a range of power
law scaling when the scaling dimension of the boundary
fermionic operator is tuned continuously'314.

Here, we consider an alternative approach. Power-law
scaling of a physical property, such as the imaginary part
of the self energy, indicates criticality. Hence, it is reason-
able to posit that a scale-invariant object is involved in
the generation of the power law. In this work, we model
such an object using the idea of unparticles. First pro-
posed by Georgi'® as a low-energy scale-invariant sector
in the standard model, unparticles can be thought of as
a scale-invariant sector that emerges in the infrared (IR)
regime of an effective field theory. In other words, unpar-
ticles arise from integrating out the high energy degrees
of freedom of a generic field theory. In the context of the
cuprates, one of us'® has proposed that unparticle stuff
can describe the pseudogap phase, in which the excita-
tions are not adiabatically connected to Fermi liquids.
Furthermore, the infrared properties of these excitations
must be controlled by a strong coupling critical fixed
point. Hence, an underlying propagator of these excita-
tions can be constructed based on scale invariance, and
the resulting propagator is the unparticle propagator'®.

The unparticle propagators can be modeled within the
continuous mass formalism. If ¢(p, m?) is a scalar prop-
agator with four momentum p and mass squared m?2, the
propagator for the unparticle (G,(p)) can be obtained
as'T18 G (p) = [ dm?(p, m?) F2(m?) with ¢(p, m?) =
m. The function f(m?) is a weighing function
such that the number of fields between m? and m? + dm?
is f(m2?)dm?. If we choose f(m?) = (mQ)(d“_%)/2
where d 4+ 1 is the spacetime dimension and d, is the
scaling dimension of the unparticle operator, we obtain



the unparticle propagator

1
Gu(p) ~ (7p2 — 177)%
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—dy

Alternatively, to construct unparticles, one can start
from the action of a massive scalar field'® and inte-
grate over the mass m? (again assuming a mass distri-
bution) by treating it as an additional coordinate so that
scale invariance is restored. The new action can then
be rewritten into a theory in the anti-de Sitter space-
time (AdS). The resulting two point function obtained
from the AdS/CFT correspondence can be identified as
the unparticle propagator. It is clear from the form of
the unparticle propagator that the exponent % —dy is,
in general, not an integer. This yields branch points at
+k? (instead of poles), indicating that unparticles rep-
resent incoherent electronic states of matter that lack a
“particle-like” character, and are associated with mea-
surable quantities that encompass the physics from both
low and high energy scales.

A question that remains open from this work is how
the unparticle sector interact with the particle sector to
renormalize the quasiparticle weights. Physically, the un-
particle sector should be thought of as the incoherent
part of the spectrum. The question we address here is:
what is the fate of particles in the presence of an inco-
herent sector? This question is of utmost relevance at
present since the experiments indicate that it is the elec-
tron scattering rate that exhibits a power-law scaling.
Ultimately, a secondary question that rises is what role
do unparticle-unparticle interactions play. We postpone
the latter question to a subsequent paper and focus here
on the former to see how close we can come to a descrip-
tion of the power-law liquid with just electron-unparticle
interactions. Consequently, to address the experiments,
we consider the interaction between electrons and the
unparticle sector directly. The quantity we focus on is
a quasiparticle’s lifetime 7, which is proportional to the
imaginary part of electron’s self-energy. In particular,
we want to know how 7 depends on the temperature,
T, and frequency, w, and in what situation 7 exhibits
a power law as a result of interactions with the scale-
invariant sector. We evaluate electron self-energies per-
turbatively using a GoW type diagram in which the in-
teraction W is mediated by the bosonic scalar unparticle
sector. We find that at high temperatures, the quasi-
particle’s lifetime is linear in T as a result of bosonic
excitations of unparticles. In the low-temperature limit,
the electron’s energy dispersion becomes linear in mo-
mentum and thus the scaling analysis can be applied.
The quasiparticle’s lifetime in this case is a power law
of the form 7 ~ T972+2% and 7 ~ |w|972+2% where
1—a = % — d,. To satisfy the unitarity bound'®
dy > (d —1)/2, the only constraint on « is o > 0. How-
ever, in perturbation theory, further constraints arising
from the Matsubara summations and the convergence of
the integrals place « in the interval (3 —d)/2 < o < 1.
Hence, while the current perturbative particle-unparticle

treatment can describe non-trivial power-law behaviour
of the self-energy with respect to temperature and fre-
quency, it cannot access the regime a < (3 — d)/2 where
the current theory gives infrared divergences. Whether
the divergences which arise for o < (3 — d)/2 vanish
when unparticle-unparticle interactions are included will
be explored in a further publication. We then turn our
attention to a problem regarding a violation of a sum
rule when unparticles are present in a system. In this
discussion, instead of using the bosonic unparticles, we
use a fermionic propagator with a fractional power, since
the results obtained can be readily compared with known
standard sum rules. We expand the propagator into co-
herent and incoherent contributions, and study how the
incoherent part violates the density of states (DOS) and
density-density correlation function sum rules.

II. ELECTRON-UNPARTICLE

We investigate a system consisting of electrons that
interact with a scale invariant sector. We model such
a scale invariant sector by a bosonic scalar unparticle
with a momentum cutoff A. The cutoff signifies that the
unparticle is an effective infrared description of some high
energy model. The interaction between an electron and
an unparticle is chosen to be a constant Yukawa coupling,
u. The action of the model we consider in Matsubara-
Fourier space is given by

A
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where ¢ is a bosonic unparticle and 1) is a non-relativistic
electron field. Here, G, is the unparticle propagator,
G, is the non-interacting electron propagator, 1" denotes
the temperature, and the subscripts of the fields and the
propagators denote the dependence on Matsubara fre-
quency. The bosonic unparticle propagator is given by

1

Gum(p) = Wa (4)
where « is related to d and d,, by 1 —a = % —d,, and
Ly is a quantity with units of energy. Since the spec-
tral function calculated from G, is gapped between —Ep,
and E, (Fig. 1), Ep can be interpreted as the minimum
energy required to excite an unparticle of momentum p.
We choose Ep, to have a form Ep, = |plv = pv in order
for GG,, to be scale covariant. Here, v is a dimensionless
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FIG. 1. The spectral function of unparticles when 0 < a < 1.

constant. If &« =0, G, turns into a propagator of a free
scalar field. The electron propagator G, is given by

1

Gen(q) = PR (5)
n~&q

where e, = % — p and pu = €y is the chemical potential
which we assume to be temperature independent.

We want to point out that the system of electrons
and unparticles we consider here resembles the stan-
dard electron-phonon system modeled by the Frohlich
Hamiltonian?®, but with key differences. In contrast to
the phonon being a quanta of lattice vibration, the unpar-
ticle in our model is an effective scale invariant object of
some high energy model, such as the Mott physics in the
Hubbard model. It is the lack of the quanta concept be-

J

ing relevant to unpartices that is the origin of the branch-
cut behavior of the unparticle propagator. Nonetheless,
as with phonons, unparticle stuff exists only up to A in
the same way that phonon has a momentum cutoff ~ 1/a
with a being a lattice spacing.

pP+q, wptwy,

FIG. 2. The Feynman diagram for the electron’s self-energy.
The solid line represents an electron propagator. The dashed
line represents an unparticle propagator.

We are interested in the quasiparticle’s lifetime 7 which
is given by 7 = —%ImE, where ¥ is the electron’s self-
energy. The expression for the electron self-energy at the
lowest order (Fig. 2) as a function of fermionic Matsub-
ara frequency w, and momentum ¢ can be written as

d
@) = [ TS G006+ 9.6

We perform the summation over the bosonic Matsubara
frequency w,, using the standard contour integral tech-
nique (see Appendix A). We then perform an analytic
continuation, iw, — w 4+ 7, to obtain the retarded self-
energy. The self-energy in the case of 0 < @ < 1 is

S(w, q) = _uz/ (ddp 9r(ep+q)

2“)(1 (_5p+q + Ep +w+ in)l’“(€p+q + Ep —w — in)l—«

sin(ra) , [ dip T 95(2) 1 3 1
L “/@mﬁ/“@+amawama(@+wwneM@ @wm+%ﬂ0””
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where gp(z) = Ltanh(Z%) is a fermionic factor and

gp(z) = %coth(%) is a bosonic factor obtained from
converting the summation to the contour integral. Here,
the phase angle needed when one evaluates the power
1 — « in the first term is in the range —7 < 0 < w. We
denote the first term by ¥ and the second term by X
since their integrands contain the fermionic and bosonic
factors. We are interested in the behavior of the imagi-
nary part of this self-energy as a function of temperature
and frequency.

A. Behavior of ImX(7T)

We now turn to the evaluation of the relevant terms.

When T > |epiq|, We have gr(eptq) = %tanhﬁ‘gp’% ~

ﬁeﬁ’%. Hence, the first term in Eq. 7, ¥, goes like O(%)
Taking the imaginary part of the second term in Eq. 7
and then integrating over z using the delta functions, one
obtains



Im ¥p(w,q) = —Sin(ﬁa)u2/ ) (@(—w + €ptq — Ep)(

+O(w —eptq —

In the high-temperature limit, gg(z) can be expanded
as gp(z) = %tanh% — é + O(Bz). So when T >
leptq — w|, InXp(w,q) = —Cu’T + O(+) where C is a
temperature-independent constant. Consequently, in the
high-temperature limit, one has

ImY =ImXpr +Im¥Xp o< —T. (9)

Since we do not explicitly use the form E, = pv in the
above argument, this result also holds for any form of
Ey, provided the integral in Eq. 8 converges.

9B(—w + €p+q)
—W+Eptq+t Ep)*(—w+epiq —

98(w — €ptq) ) .

Ep)®

Ep)

(8)

(w—éptq+ Ep)*(w —eprq — Ep)®

For the low-temperature case, we consider only the
electrons on the Fermi surface (@ = qy) with w = 0.
In this case, the expression ep4q simplifies to ep1q =

i —+E24. If the momentum cutoff A is much smaller than

qs, it Should be reasonable to omit the term 2” in eptq-
From Eq. 7, we separate the temperature dependent
parts using gp(z) =1 —np(2) and gp(z) = 1 +np(z)
where nrp and np are the Fermi and Bose distributions,
respectively. We drop the % 5 terms from g and gp, since
we are only interested in the temperature dependence
of ¥. Performing the change of variables z — pz’ and
p — pT', one obtains

AT
E:usz*”Qa/ dp p2+2a 1
Pa
EmT DT o i) (B v i)
A/T o
sin(ma) 2d—2+2a / 72+2a/dzl
™ e;DZ — (

where p denotes a unit vector in the direction of p. Upon
taking the limit 7" — 0, i.e. T < vA, the upper limit of
the momentum integral can be taken to co provided that
there is no infrared divergence from the integrals over p.
By counting the powers of p, one needs d — 3 4+ 2a > 0,
i,e. >0 ford=3and a > 0.5 for d = 2. Therefore,
one has

ImY oc —74-2+2e (11)
at low temperatures. If the coupling constant u depends
on momentum p, the criterion for the absence of the in-
frared divergence and the scaling of Im¥. will be different.
A more in-depth analysis for the d = 3 case in Appendix
B shows that when % < gy —mv and mv < gy the term

% in £p4q contributes to ImY as O(T4~1+2%), This re-

sults justifies our omission of the % term in the scaling
analysis above. The same argument used in Appendix B
cannot be applied to the d = 2 case. Nevertheless, the
numerical results below indicate that Eq. 11 still holds
for the case d = 2 and « > 0.5 (see Fig. 4).

We numerically evaluate the imaginary part of the self-
energy as a function of temperature using Eq. B11 for
d = 3 and Eq. B20 for d = 2. Here we use A = m,

1 1 1
2 +o)lmo(z —v)l-e <(z’+zn qu) - (Z’*Z‘nJrﬁ.%)

= v2m, and v = 0.4. With these parameters, the
conditions % < qf —mv and mv < gy are satisfied. The
results for the o = 0.8 case are shown in Figs. 3(a) and
3(b). We find that, for both the d = 3 and d = 2 cases,
Im3 depends linearly on temperature at large 7. At low
T, ImY¥ exhibits a power law ~ T". The exponent n
follows Eq. 11 for d = 3 when 0 < o < 1, and for d = 2
when 0.5 < a < 1 as shown in Fig. 4.

B. Behavior of ImX(w)

We numerically study ImX(w) (see Appendix C). We
work in d = 3 and use the same parameters as in Sect.
ITA,ie. A=m, qg=gq; = V2m, and v = 0.4. The
results are displayed in Fig. 5(a) for the low-temperature
case, and in Fig. 5(b) for the high-temperature case. We
find that, in the low-temperature case, Im¥(w) exhibits
a power law at low frequencies. This power law has the
form

Im> ~ |w|d—2+2a

(12)

as shown in Fig. 6.



0
2y 10 ~T
=
' 1010 ~T 28
100
107 10° 10°
T
(a) d=3 and a =0.8
10°
0 ~T
oy 10
=
" 107 1.6
10710
107 10° 10°
T

(b) d=2and a« =0.8

FIG. 3. Log-log plots of the imaginary part of the self-energy
as a function of temperature.

C. Discussion

We find that, at high temperatures, the imaginary part
of the electron’s self-energy depends linearly on tempera-
ture. The linear T behavior is a common feature in a sys-
tem of fermions interacting with bosons. One well-known
example is an electron-phonon system in metals?’. In the
context of unparticles, this result is somewhat surprising
as there is no concept of quantization. Mathematically,
the origin of the T-linear behavior seems to arise from
the summation over the bosonic Matsubara frequency in
a self-energy diagram (Fig. 2) which yields the Bose fac-
tor gp = 3 coth(5%). Since the leading term in the large
T expansion of gp is proportional of T, the imaginary
part of the self-energy is also linear in 7T'.

At low temperatures, ImY. of the electron on the
Fermi surface exhibits a fractional power law of the form
T9=2+22 and |w|?9=2+2% in qualitative agreement with
the experiments'. This power law behavior occurs be-
cause the excitation energy of electrons close to the Fermi
surface becomes linear in momentum i.e. €p1q, o< p. One
can see this by noting that when the momentum cutoff A

2.5
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FIG. 4. Plots of Im¥’s temperature power law exponent n
vs. « at low temperatures. Squares and circles correspond to
the exponents obtained by fitting the low T' parts of ImX to
power law in d = 3 and d = 2, respectively. Black lines are
the plots of n = d — 2 + 2a.

of the unparticles is much smaller than the Fermi momen-
tum, it is reasonable to drop the p?/2m term in Epta;
For the d = 3 case, we give a precise argument that jus-
tifies the omission of the p? term in Appendix B. The
scaling obtained for ImY by using ep4q, o p is oc T2«
and the error from neglecting the p? term in Ep+qy 18
O(T?*2%), As a result, the error is much smaller than
ImY in the low-temperature limit. Hence, epq, is linear
in p. We are not able to use the same argument to show
the analogous result for d = 2, but the direct numerical
integration reveals that Im¥ oc 72¢. This indicates that
for the d = 2 case, epyq, is also linear in p. One thing
to note is that the fractional power law comes directly
from the anomalous scale, «, in the unparticle propaga-
tor. The presence of the two branch cuts does not play
a major role in determining the low-temperature power
law of Im>. This gives us a hint that, to obtain a power
law, we can consider a model in which the anomalous
scale appears in the coupling constant i.e. u o p® and
the bosonic unparticle is replaced by a gapless bosonic
particle. However, such an unconventional model would
require further motivation for a detailed study.

While we have so far studied only the first-order cor-
rection to the self energy, it is possible to also perform
the perturbative expansion to higher orders if the fol-
lowing two conditions aure3 s?l,tisﬁed. First, the exponent

a must be greater than 5% to ensure the convergence

of the integral. When a < %, there is an infrared
divergence arising from the Bose distribution at zero en-
ergy. Second, the coupling constant, u, must be small.
The stronger condition can be found by deriving the ana-

logue of Migdal’s theorem?! for our model. We find that
2pd=2 Ay~ 142

the combination —2f must be small. Here

v
vy = py/m is the Fermi velocity. To derive this result,
we need the unparticle propagator G, (w,p) to fall off to
zero quickly when w > Ej. Hence, the stronger condi-
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FIG. 5. Plots of the imaginary part of the self-energy as a
function of frequency in the case a = 0.7 and d = 3.

tion from Migdal’s theorem of this system becomes less
valid when « is close to 1. Still, the weaker condition is
sufficient for the validity of the perturbation theory. We
also note that, in our system, the unparticle energy scale
A serves as a natural high energy (UV) regulator of this
system. This A is analogous to the Debye energy in an
electron-phonon system.

III. SUM RULES

In this section, we study the effect of the fractional di-
mension in the propagator on the widely used sum rules.
The simplest and most common of these is the spectral or
the density of states (DOS) sum rule involving the imag-
inary part of the electron Green function with excitation
energy wo and lifetime 7 given as

w
1
. / Im (1> dw = 2 arctan (WT) y (13)
W w—wo + 1T

where W is the bandwidth of the electrons in the Fermi
sea. In the limit when the excitations are well defined
(i.e. when Wr — o0), we obtain the DOS sum rule
where the above integral in Eq. 13 sums to 7. The DOS
sum rule basically states that the quasiparticle spectral

O positive w
0 negative w

0.4 0.6 0.8 1
o

FIG. 6. Plot of ImX’s frequency power law exponent n vs. «
at low frequency and temperature (7' = 0.01m). The spatial
dimension in this case is d = 3. Squares (Circles) correspond
to exponents obtained by fitting the positive (negative) w part
of ImX¥ to a power law. The black line is the plot of n =
d— 2+ 2a.

weight, measured, for example, in photoemission or in-
verse photoemission experiments, is conserved when in-
tegrated over all energy scales. To examine the effect of a
fractional energy denominator has on the DOS sum rule,
we make the substitution

1 1

(W —wp +ir~1)l-a’ (14)

w—wy +it1

Note that this propagator represents a general fermion,
and is not obtained from the one-loop calculation in Sec.
II. The new integral, I, we wish to evaluate takes the

form

w Tlfa

I= —/ Im - dw. (15)
—w (WT — wor + )17«

One could, in principle, be more general by adding a mo-
mentum dependence in the place of a constant excitation
energy, which is usually the case. However, it is suffi-
cient to assume it to be a constant in order to extract
the singular behavior in Wr that we anticipate due to
the fractional dimension. If we define wr = t, woT = tg
and Wt = k and take the limit wy < W, we find that

K T_a

1= —/ Im [1] dt. (16)

& (t+i)t=
To see the effect of a nonzero but small «, we can perform
a Taylor expansion of the propagator about a = 0 to

obtain

1 1

(t+i)l—o " it

log(i + t)
1+t

+0(a?). (17)

The first and second terms are the “coherent” and “in-
coherent” contributions to the Green function, respec-
tively. The decoherence in the problem due to a branch
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FIG. 7. (Left) Plot of the imaginary part of the fermionic
density-density correlation function (Lindhard type) as a
function of the transferred frequency w for various values of
a. The plots are shown for |g| = 0.5/ks|. (Right) Violation
of the sum rule integral S as a function of the anomalous di-
mension «. The dashed line shows the o = 0 value (ng?/m),
the enclosed area between the red points and the dashed line
shows the deviation from this value. The energy cut-off is
fixed at “;Cf =2

2

cut is now completely transferred into a logarithm in the
second term. As a result of this separation, any measur-
able quantity or correlation function will have contribu-
tions from pure coherent and incoherent terms, as well
as mixed contributions that come from cross terms. As
expected and as will be seen, any violation to the DOS
or f-sum rule must come from the incoherent part of the
Green function. To finish the evaluation of the integral I,
we need the imaginary part of the Green function which
is given by

tm [(t + 1)1_(1

1
~— 1
} 1+¢2 (18)
arg(i +1t) log(l+ t2)
1+ 2(1 + 2)

+0(a?).

+a {t

The t integral can now be performed to obtain

] dt =77 (1 + alogk) + O(a?).

(19)
Thus, in the limit of a sharp quasiparticle peak and small
a, the correction due to a fractional energy dimension
in the Green function is proportional to o and diverges
logarithmically.
We will now numerically evaluate the sum rule viola-
tion for the density-density correlation function (f-sum
rule) which is traditionally given as

-1 [" T
- m | ———
B (e

_2 o
S = 7/ wdwx(w,q) = L, (20)
O m

™

where n is the electron density, ¢ is the absolute value
of q, and m is the electron mass. Physically, Eq. 20
says that the total electron density contributing to the
density response in a certain energy window is given by
the area under the curve of the experimentally measured
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FIG. 8. Dependence of the sum rule integral S on the energy
cut-off 2“;3 . The value of the anomalous dimension parameter

is fixed at « = 0.09.

density-density correlation function in that energy win-
dow. Similar sum rules can be formulated for the opti-
cal conductivity or the dielectric response where one can
equivalently estimate the charge density. Such a counting
procedure of the particle or charge density forms a con-
sequence of the single particle description of a response
system. However, there is no reason to expect that such a
counting procedure should continue to hold in the pres-
ence of interactions. To test this conjecture, we artifi-
cially introduce a fractional dimension to the fermionic
Matsubara Green function

1 1

ion —e(K)  (iom —e(k))ia’

(21)

where w,, are the fermionic Matsubara frequencies, (k)
is the electron band energy with a Fermi energy ey
(and momentum ky), and « is the fractional dimension.
Although the form of the above substitution is not
strictly that of a scale-invariant fermionic unparticle,
it gives us a flavor of the sum rule violation. The
breakdown of the f-sum rule for different values of the
fractional dimension « is shown numerically in Fig. 7.
The left panel shows the characteristic shark-fin shaped
Lindhard response obtained for ¢/k; = 0.5 and different
values of a. Clearly, there is a high energy tail that
develops with nonzero values of a. The right panel
shows the sum S with the energy cutoff fixed at w. = 4ey
and |q| = 0.5k| with the dashed line showing the value
evaluated at @ = 0. The shaded region quantifies the
deviation from the a = 0 value with the deviation being
linearly proportional to «, just like in the case for the
DOS scenario. The sum rule violation due to the cutoff
dependence (see Fig. 8), on the other hand, deviates
faster than the DOS case where the dependence on the
energy cutoff was logarithmic.



IV. CONCLUSION the most natural prescription to derive a useful sum rule
as the necessary route to obtaining a fractional dimension

in the Green function involves fractional calculus?? 25,
We have studied the interaction of a scale-invariant Because mass is energy, integrating over mass is
sector with electron quasiparticles, and found that it is  equivalent to integrating over all energy scales. In doped
the bosonic character of scalar unparticles that gives rise ~ Mott insulators, removing a single hole?®27 leads to
to the linear 7' in ImY at high temperatures. At low  spectral weight transfer over all energy scales. This
temperatures, the electrons on the Fermi surface become  gives rise to an incoherent background in the electron
scale-covariant with z = 1. One can then simply use  spectral function. Unparticles are an attempt to model

the scaling analysis to show that Im¥ oc T79-2t2@ Sim-  such incoherence, and the continuous mass formalism is
ilar results hold also for the frequency dependence, as  designed to capture this aspect of Mott physics. That
indicative of the power-law liquid seen experimentally!.  unparticles effectively give rise to power-law contribu-
It would be interesting to see how the result we find here ~ tions to the electron self-energy points to a possible
translate into a temperature dependence of an electri-  physical mechanism underlying power-law liquids'.

cal resistivity, p, which is proportional to the relaxation

time, 7,;. Acknowledgements We thank the NSF DMR-1461952
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The logarithmic divergence in the spectral sum rule is the Department of Physics at the University of Illinois
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a result of the anomalous dimension, go to infinity, giving nology, Royal Thai Government. ZL is supported by a
rise to divergent integrals if a high energy cutoff is not  scholarship from the Agency of Science, Technology and
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may need to define a “fractional” energy integral which for Emergent Superconductivity, a DOE Energy Frontier
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Appendix A: Calculation of the Electron-Unparticle Self Energy

The summation over w, in Eq. 6 can be converted into a contour integral:

d z z
Sua@ = [ 55 [ 5 o0t2) (A1)

2mi (B2 — 22)1=%(2 +iwp — €piq)

where gp(z) = %coth % is a bosonic pole function and the contour C' is shown in Fig. 9.

z

Eptqgml@y
V|4 °

FIG. 9. The contour C of the integral over z in Eq. Al. A solid dot represents a first order pole. A dotted line represents a
branch cut.

gim(l=a)
)1—a(Z+Ep)1—a .
proper Riemann surface. Such choices must satisfy the condition that upon performing the residue integral over

pim(1—a)
By e (i Ep)Ta The

It is tempting to rewrite the term (Ez_;Z)l,a as =g To do this properly, we need to choose a
P P

m

the poles along the imaginary axis the integral [ dz is real and is equal to T'>_ o
C m

1

_;’_Eg)l—a .
following choice of Riemann surface satisfies the above condition. The base of the term (z — Ep)' ™ is chosen to have
its phase angle in the range 0 < 6; < 27w whereas the base of the term (z 4+ Ep)' ™% is chosen to have its phase angle



in the range —m < 0y < 7. Performing residue integrals along the imaginary axis in Eq. Al leads to substituting
Z = iwy, into the terms (z — Ep)' ™ and (2 + Ep)'~®. The results are

(z+ Ep)t—e = liwm — Ep|'~* exp(i(m — arctan(“2))(1 — o))
Z2=1Wm P

(z— Ep)t™® = |iwm + Ep|"™* exp(i arctan(%—m)(l —a)).
Z2=1Wm P

im(l—a) eim(1—a)

e _ 1 : 1 _ :
= @Iy and so we can rewrite 2T F = (B e Ey)Tw in

T=a(z+Ep)l—@

Consequently, E=yom)
P

Z=1Wm

Eq. Al. By deforming the contour to a circle of large radius R, we find that there are four contributions to the self
energy:
Y=3%r+Xp+Z+ 2k (A2)

Y comes from the pole at z = ep4q — iw,. X p comes from the two branch cuts. X, comes from the small circles of
radius € around the two branch points at +FE}. Finally, ¥ comes form the large circle of radius R. We discuss these
four terms below.

1. 2p

Calculating the residue of Eq. Al at z = epyq — iwy, We obtain

; dp gr(ep+a)
N — _im(l-a) 2/ p+q A3
Fnld) ‘ ! (27)? (ep+q — Ep — iwn)! ¥ (ep4q + Bp — iwp )17 (43)
Here we use
-(2n—1)7
1 Bz +i=5>=) 1
9Bz +iwy,) = 2coth(25) = itanh% = gr(2). (A4)

to simplify the result. Note that the phase angle of the term ep4q — Ep — iw, when raise to the power 1 — o is
defined in the range 0 < #; < 2m. We can covert the phase angle to be —7 < 6y < m by (ep+q — Ep — z‘c‘Jn)1*Q|91 —

e =N e (e q — Fp — iwn)]l_“|02. Here :1:1_"“9‘ means computing !~ with the definition of ;. Changing the
definition to #, X becomes

d%p gr(€p+q)
o _ / p+q ) A5
F, (q) U (271.)11 (_5p+q + Ep + iwn)lia(&?p%»q + Ep - iwn)lia ( )

2. Y¥p

We can rewrite this contribution to the self energy as discontinuities across the two branch cuts as

. dip [ dz gs(2) 1 ! !
Y, = ¢im( O‘)UZ/ / by i ( - >
B, L(q) (27T)d 271 (Z + iw, — Ep+q) (z + Ep)l—a (z"" — Ep)l—a (z_ — Ep)l—a

e+Ep
J —e—FEp
+ei7r(17a)u2/ d p / ﬁ gB(Z) 1 1 _ 1
(2m)? 2mi (2 +iwn — €ptq) (2 — Ep)' 7 \ (21 + Ep)' = (27 + Ep)' @
(A6)
where z* = z 4 i7. Using definitions of the phase angles, §; and 6o, we define above, the discontinuities are given by
1 1 _ 2isin(ra)e” (1)
(=7 —Ep)= (e —Ep)t= [z Ep['®
1 1 2i sin(ma)

(z+ _|_Ep)1—a o (z— +E‘p)1—a - *|Z+EP|1—Q'
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Substituting them into X5, we obtain

_sin(ra) , [ dop T 1 95(2) 95(—2)
ZB’n(q) o m “ / (271')d +é * (Z + Ep)lia(z - Ep)lia ((Z + iwpn, — 5P+q) " (Z — iwn + 5p+q)). (A7)

3. X

For the integral around the branch point at z = Ep, we let z = Ep + ee’? with 0 < @ < 27 and for the integral
around the branch point at z = —Ep,, we let 2 = —FEp + ee’? with —7 < @ < . The result is

27 . .
) (Q) — —6(16”(170‘)@62 / ddp / ﬁ emtegB(Ep + 6616)
on (2m)d | 21 (2Ep + ee??)1=2(Ep + iwy, — €pyq + €€*9)
0
d, f iab i0
—eeim(l=a)y2 / d’p / 9 © 95(~Ep + ce”) — (A8)
(2m)d | 27 (—2Ep + ee??)1=(—Ep + iw,, — €ptq + €€')

—T

This means liII(l) Yen(q) =0 when a > 0.
e—

4. Xgr

For the contribution from the large circle at radius R, we let z = Re?®. One has

2m

YR (Q) = ei”(l—o‘)u2/ ddp /ﬁ ReiegB (Reie)
" (2m)d ) 27 (Re' + Ep)'=(Re? — Ep)'=*(Re? + iwy, — €piq)

In the limit of large R, we have

27

(- dp do ;
Sl ~ A0 [ [ Egn(ret) (49)
0

This means lim Y¥pg ,(q) =0 when o < 1.
R—o0

5. Total

By restricting the exponent « to be in the range 0 < o < 1, the terms ¥, and X i can be omitted. Combining >
and X from subsections A 1 and A 2 and then performing analytic continuation iw,, — w + in, one obtains the result

dd
S(w,q) = —u? / L .gﬁ(_if*“) ——
(2m)? (—eptq + Ep +w +1in) (eptq + Ep —w —in)

sin(;ra)ug / (;eri))d /dz (= + Ep)lgi((z)— Ep)t-e <(z +tw+t 2'177 ~epta)  (z-w-— 2'177 + 6p+q)>'

P

(A10)

Appendix B: Scaling of the Imaginary Part of the Self Energy at Low Temperature

In this section, we analyze Eq. Al0 at low temperature. We work with electrons on the Fermi surface (q = qy)
and w = 0 in d = 3 spatial dimensions.
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1. ¥p

We start by considering X5 (the second term of Eq. A10). Using the identity Flm = P(L) F iné(x) and taking

the imaginary part yields

A 1 00
2 2
Im Yp(w,q) = — sin(ra u2/dp/dx/dzz+E gB((ZiE)la(é(z—i—w—;n—pqﬁj:—;n—&—sf)
0 1 Ep P
> ez ¢
+5(z—w+2++2+€f)> (B1)

where P denotes the principal part of the Cauchy principal integral. Here we let x = cos#. Since the range of x is
from —1 to 1, the integral of the two delta functions over x yields two Heaviside functions,

P ¢ P ¢
Moq -y, 1T @1—— . B2
" ( o |z 5 " o +sf+w\)+ ( \z+2 +2 ef —wl). (B2)

They put restrictions on the range of the integral over z. The imaginary part of Xp is now

o0

sin(m mu2 pr() p° ¢
I Sp(w, q) =~ 5 /dp/dzzw o(z E)l‘“(( R e IR )
0 Ep
o -TEe E L ). B3
pqz om T om ST UV)

We substitute Ep, = pv, q = qy, and w = 0 into the above equation, and then perform a change of variable z — p(z+v).
The result is

A [e's)
: 2
Im ¥p(w =0,qy) :—Sm( ) mu /dp/dz p(z +v)) (Q(Q(f—mz—i—v—p)
o0

z+2v 1 ayl-a 2m
+0(qp —mlz + v+ ) (B4)
2m

In the case of small momentum cutoff % < %f — v and small velocity v < %f, the range of the z-integral is given by

oo (g —mu+-5) m (gp —mv—1%)
p p
- P - P : B
/dZ(@(Qf m|z +v 2m|) +0O(gr —m|z+v+ 2m|)) — / dz + / dz (B5)
0 0

Thus, the imaginary part of X g is

L (qr—mv+3) L (qs—mv—3)

m " _sin(ra) mu? 4 ) . P22 gp(p(z +v))
Im Sp(w=0,q;) = O/dp( / iz + / d) B . (B

471'2 q5 (z + 20)l-azl-a

2. X¥f

We now turn to the fermionic part of the self energy (the first term of Eq. A10). For o < 1 and n — 0%, we have

1 1
(w£im)t= |zl

Applying these identities, one can show that Im¥p is given by
d? £
Im¥p(w,q) = — sin(ﬂa)UQ/ (2;;11 | — epiq + Ep +i}(|j1(z+;£+q + Ep —w|l-@

X(O(—€p+q + Ep + w)O(—epiq — Ep +w) — O(eptq + Ep —w)O(eptq — Ep —w)).

(B8)

((O(z) — ©(—x) cosma)) FiO(—x) sin wav). (B7)
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We set d =3, ¢ = qy, w= 0, and E, = pv. The result is

A 1 2
: 2 p pas
~ 4
Im Xp(w=0,qy) :—7511(7;a)u2/dp/dx 2 quxp 9F(21nj pzm )qux 1
™ b I am - S el gy + S e
2 2 2 2
4 bgyx p bgyx p pgsx p pgrx
x(O(— ——— 4+ )0 (—— — —=— —pv) — O(+— + —— + pv)O(— + —— —pv)).
(O(=5 - == —+)O(—5— == = —pv) = O(5 — + == +pv)0(5 ~ + = = —pv))
(B9)
The first term restricts = to be —1 < = < %(—% — v). With the assumptions that v < %f and % < gy — mv,
we find %(—% —v) > —1 for the whole range of p. As a result, the integration limits of the first term become
Ofdp fl dz. The second term restricts x to be %(—% +v) <z < 1. With the assumptions that v < %f and
% < gy —mw, we find -1 < %(fﬁ + v) < 1 for the whole range of p. As a result, the integration limits of the
A 1
second term become [ dp Ik dz. The imaginary part of X is now
0 Fr(=F+mv)
¥
1 ¥

A 1 2
. 2 P pgsz
7+7
Im Zp(w:(),qf):—sm(wa)ug/dp( / dx — / dac>| = P"9r (G )
0

472 p? _ pas 1—a|P% | PUT 1—
" -1 1 (2 mo) 5 o T pvlTolen + 5 ol
af 2
2 i o %m-’_q*{ 2 /
i (e
_ _5111(7?2&) mu /dp( / da’ — dx,) : P 1795(;?1; ) _
4m qar |z — v[' =z’ + v
0 2 _4r v
5 A — gk Lotk ) /
i «
_ _5111(7"2&) mu /dp( _ / da — dm’) : D 1€F(]?m ) _
4 qr ) |z" — vz 4 vl
v v
ay af

m

_ sin(ra) mu? /A dp( o ) / dz) P**gr (p(z + v)) (B10)

An? gy 2l (z 4 20)t-a’

0 0

On the first line, we make a change of variable 2’ = - + % and, on the first integral of the second line, we let

2 — —2'. Finally, we make a shift ' — z = 2/ — v on the third line.

3. Total

Combing ImY r and ImX 5, one has

|
ks
+
S
ey
|
<
ke
+
s
i
|
<

)
3
3
3

—

d2>p2a g5(p(z +v)) — gr(p(z +v))

A
sin(ma) mu?
0 0

2

|
ks
+
N
|
S
ke
4+ o
15

m n Y

_sin(ra) mu? jdp( / s / dz>p2an3<p<z+v>>+nF<p<z+v>> (B1)

N
3
N
3

2= (z + 20)1—«
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Here we use the identities gp(2) = 3 + np(z) and gp(z) = 3 — np(z). We split the limits of the integrals as follows:

Karmot®)  harm) bg-mtd)
dz — / +
0 w (ap—mv)
m(ar—mv—%) w(gg—mv)  E(gz—mv—5)
dz — / + / . (B12)
0 0 (g5 —mv)

The imaginary part of ¥ is now given by

A m(gg—mo)
sin(mwa) mu? 2Bz +v)) +np(p(z+v
T L LTy P )

0
Lag-mo+$)

A
_ sin(m a) mu? 2Bz +v)) +nr(p(z +v))
0/ dp( dzp

47r2 qf ) ) Zl=o(z + 20)l-
ﬁ qf—muv

(g —mv—%)

+ / dzp

2a’rlB(p(Z+’U))JrnF<p(Z+v)))' (B13)

Z1=e(z 4 2v)l-e
 (ap—mwv)

The second term is much smaller than the first term at low temperatures. We will justify that this is the case below.
Dropping the second term, one finds

(g5 —mv)

A
I 3(7) = - S / dapra BB+ ) + 0p (o +0)

B14
271'2 (z + 2v)l-azl-e (BL4)

Making a change of variables p = Tz /v, one obtains

vA/T A (qp—mv)

sin(ma) mu? o, / / 22 < 1 1 )
Im X(T) = — —T d d z + Z .(B15
m ( ) 2’/T2 qf'l)d i Z(% + 2)17Q(%)17Q (€$(F+1) _ 1) (ew(;+l) + 1) ( )

In the limit 7" < vA, if the integral over x converges when the upper limit is replaced by oo, we have
Im %(T) = —Cyu?*T' 2 (B16)

where C is a constant. The error of dropping the second term in Eq. B13 is bounded by

A
|AImE(T)| Sln 2 /dpp1+2a< nB(Wf) +n ?f) nB(p(qu — ﬁ» + nF(p(% — ﬁ)) ) (B17)
= o Eroe T = (e g v )
Making a change of variables p = "gx in the first term and p = ((Zfz 3 in the second term, we get
2
afA
sin(ma) (gr)2t2e T 1
AImS (T < 2T2+2a : qf / 1+20¢
[AImEp(T)] < u Sn2q; \ (T 1 o)l-a(Z —1+ew+1)
0
(a-4)a
( mA )2+20¢ fi 1 1
9f ~ 3m 1+2«
d -
T B e Ay / R e””+1)>
0

(B18)
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In the small 7" limit, i.e. T < % and T' < (4 — A)A, we find that
|AImY(T)| < CouT?H2 (B19)

where Cy is a constant. Hence, |[ImX| > |AImY|. This result justifies the omission of the second term in Eq. B13 at
low temperatures.
The analogous expression to Eq. B11 in the d = 2 case is

A 2m W
IS = 0, qy) = — Sre) mu? /dp< / . a1 np(p(z + ) + npp(z +v))
’ B 2 m -« 11—«
2 gy ) ) I B tot &) A=z + 2v)
2€n+377v
N / & p*! np(p(z +v)) +nF(p(Z+U)))'
J \/1— Z‘—;(z—&-v— )2 Z1%(z 4 2v)t

(B20)

1
\/ 7%(%@1;”)2

to show that ImY oc —72* at low temperatures.

Because of the factors in the integrands, the argument we used in the d = 3 case cannot be applied

Appendix C: Calculation of Im¥(w)

In section IIB, we numerically study Im¥(w) at fixed T" using the sum of Eq. B3 and the imaginary part of Eq.
A5. We find that if we simply perform the integral over z in Eq. B3 with lower limit 2 = Ep, Im} becomes positive
when w = 0 and T is close to zero (ImY is negative at finite frequencies and higher temperatures as it should be). To
resolve this issue, it is necessary to keep € in Appendix A 3 finite and small. This means that the lower limit of the
integral over z is changed to € + Ep instead of E,. The term ¥, (Eq. A8) which we dropped upon taking the limit
e — 0 is also included.
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