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w/T scaling and IR/UV-mixing in Ising-nematic quantum critical metals
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The instability of a Fermi surface against Ising nematic order destroys the quasiparticle character
of the low-energy degrees of freedom. Therefore, observables exhibit deviations from Fermi liquid
behavior which gives rise to the term Ising nematic quantum critical metal. To obtain a theoretical
description we use a finite-temperature version of Eliashberg theory which allows to treat the strong
coupling between quantum and thermal fluctuations in the absence of well-defined quasiparticles.
Here, we use this self-consistent, diagrammatic approach to compute, in particular, the nematic
susceptibility and the non-Fermi liquid correlations. Upon decreasing the temperature, the sus-
ceptibility crosses over from a (T'logT)™' to T~2/3 behavior, which is induced by the absence of
quasiparticles and restores the Ising nematic critical scaling. Correspondingly, the fermions obey a
simple w/T scaling law at low enough temperatures. However, this regime is characterized by strong
IR-UV mixing since the proportionality factors exhibit a dependence on the spectral width of the
non-quasiparticle excitations and on the underlying lattice. Tuning the parameters of the model,
therefore, gives rise to several scenarios for the breakdown of the scaling theory. We discuss them
within the Eliashberg approach and estimate the related crossover scales. We also show that the
leading order vertex corrections do not change the scaling with temperature or coupling constants.

I. INTRODUCTION

Nematic correlations have been observed in a variety
of strongly correlated electron systems like underdoped
cuprates [1-6] or iron-based compounds [7-14]. These ne-
matic signatures [15-17] are associated with a quantum
critical point [18] (QCP). In particular, the coupling be-
tween the low-energy Fermions to the critical modes close
to a QCP is a standard route to the creation of a non-
Fermi liquid state [19] (non-FL) which is characterized
by the absence of well-defined quasiparticles (qp).

In this work we consider the Ising nematic model [20]
(INM) in d = 2 that describes the coupling of the Fermi
surface (FS) to an Ising order parameter which gives
rise to a QCP accompanied by the reduction of the ro-
tational symmetry of the electronic system from Cjy to
C5. While first studied within the Hertz-Millis-Moriya
framework [21-23] for Bose-Fermi-models it turned out
that the underlying effective bosonic action contains an
infinite set of highly singular, nonlocal terms [24-26].
Therefore, various methods and expansion schemes have
been devised to treat the bosonic and fermionic sectors
of the INM and the very related problem of a FS cou-
pled to an U(1) gauge field on equal footing, in order
to access the low-energy physics down to the ground
state in a controlled way [24-48]. An essential ingre-
dient are Landau overdamped Boson that gives rise to
the dynamical critical exponent z = 3 in Hertz-Millis
theory. The Fermions, on the other hand, acquire in
the ground state a self-energy that is non-analytic in the
low energy regime with branch cuts rather than poles,
which manifests the non-qp character of the excitations.
For instance, at one loop one obtains the self-energies
Yp(p,wp) ~ wp/p and Tp(kp,wy) ~ wlll(13|wk|2/3 where
kr denotes a momentum on the FS. However, it turns
out that these expressions also solve the corresponding
self-consistent theory [49], which is called Eliashberg the-
ory (ET) for its formal similarity to the electron-phonon
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Figure 1. Phase diagram of the Ising nematic order parame-
ter (Pq=o); a denotes the effective coupling constant between
the fermionic and bosonic sector. The nematic susceptibility
M72(T) scales like T~2/% below Tmax.- The fermionic self-
energy obeys a non-universal w/7T scaling form below Tycai.

case. Corrections to the fermionic self-energy are found
at three loops for the momentum dependence in form of
a small anomalous dimension [25], while the inclusion of
four loops [42, 43] indicates a deviation from z = 3.

At finite temperature the situation becomes more in-
volved since quantum and thermal fluctuations become
intertwined. This is of particular importance for the
quantum critical regime (QCR) depicted in Fig. 1, which
features two large correlations lengths: Spatial corre-
lations extend over a distance { ~ |a — a.|™” much
larger than the intrinsic length scales of the system,
while the correlations in the imaginary time domain ex-
ceed the standard interval set by the inverse tempera-
ture: {p ~ |ao — |7 > h/(kgT). Here, v denotes the
correlation length exponent and « refers to the effective
coupling between the bosonic and fermionic modes.



Regarding the INM, the static nematic susceptibil-
ity in the limit of long-wave lengths —D(p = 0,w, =
0) = 1/M?(T), which diverges at the QCP, can be
parametrized at T' > 0 by a thermal mass gap M(T) of
the bosonic modes. Imposing scale invariance on D(0,0)
implies

M(T) ~ TV 2= 71/3 (1)

Based on the assumption of scale invariance one can fur-
thermore postulate a quantum critical scaling form for
the single electron correlation functions that obeys w/T
scaling. The resulting temperature dependence of ther-
modynamic and transport quantities depends on z and
differs from the standard FL predictions [50]. However,
the low-energy physics of the INM in the ground state
can be described in terms of a two-patch model which fea-
tures an emergent U(1) gauge symmetry [25, 36, 38]. This
symmetry restricts M (T") = 0 even at finite temperatures
and a finite value of M (T') is only generated when effects
from higher energies like the underlying band dispersion
are taken into account [40]. Indeed, Hertz-Millis theory
and an equivalent expansion in the number of Fermion
flavours yields [22, 40]

M(T) ~ (T'logT)'/?. (2)

Combining this form with Eliashberg theory at finite
temperatures furthermore leads to the break-down of
w/T scaling [32] in the electronic correlations. This is
caused by the strong impact of static bosonic fluctua-
tions with w, — 0 due to their large thermal occupation
~ T/w,. Using ET to adress the INM at finite tem-
peratures is quite appealing since a lot of results can
be obtained in closed form. Moreover, such theories
also give reasonable quantitative descriptions, sometimes
even beyond their expected range of validity [51, 52].
Quite remarkably in this regard, Klein et al. [48] have
shown recently for the INM that ET agrees very well
with Quantum-Monte-Carlo (QMC) simulations [53-55],
provided that it is properly modified to include thermal
effects. These unbiased, sign-problem-free QMC results
provide the most reliable quantitative analysis available
and confirm the temperature dependence of (2).

While these observations certainly settle the behav-
ior at sufficiently high temperatures, the question how
M (T) vanishes at the lowest temperatures is not ulti-
mately answered: The QMC simulations always work at
finite temperatures and extracting ground state corre-
lations poses an additional task [56]. Furthermore, the
non-FL is unstable against the transition to a supercon-
ducting phase such that nematic and pairing fluctuations
become entangled which was both observed in QMC and
in ET [57-60]. On the other hand, the existing analytic
results of the form (2) rely on methods that treat the
electrons basically as quasiparticles.

In this spirit, the major goal of the present work is to
compute M(T) in the QCR as function of temperature
in a fully self-consistent manner in order to include the

non-FL excitations. In order to focus on the nematic
correlations we suppress the superconducting instability.
Nevertheless, the resulting features of the spectral func-
tions are expected to survive close and below T, in a large
range of frequencies. Regarding M (T'), we indeed find a
solution of the form (1) within ET. The proportionality
factor depends on the spectral width wy ., of the non-FL
excitations and the corresponding domain k—kp| < A in
momentum space. ET allows to estimate these scales by
determining the range-of-validity of the underlying Ising
nematic scaling relations in the high-energy limit. Thus,
M (T') exhibits IR/UV mixing which cannot be described
within an effective low-energy theory focused on the IR
only. In particular, extending the latter to all scales by
taking the limit A — 0o, wWmax — 00 leads to M(T) =0
in agreement with the symmetry constraints. At suffi-
ciently high temperatures, ET reproduces the form (2).
The corresponding crossover temperature Tiax ~ Wmax
coincides with maximal spectral width of the non-FL ex-
citations. For temperatures larger than this scale the
thermal broadening of the excitations exceeds the in-
verse lifetime which restores a scenario rather typcial for
quasiparticles. Irrespective of the temperature, we argue
that the fermionic compressibility (On/0u)r scales in the
same way with T' as M?(T'), when evaluated in ET.

Regarding the electrons, we find that w/T scaling is
restored for temperatures below Ticar < Tiax. For in-
stance, the imaginary of the retarded self-energy can be
written as Im B8 (w, T) ~ T?3%%(w/T) but the scaling
function 21@ inherits a dependence on wmax and A from
the bosonic mass and thus exhibits IR/UV-mixing, too.
As a consequence, the breakdown of the scaling solution
of ET can have different physical origins due to the ap-
pearance of various ratios of nonuniversal parameters.
ET not only allows to identify them but also to estimate
the corresponding Tyca. In the range Tical < T < Thax
the inverse susceptibility is still of the form (1) but the
fermionic self-energy cannot be described in terms of a
specific scaling function. Fig. 1 illustrates the different
scaling regimes with respect to temperature.

In principle, ET provides only an uncontrolled approx-
imation to a strongly coupled problem. In particular,
the neglected higher-order diagrams potentially give rise
to IR singularities that can change scaling forms ob-
tained from ET. This can be seen by the anomalous
fermionic dimension [25] or the anomalous correction to
z = 3 [42, 43]. In addition, even the lowest order vertex
diagram in the ground state shows a rather rich behavior
in the low-energy limit, which depends delicately on how
the latter is approached [24, 25, 61]. At finite tempera-
tures, the highly-occupied static bosonic fluctuations give
rise to an additional contribution which is not perturba-
tively suppressed. Nevertheless, we argue that at T > 0
at least the total first order vertex correction merely
changes the O(1)-prefactors of the self-energy, whereas
the temperature dependence and the crossover scales are
left invariant.

The manuscript is organized as follows: In Sec. II we



introduce the INM and the Eliashberg equations. Fur-
thermore, we discuss known results and the physical ex-
pectations for the correlations functions at finite temper-
ature. In Sec. III we summarize the key results while the
details of the underlying computations can be found in
Sec. IV. Before turning to M (T'), we make contact to pre-
viously established results of ET at finite temperatures
and extend the calculations where necessary in Secs. IV A
and IV B. Sec. IV C is dedicated to the computation of
the bosonic mass and the resulting scaling solution of the
fermionic self-energy. Sec. V considers the vertex correc-
tions before we conclude in Sec. VI.

II. GENERAL FRAMEWORK

In the following, we will first briefly introduce the
model and state the Eliahsberg equations in Sec. IT A.
Afterwards, we summarize the known behavior of the rel-
evant Green’s functions in the ground state and discuss
the expected changes at finite temperatures in Sec. II B.

A. Model

The INM consists of a two-dimensional Fermi surface
(FS) of spin-1/2 electrons and a real bosonic field, whose
expectations value is the Ising nematic order parameter.
The two sectors are coupled by a Yukawa interaction.
The corresponding euclidean action reads

S = Z Chwn o (—iWn + k) w0

k,wn,o
1 _
+ 5 Z ¢p.0. Dy I(P, Qn)d)fp,fﬂn (3)
p,Q

+ —= \/B—V § dk¢pﬂ Ck+p/2 W4+ ,0Ck—p/2,wn,0 *
k,wn,o
P,y

Here, ck,, - denote fermionic fields with momentum k,
Matsubara frequency w, and spin index o. We will use
units with A = 1 = kp throughout. The dispersion
& = ex — p is measured with respect to the chemi-
cal potential and we will assume an isotropic FS with
ex = k?/(2m) rather than one generated by filling elec-
tronic bands of a d = 2 square lattice. If necessary, one
can always restore the non-trivial directional dependence
of the density of states in a genuine band by introduc-
ing an angle-dependent Fermi velocity vg(¢k). However,
this will merely affect the angular weights entering the
numerical prefactors of order one.

The bare nematic susceptibility corresponds to the
propagator of a noninteracting real bosonic field:
Do(p, Q) = [ (i) + c§ op° + M7)]~'. Here, we keep
both the bare frequency-dependence and a bare mass
term which can be assumed to be of Curie-Weiss form
M@ ~ T — Ty. Both of them turn out to be irrelevant

once the contributions from the interactions are consid-
ered. The variable cp o refers to the bare speed of the
bosonic modes.

The strength of the interactions is set by g, V' denotes
the volume and 8 = 1/T. Furthermore, the coupling
term also carries the d-wave nematic form factor which
on a square lattice of constant a reads as

dx = cos(kza) — cos(kya). (4)

In the vicintiy of the spherical symmetric F'S we use in-
stead the approximation

dy ~ cos(2¢xk) , (5)

where ¢y denotes the angle between k and the x-axis.
The action (3) is invariant under rotations of m/2 pro-
vided that the Bose field transforms as ¢ — —¢ which
means that the Ising Z-symmetry is conserved. For fi-
nite expectation values of (®q=¢) # 0, however, this
symmetry is spontaneoulsy broken. In the presence of a
finite, conserved density of Fermions, a symmetry-broken
phase with a homogoneous order parameter can always
be realized at sufficiently large coupling g. The result-
ing phase diagram is most conveniently described in the
a — T plane, where a ~ g2 turns out to be the relevant
effective coupling constant. It is schematically shown in
Fig. 1. In the following, we will always focus on the crit-
ical value a = a, such that the QCP is approached from
the QCR in the limit 7" — 0.

Within ET, the effects of interactions are included via
the two lowest-order diagrams depicted in Fig. 2. In
Matsubara frequencies the corresponding bosonic and
fermionic self-energies read (spin indices are supressed):

S (k) = 57 Z a2 D(p)G(k — p)

(6)

EB = _2 g Z dk+p/2 k +p)G(k) )
kw,,
where k = (k,wp) and p = (p,,) and the factor of

two results from the sum over spins. In addition to the
Fock diagram, also the Hartree diagram contributes to
Y at one loop. However, it merely induces a shift of
the chemical potential which we absorb into the physical
value p = u(n) at density n.

To obtain information about the dynamics and in
particular the electronic spectral functions we analyti-
cally continue the Matsubara self-energies to their re-
tarded counterparts by the prescription [62] L& (k,wy,) =
S(k,iw, — wg + i07) and equivalently YE(p,w,) =
—Yp(p, i, — w, +1407), which applies in the same way
for the continuation G, D — G, D®. Moreover, the re-
tarded Green’s functions allow to define the spectral func-
tions Ap(k,wy) = —2Im GE(k,wy) and Ap(p,wp) =
—2Im G®(p, w,) that connect the Matsubara and the re-



tarded Green’s function via the Hilbert transformation

e - [ ot

2T Wy, — W

dw Ag(p,w
P = [ 555 P

(7)

Introducing the new variables k¥ = (k,wg) and p =
(p,wp), this yields for the imaginary parts

Im X (k) = —24° / ‘mdipﬁ Im G*(k — p)
x Im D®(p) [np(wp) + np(wp, — w)]
(8a)
i 35 () = 4° / wdﬁp/z Im G*'(k +p)
x Im GB (k) [np(wi) — np(wg +wp)]
(8b)

which contain information about the inverse lifetimes of
the excitations. The functions nr g denote the Fermi and
Bose functions, respectively. The real parts Re E}I% B are

obtained from Im Eg p Vvia the Kramers-Kronig relations

LM Im Eg,B(qv wl)

T w—w

Re EﬁB(q, w) = ][ ) (9)

where necessary. Inserting Zﬁ g into the Greens’s func-
tions G and D via the Dyson equation leads to

1
GH(k) =
*) wi — ex + p— LE (k)

1
D% (p) = :
w2 — ¢ op* — Mg — 2E(p)

(10a)

(10b)

Eliashberg theory considers the one-loop expressions (8)
and (9) as functionals 2% ,[G®, D®] and the Dyson equa-
tions turn into a couplefi, self-consistent problem. For-
mally, the one-loop approximation can be seen as the
leading term of perturbative expansion in the effective
coupling constant with units (energy)?

a=—" (11)

which is assumed to be small in the sense a/e% < 1.
However, naive power counting generically breaks down
due to strong fluctuations in the vicinity of the QCP and
the problem cannot be treated in a perturbative man-
ner. In the absence of another expansion parameter, one
cannot establish a strict hierarchy of diagrams in this sit-
uation and higher order diagrams like vertex corrections
typically become important, too. In the ground state
this not the case, because the correlation functions obey
a Ward identity which allows to neglect vertex corrections
provided that the typcial scaling relations of the INM are
not violated [25]. However, depending on how the limit of

f

Figure 2.  Bosonic self-energy ¥ (a) and fermionic self-
energy X (b); Solid lines represent G and dashed ones D.

small external energies and momenta is approached, the
vertex function may vary between a perturbatively small
value or even a divergence [24, 61]. Since the self-energy
at finite temperatures is not guaranteed to be exclusively
described within the 7' = 0 scaling limit of the INM [48],
the stability of ET against vertex corrections requires fur-
ther justification. Furthermore, it has been shown that
the thermally occupied static fluctuations of the order
parameter give rise to large vertex corrections. In the
following, we will evaluate the Eliashberg equations first
without vertex corrections and return to them in Sec. V,
where we show that they in total affect only the O(1)
prefactors but do not affect the scaling with 7" and « at
the lowest temperatures.

B. Approach and validity

Before solving the Eliashberg equations (8) to (10), we
recapitulate the T' = 0 results and state the expected
changes at finite temperatures. Furthermore, we esti-
mate the region in frequency and momentum space where
ET applies.

The dressed bosonic Green’s function (10b) at small
energies will acquire the form

1
Wl —chp? — MA(T) +ilp(p)

D% (p) (12)
which is amenable to an analytic treatment within ET.
Here, we do not consider larger momenta where nest-
ing effects across the F'S imprint a nontrivial momentum
structure on the nematic susceptibility [63-65]. We in-
troduce for the imaginary part Im $5(p — 0) = —T'5(p),
which encodes the decay of the modes. T'g(p) must be
odd in frequency since it inherits its symmetry prop-
erties from the retarded expectation value iD®(t) =



0(t)([®(t), ®(0)]) such that w,p(p,w,) > 0. In the
ground state the bosonic modes relevant for the genera-
tion of the non-FL correlations acquire a Landau damp-
ing form

_ 2 W
I'p(p,wp)|r=0 = adp@ , (13)

which corresponds to strongly overdamped excitations.
Furthermore, if Landau damping is present, the dynam-
ical critical exponent attains the value z = 3. As we will
discuss in Sec. IV A, Landau damping is cut off either
by thermal fluctuations or by sufficiently large frequen-
cies. The first case leads to I'p(p,w,) = adiw,/Tr(T),
which implies the reduced dynamical critical exponent
z = 2 as pointed out by Punk [44]. In addition, Lan-
dau damping does not apply in the vicinity of the angles
vp € {1,3,5,7} - /4 due to the nematic form factor.
In the computations these directions will be suppressed
by additional powers of d, anyway and we will not dis-
cuss them further. The real part of [Df]~! encodes the
dispersion of the modes which resembles the standard rel-
ativstic form w, = ++/ckp? + M?(T). We parametrize
the renormalized, physical velocity as cg = Avp and as-
sume A = O(1) for simplicity. The main focus of this
work is the physical energy gap M?(T). In order to de-
scribe the quantum critical regime, we have to impose
a renormalization scheme that guarantees to recover the
quantum critical point which means M (T) — 0 in the
limit 7" — 0. In mathematical terms, we absorb the bare
parameter MZ from Eq. (10b) together with the ground-
state self-energy in the condition

MZ +ReXE(0)|7=0 = 0. (14)
At T > 0 we thus obtain the bosonic mass as

M*(T) = =(D™)7}(0) = Mg + Re S (0) |7

= Re 2B (0)|7 — Re 2R (0)|7—0 .
(15)

Note that M?(T) must be positive since negative val-
ues correspond to the symmetry-broken state. The re-
quirement of scale invariance for the boson propagator D
would imply M (T) ~ T'/#. However, the effective gauge
symmetries of the two-patch model [25, 36, 38] prohibit
an anomalous dimension of the bosonic propagator and
enforce M (T) = 0. A nonzero M(T) can then only be
introduced by considering non-universal effects [40] like
the band structure, which goes beyond the scope of the
infrared theory. In order to compute M (T), we, there-
fore, need to know the range of validity of ET, which we
will estimate at the end of this section .

Physically, M(T') can be observed via the nematic sus-
ceptibility D®(0) = —1/(2M?(T')). Moreover, M?(T) is
quite closely related to the compressibility [66] (On/Ou)r
of the Fermions: In any ergodic system the static
limit of the density-density response function (i.e., the
Lindhard function) xpn(w,q) must coincide with the

thermodynamic susceptibility for densitiy fluctuations
XL = (On/Ou)r which means lim,, 0 Xnn(w,q = 0) =
(On/0p)r. Because ET neglects the vertex corrections,
the Lindhard function is diagrammatically represented
by the particle-hole bubble for the bosonic self-energy in
Fig. 2, except for the replacement of the bare coupling
gdp — 1. Since the nematic form factor only affects the
numerical prefactor of the diagrams, both M?(T) and
(On/Op)T — (On/0n)T=o scale identically [67] with T. We
will verify this connection explicitly in Sec. IV C.

Let us turn to the electrons now. In the ground state,
the Eliashberg equations (8) to (10) are usually solved
in imaginary frequencies €). The electronic self-energy
acquires a noninteger power-law typical for the non-FL
behavior in the vicinity of the FS

Sr(k, Q) = Sp(Q gi) = —2iw’ [dic|*/? sgn(92)|02f>/?,

for angles not too close to directions where dy vanishes.
The scale

1 a?

5 =3zl 3 (16)
83 33/244 &%,

WIN =

is set by the interactions. The nonanalytic scaling X% ~
«?/3 indicates the break-down of naive perturbation the-
ory. Furthermore, it is indepedent of the magnitude |k| of
the momentum. By analytic continuation to real frequen-
cies 1) — wy + 10", we find the corresponding retarded
self-energy

SR (k) Ir=0 = —|di/* (VB sgn(wr) + i)l i/ 3(7 )
17

consistent with the Kramers-Kronig relation (9), see also
App. A. Regarding the momentum dependence, Ref. [32]
shows that deviations from the frequency-dependence
|wr|?/ by the finite momentum difference 6k = |k — k|
appear only below a very small scale suppressed by Jk3.
Moreover, corrections to the bare dispersion ¢ appear
in form of a small anomalous dimension only when three
loop diagrams are included [25], while corrections to the
exponent 2/3 at T = 0 appear only at four loops [43].
As a consequence, using Eq. (17), which only depends on
frequency and the angular variable, as a starting point
for the ET-calculations at finite temperatures seems well
justified. More precisely, we expect the following asymp-
totics of the self-energy for a low-energy Fermion

SEE) =0, if lwil 2 ws

if jwg| Swe
(18)

The upper line is based on standard quantum critical
scaling arguments [18, 19]: Within the QCR the scal-
ing forms of the underlying QCP are recovered at ener-
gies above the crossover scale w~. On the other hand,
below w. the Fermions acquire a thermal decay rate



Ipx(T) = T'p(T)|dk|* that inherits an angular depen-
dence from the interaction term with an exponent xz > 0.
A nonzero damping rate is expected on quite general
grounds: Finite temperatures broaden the thermal dis-
tribution functions np g in Eq. (8a) as compared to their
T =0 forms np p(w)|r=0 = FI(—w). As a consequence,
the low-energy single-particle states are no longer pro-
tected against energy dissipation, irrespective whether
a quasiparticle picture applies or not. However, one
expects that T'p(T) scales more slowly to zero than T
if quasiparticles are absent. On the other hand, one
finds in a FL T'p(T) ~ T? such that the thermal de-
cay rate is less important than the the thermal broad-
ening of the distribution. Regarding the real part we
do not introduce a modification of Re X% for frequencies
below w. since the latter is forced to vanish by sym-
metry for small frequencies and momenta in the vicin-
ity of the FS. Moreover, we show in App. A that solv-
ing the Eliashberg equations with the approximation
ReXE&(k) = \/§w111(13\dk\4/3 sgn(wg)|wx|?/? at all relevant
frequency scales is consistent with the Kramers-Kronig
relations.

Let us discuss the implications of w/T scaling, intro-
duced in Sec. I, for the low-temperature regime in fur-
ther detail. If it applies, the self-energy can be written
in terms of a positive scaling function X g

Im Elg(k) ~ _TQ/Sig(w/Ta ka) ) (19)

whose limiting behavior for T — 0 obeys Y& ~ (w/T)%/3,
while the total prefactor becomes —|dj,.|*/ 3w111\/13 to match
the ground state result. Correspondingly, the damping
rate must scale like Tp(T) ~ T%/3 since YE(0,¢}) is
independent of temperature. In the analysis of quan-
tum critical systems the scaling functions are typically
universal in the sense that they contain only dimension-
less ratios of the relevant scaling variables and universal
numbers that can be fully determined within an effec-
tive low-energy theory. As we will see below, however,
here the proportionality factor of dimension (Energy)'/?
consists in the weak-coupling limit of a combination of «
and ey which is fixed by UV-physics. At larger couplings
an admixture of parameters from the band structure is
possible.

Quite generically, one expects that the non-FL corre-
lations exist only in a certain low-energy regime close to
the FS. This allows to restrict 6k = k — krp < A by a
momentum cut-off A which we parametrize as

vp\ = hpep < ef, (20)

or equivalently hy < 1. One constraint on this number
follows from the range in momentum space within which
the dispersion can be linearized around the Fermi surface:

Ekptp — B = VFPCOS(Pk, — Pp) (21)

where p denotes a typical momentum transfer while the
angles refer to the orientation of kr and p, respectively.

Thus, the curvature of the Bloch band gives rise to one
bound on hp. Furthermore, we obtain one constraint
that arises intrinsically from the scaling structure of the
INM. In the ground state, the non-FL correlations are
generated by the exchange of energy and momentum be-
tween the Fermions via low-energy Bosons which can be
far off-shell due to Landau damping (13). At finite T' we
expect from quantum critical scaling that this processes
still dominate at energies beyond w~. The physical pic-
ture translates into a criterion for the applicability of ET:
Nematic fluctuations transfer typical momenta p and en-
ergies w, between Fermions with k| ~ kp and w, — 0,
that obey [20, 24, 28, 32, 61]

vEp > |wp — SF(Wp, Pkcp ) |T=0] - (22)

Then, the electronic |wy|?? correlations arise from the
momentum transfers that scales like

VED ~ (awp)1/3 . (23)

The connection to the computations is detailed in
Sec. IVB1, in particular below Eq. (48). We combine
the last two relations by equating the left-hand-sides to
find an upper frequency bound for the validity of Eliash-
berg theory and consequently for the non-FL regime,
too. First of all, for frequencies on the scale w, ~ win
this implies vpp ~ a/ep > win because wiy ~ o?/ed,
and a/e% < 1. This sets the minimal possible value
hmin = «af 5% <& 1 since for smaller hp the typical
scale win for the non-FL behavior is discarded. On the
other hand, we find that the maximally allowed frequency
scales like wmax ~ al/2 > wiN, where now the linear
term on the left-hand side of Eq. (22) dominates. A sim-
ilar estimate has also been given in Ref. [24]. To actually
satisfy the inequality (22), we define wyax = hwa!/? with
h, < 1. Translated to momentum this corresponds to
the maximal cut-off Ay = hi/ >al/2 /er < 1. Note that
these bounds result exclusively from the structure of the
interactions and apply in the weak-coupling limit « of
interest here. Therefore, we use in the following

*h1/3a1/2
= h,/ 7€F

Wmax = hwal/z . (24)

hmax

However, for bigger values of a one has to check whether
the last definition violates the linearization criterion (21).
In this case one has to take the constraints from the non-
linearity of the band dispersion into account by decreas-
ing the cut-offs appropriately. We emphasize that any
value Amin < ha < hmax gives rise to the same tempera-
ture scaling for all quantities. However, the range where
w/T scaling emerges, as well as the T-independent pref-
actors of I'p(T) and M?(T) are strongly influenced. This
is exemplified on the basis of the minimal cut-off scheme
using hmin and winy in App. C.

Finally, we expect the non-FL metal correlations to
decay quickly as function of wy or k when at least one of
these variables violates the given bounds for the non-FL



regime. Then the X% approaches the standard FL form
due to residual Fermi-Fermi interactions not considered
in the model.

III. KEY RESULTS

The major goal of the present work is to obtain the
temperature-dependence of M?(T) at the onset of finite
temperatures in a fully self-consistent approach, thereby
finding also I'rk,(T) and the crossover scales w>. In
addition, one answers also the question whether an w/T
scaling form 21{3 exists. We point out that the behavior
of XE(w) in the regime w. < |w| < ws is in general not
guaranteed to follow a simple functional dependence that
can be extracted in an analytic way. However, within

J

the QCR it turns out possible to determine the domi-
nant behavior of the solution of the Eliashberg equations
by analytic means. In the following, we summarize our
main results for the Eliashberg equations and give their
solution. The details of the underlying calculations can
be found in the next section.

The fermionic self-energy can be decomposed [32, 44,
48] as a sum of a quantum Zg’ o and a thermal component
Z?T, discussed in Secs. IVB1 and IV B 2, respectively.
The first function contains the non-FL correlations in
the ground state and obeys w/T scaling at finite tem-
peratures, as has been pointed out already in Ref. [32],
provided that M(T)/(aT) < 1 to avoid the FL regime.
In particular, we find the asymptotic behavior for large
frequencies (cf. Egs. (55) and (62)):

Im X8 (kp, |we| > T) = Im 28| 7—o(kp, jwi| > T) + Im02E|(kp, |wi| > T)
,Q

— Wil dhep |3 |/® + 0.318919...

The frequency-independent correction Im 521{37@ ~ T2/3
has not been discussed so far. Its scaling is is intrinsically
related to the non-FL quantum fluctuations. Moreover,
it turns out to be responsible for the temperature depen-
dence of the bosonic mass gap M?(T).

On the other hand, the thermal part ZﬁT dominates
the behavior of the total self-energy for small frequencies
|wi| < T. Tts most general form reads as

Im SF 7 (kp, wi) =

od? _ ZR
iy T arcosh (—i (wk F(wkv @kF))>

4EFA2 M/A
M2/ A2
(Wi — BF Wk Pxp))?
(26)

which is derived in Eq. (68). This poses a self-consistent
problem since the total self-energy EﬁQ + EﬁT appears
on the right-hand side. This form is closely related to
the results by Klein et. al [48] obtained in Matsubara
frequencies. The expansion (69) admits to find simple
analytic expressions in different regimes. By taking the
limit wi — 0, we can extract the thermal damping rate.
If M < T'p(T), which includes the vicinity of the thermal
phase transition but also the QCR at sufficiently large
temperatures, it becomes (up to log(log...) terms)

_ |dkF| glog < Vv aT|dkF|> , (27)

Im

(wr — ZF (W, wkp))\/l +

r =
Fkr 2A EFR ./EFM/A2

which agrees with the analytic continuation of the results
in Ref. [48, 68]. On the other hand, if M(T) > T'r(T),

s 0% 1o )
A EF

(

which applies to the QCR at the smallest temperatures,
we find

™ OzdiF T

T T) = _—
rxe(T) = 3 erA M(T)’

(28)

in agreement with the results by Dell’Anna and Met-
zner [32], as well as by Punk [44]. Taking the lat-
ter two equations together, as well as the condition
M(T — 0) — 0 algebraically in a critical system, we
conclude that T'r(T) vanishes at least like v/T (possi-
bly enhanced by logarithmic terms) but not faster than
T. This reveals the non-quasiparticle behavior since the
thermal decay rate approaches zero more slowly than the
temperature. However, to satisfy the necessary condition
I'p(T) ~ T?/3 for w/T scaling, one needs M(T) ~ T'/3
according to Eq. (28), which is the marginal case for
the existence of Fermi liquid correlations, as discussed
in Sec. IVB 1.

As becomes obvious from Eqs. (26) to (28), the bosonic
mass determines the overall behavior of ZQT and, there-

fore, M?(T) is an important ingredient for a complete
solution of Eliashberg theory. In Sec. IVC we show
that at the smallest temperatures in the QCR, the
main contribution to M?(T) arises from Z}I%Q. In par-
ticular, the bosonic mass inherits the temperature de-
pendence T2/3 of the frequency-independent Im §EE o
but aqcuires a cut-off dependent, nonuniversal prefactbr
since the underlying integration is sensitive to the full
spectral width of the non-FL excitations in the ground
state. In agreement with the expectations [40] from the
gauge-symmetry constraints of the low-energy two-patch
model [25, 36, 38], M?(T) vanishes when one sends the



cut-off A to infinity, for details see Eq. (89) below. For
finite cut-off values the result is thus formally equivalent
to Eq. (1) and reads explicitly for the maximal cut-off
scheme from Eq. (24):

7/672/3
M*(T) ~ 0.08241. 1, 2T (29)
EF

Here, the parameter h,, incorporates the influence of the
UV-physics. The corresponding calculation for the mini-
mal cut-off is presented in App. C, where the same 72/3
scaling is obtained. Notice that this term is more im-
portant at small temperatures than the estimate from
Eq. (2) M*(T) ~ TlogT obtained from the RG ap-
proach of Millis [22] and the equivalent diagrammatic
calculation of Hartnoll et al. [40]. In the first reference
M?(T) is obtained within a purely bosonic theory that
takes Landau damping and a standard ®* interaction
with coupling constant u into account. In the second
reference, M?(T) is determined from a self-consistent
equation derived from diagrams up to three loop order.
These arise from adding further bosonic lines to the po-
larization bubble in Fig. 2. However, the Fermions are
still treated as noninteracting with infinite lifetimes. The
anomalous scaling T'log T is then caused by the strongly
damped, almost critical bosonic fluctuations that inter-
act with particle-hole excitations of the Fermi gas. Our
result is instead governed by the thermal corrections to
the anomalous non-FL correlations, which incorporate
the non-quasiparticle character of the low-energy degrees
of freedom. As a consequence, taking them properly into
account, e.g. by dressing G self-consistently, is neces-
sary to determine the leading scaling behavior. However,
once T becomes comparable to the extent of the non-FL
regime in frequency space (Wmax for the maximal cut-
off), the temperature dependence of M?(T) is dominated
by the asymptotic tails of Im ¥ ., which are insensi-
tive to the non-FL correlations. F{lrthermore, the width
of the thermal distribution starts to exceed the broad
spectral features characteristic of the non-quasiparticles,
such that a gp-picture is restored. As a result, ET repro-
duces M?(T) ~ T times logarithmic terms for tempera-
tures T 2 Tinax = Wmax, When the cut-off scheme (24) is
used (see the discussion below Eq. (110)). If the mini-
mal cut-off wiy is employed instead, T.x is substituted
by win, but the connection between the spectral width
of the non-FL regime and the temperature remains un-
changed, as is shown in App. C. In fact, we show that
the connection between the crossover temperature above
which M?(T) ~ T with logarithmic corrections and the
extent of the non-FL correlations in the ground state is
generic.

Next, we summarize (within the maximal cut-off
scheme) the scaling relations, which are detailed in
Sec. IVC2. According to the discussion below Eq. (15),
the fermionic compressibility scales like (On/Ou)r —
(On/Op)r=0 ~ M?(T) ~ T?/3. Furthermore, the scaling
M(T) ~ h/?a™/12T1/3 1% implies M(T)/(aT)'/3 < 1
such that Fermi liquid correlations are irrelevant. For the

thermal damping rate, we find from Eq. (28)
ob/12

Tp(T) ~ 75173
ERTE

T3, (30)
which indeed satisfies M(T) > I'p(T) for T — 0 and
is compatible with w/T scaling. Moreover, the domi-
nant temperature dependence of the total fermionic self-
energy admits a representation in terms of a simple but
nonuniversal scaling form (see Eq. (95))

/12 W
Ing(kF7wkaT7 hw) = 1/2 TZ/BE? (%7@1@'7]’%\))
€F
2/3
S (48 gy ) = g, 4 e [l )
F T’ ks Thw hi;/2 kr 8'31/2144/35}7/2 T .

(31)

where b; = 1.367.... The first part, which is sensitive
to the UV physics, originates from Im Z}}%T, whereas the
second is associated with Eﬁ@. By comparing them we
obtain the single crossover scale
B4

wg ~ hf“#T, (32)
which impies that both w. and w~, defined in Eq. (18),
coincide with the latter scale. The scaling function is
compared to the full numerical evaluation in Fig. 3, which
indeed reveals a scaling collapse at sufficiently low tem-
peratures. With increasing temperature, however, %%
ceases to describe the total fermionic self-energy. Within
ET, we obtain thresholds for the range-of-validity of the
given scaling function. In particular, it can be applied
for temperatures below

1sys ((@2/2\ P a _ hi®
W) e i < g
Tscal = F (5 h6/5 )
—3p3 1/2 . w
B hwa / s lf g > W

(33)

which is derived in Eq. (99): Due to the nonuniversal
character of the scaling function we must distinguish sev-
eral effects that destroy w/T scaling in different param-
eter regimes: The first line applies to the extreme weak-
coupling limit. In this case, the total self-energy becomes
a nonmonotonic function of wy because an intermediate
regime emerges, which is governed by the tails of Im EZ@’T.
For larger values of «, the thermal scattering rate is in-
stead no longer given by Eq. (28) but approaches the
form of Eq. (27). This results in a scaling mismatch of
the low- and high-frequency regimes. In particular, the
second form of Ty, originates from the minimal ratio
M(T)/Tp(T) 2 B ~ 100, needed for the evaluation of
I'p(T) via Eq. (28).

Finally, we argue in Sec. V that the vertex correction
obtained from the self-consistent propagators change the
numerical O(1) prefactors but do not affect the found
scaling with 7" and a.
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Figure 3. Comparison of the total, self-consistent self-energy
ZgQ . EF/(a5/12T2/3) with the scaling form i? given in
Eq. (30) at different temperatures T' = T/er for the param-
eters o = a/z—:% =10"2 h, = 1071, A = 1. For low enough
temperatures the scaling form S? agrees perfectly with the
total self-energy, i.e the curve for T = &''/? complete overlaps
with 3. At larger temperatures one observes deviations. In
particular, Eq. (33) predicts Tecar ~ 0.002win from the sec-
ond relations with the very large value B = 100 to obtain
an error of at most one percent by deviations of the scaling
I'#(T) ~ T?3. Indeed, the self-energy at the second lowest
temperature shows this, yet hardly visible. Upon increas-
ing the temperature further, this effect becomes more pro-
nounced while the nonmonotonic behavior emerges, too. The
colored vertical lines indicate the position of wmax/T whereas
the black line refers to the crossover of the scaling function at
wg according to Eq. (32) (with fully restored numerical prefac-
tor). For temperatures below Tsca1 we have wg /T < Wmax /T
such that non-FL correlations of the ground state indeed dom-
inate in the regime wg < Jw| £ Wmax. On the other hand, this
is not the case for the highest presented temperature.

IV. COMPUTATIONAL DETAILS OF
ELTASHBERG THEORY AT FINITE
TEMPERATURE

We present now the calculations necessary to derive
the results of the previous section. We begin with the
bosonic damping rate I'g in Sec. IV A. This allows to
compute the fermionic self-energy in Sec. IV B. The cal-
culation of the inverse order parameter susceptibility is
presented in Sec. IV C, where we elucidate the connection
with the fermionic compressibility, too. Furthermore, we
will find that M?(T) can be related to the finite temper-
ature corrections of the non-FL terms contained in ZﬁQ
at the lowest temperatures while at temperatures above
Trax the tails of E’I? + generate the M?(T) ~ T log T scal-
ing. Eventually, we solve the Eliashberg equations and
establish boundaries on the validity of w/T scaling.

A. The bosonic damping function

In this section we compute the damping of the bosonic
modes I'p(p) = —ImXE(p), defined below Eq. (12),
at finite temperature. We keep the fermionic decay
rate I'p(T) and wiy as parameters in order to close
the self-consistent loop. In addition, we will see how
and for which momenta the important Landau damp-
ing form (13), found in the ground state, is recovered.
The results are presented for two different temperatures
in Fig. 4. The retarded bosonic self-energy is given in

T/ep = (a/e%)4
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0.1 . — . *
1078 1076 10 0.01
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Figure 4. Numerical evaluation of the bosonic damping from
Eq. (37) for two different temperatures with the self-consistent
self-energy from Eq. (31) and the parameters & = a/e% =
1/100, A = 1 and ¢k = 7/10. In fact, all frequencies wp/er
smaller than the minimal one shown in the figure cannot be
distinguished from the red curve. The dashed lines indicate
the asymptotic expressions summarized in Eq. (43). Black
dashed: Landau damping. Blue dashed: Numerical evalua-
tion of (40). Red dashed: asymptotic result Eq. (42). The in-
termediate frequencies (yellow and green lines) cannot be de-
scribed by the asymptotic expressions because both the low-
and the high-frequency regime of Im X% contribute. This is
also the source of the remaining discrepancy between the solid
and dashed red lines results.



Eq. (8b). Obviously, it vanishes when w, — 0 in agree-
ment with the general constraint that Im D®(p) is odd
in frequency (see the discussion below (12)). We insert
the explicit forms of G from Eq. (10a) and introduce
the new momentum variable k' = k — krp. We keep only
terms of first order in k', thereby discarding processes far
away from the FS:

/
S () ~ g /dwk/ dkkp/ dox o
A 2T 0 2
x Im =
wp + wy — LE(K +p) — vppcos(g)k — ¢p) — vpk/
1
x Im o ZSE() = opk [nr(wr) — np(we +wp)] -

(34)

In addition, we have also linearized the expression in the
small ratio p/kr < 1, which allows to replace px+p — @k
and to neglect €,. Indeed, p corresponds to the momen-
tum transfer onto a Fermion in the vicinity of the FS
which is restricted by p < A < kg according to the state-
ments above Eq. (20) for the deviations of momenta away
from the FS. Therefore, we have introduced the cut-off
explicitly in the integral. In case of I'g, the integrals are
UV-finite and we take the limit A — oo in the following.
Introducing rescaled frequencies @ = w/T and momenta
k' = K'/kp we arrive at

/ 27
Im ER( 271'04T / dwy, / dk / d<pk
I BTG, + o)
2290 pcos(pn — op) B
EF
1 _ o _
x Im E(T(I}k, Sok) B ]::/ [nF(wk) - ’I’LF(W}C + wp)] )
2€F
(35)
where we have defined the functions
E(w, QD) =w = Eg(wv 90)
1 (36)

neB®) = T

Furthermore, we have replaced ¢2 by the effective cou-
pling « via Eq. (11). For small T < ep, the first factor
in the second line can be approximated by —7é(k) like
for noninteracting Fermions, which yields

NwaT/dwk/ d(pk

x Im

Im X E&(p

2
k
1
E(T(@p + @), 1)
2€F
X [ (@r) = np Wk + @p)] -

— Pcos(pk — ¢p)

(37)
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This result establishes the most general form that can
be obtained by analytic means. However, the function
admits further simplifications in various limits which can
be classified by the ratio of p and |E|/ep. Note that this
implies a frequency-dependent threshold determined by
the external frequency @, because wy varies on the same
scale as &, due to the thermal distribution functions. In
the case p > |E|/eF, the remaining imaginary part can
be replaced by a Dirac delta, too. This allows to solve
the integral over the angle by picking the two points on
the FS whose tangential vectors are parallel to p:

Ing(p > |E(wp)|/vF, pp,wp) =

ol dwy, w
_ 7d2 _ — d2 p
EFP p/ 27 (R (@) = (@ + @) Pupp’
(38)
and the Landau damping term from Eq. (13) is recov-

ered. As a result, it exists also at finite temperatures
provided that the bosonic damping is evaluated at suf-
ficiently large momenta. Note that the dependence on
Y% has completely dropped out and the evaluation co-
incides with the perturbative one based on free Green’s
functions. This explains the fact that in the ground state
the self-consistent solution is obtained after a single in-
teration initialized with bare Green’s functions.

Landau damping breaks down when p is tangential to
the FS in any of the noninteracting directions along the
diagonals of momentum space pp = /4 -{1,3,5,7}. In
agreement with Eq. (38) the p~! tail vanishes, but it is re-
placed by a p~2 tail from the angular integral in Eq. (37)
(see also Ref. [40]). In the vicinity of the noninteracting
directions the two tails can even mix, yet in such a way
that the resulting | Im X% (k)| is always larger or equal to
the Landau damping tail and no additional poles arise
in the dressed D. Since the diagonals are always sup-
pressed by the d-wave form factor it will not be necessary
to consider them any further.

Next, we examine the opposite regime p < |E|/ep,
which is important to understand how Landau damping
is regularized at small momenta. After setting p = 0 in
Eq. (37), we obtain:

Im X220, w,) _27rozT/dwk/ dox o

Again, we can establish asymptotic forms for different
limits. First, we consider the case |w,| 2 ws which in-
cludes the behavior in the ground state when T — 0 (see
Eq. (18)). Here, we undo the @ = w/T transformation
and introduce instead & = w/win. In addition, we re-
place the thermal distribution functions by their ground



state counterparts. This leads to

d di
I YE(p =0, |w,| > ws) ~ —27ra/ sDl‘dz/ i

|on |23 |dae|*/3
(@ + V3 sgn(@p) |0k 2/3|di|[*/3)2 + (|| 2/3|di|*/3)?

= —21al' (&),

(40)

where we have inserted the self-energy at the QCP from
Eq. (17) and substituted & — @&, — @g. Since the in-
tegrand varies like |@p|~%/% at the origin, InXZ&(p =
0, |wy| 2 ws) ~ sgn(@y,)|@,|t/3, which is odd but not
linear in @y,.

In the opposite limit |w,| < w< we expand the inte-
gral (39) to first order around &, = 0, which yields

d d
ImSE(p =0, |w,| Sw<) N87rozwp/ wk/ wde

1 1
X —— I — T .
Ty, — X5 (Twk, ¢x)

(%)
COS )

The first factor in the second line becomes a § function in
the limit of T — 0 while the denominator of the last fac-
tor approaches —X£(0, px) = il px = il p(T)dg. Here,
we have set the angular dependence of the damping rate
according to Eq. (72) for the QCR. As a result, we obtain

(41)

awyp

Im>&(p=0,|w,| Swe)=— ,
B(p | P| <> FF(T)

(42)

which agrees with the observation by Punk [44].

All in all, we can summarize the results for the bosonic
damping rate I'g(p) = SE(p) that appears in DF(p) by
two scaling subregimes that are distinguished by the fre-
quency argument wp:

|Wp‘ 2w
w )
ad? vap if vrp > [E(wp)|r=0
I'p(p) — w
2mal'p (p> , ifvpp < |E(wp)|T=0
WIN
|wp| S w<
adf,i , ifvpp > Tp(T) = |E(wp, — 0)]
Ip(p) —
awyp .
i if vpp < Tp(T) = |E(wp — 0)]
F
(43)

The index T' = 0 indicates that the ground-state self-
energy Y%|r_q is used for the evaluation of P. Fig. 4
presents the numerical evaluation and compares to these
analytic results. As function of the momentum one ob-
serves that I'p crosses over quickly between the limiting
regimes.
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B. Calculation of the fermionic self-energy

The expression for Im $% is given in Eq. (8a). We are
mostly interested in the behavior in the vicinity of the
FS and focus therefore on momenta kr on the FS with
polar angle ¢k, not too close to the noninteracting di-
rections. The major difference between the calculation at
zero temperature and finite temperature is caused by the
change of the analytic structure through the appearance
of the T'/w,, pole in np at small frequencies. To deal with
this effect, we separate the self-energy in a quantum and
a thermal part [32, 44]

Im SF(kp,wi) = ImSF o (kp,wi) + Im SF 7 (kp, wi) -
(44)

where the thermal part contains the contribution from
the additional pole only. In the vincity of the QCP this
term is closely related the contribution from the the static
2, = 0 component of the order-parameter field [48].
With our definition the two terms read

2
ImEEQ(kFMk) = 292/(27r)3 kp—p/2 Im D% (p)

X ImG?(kF — P, wi — wp)

T
X {ng(wp) - — +np(wp, —wg)
Wp
(45)
and
d?p dw Im D%
Im Z?,T(kFawk) = —292T/ - 3pdkp—p/27(m
(2m) Wp
x Im GE(kp — p,wr, —wp) -
(46)

Apparently, Im =& . approaches zero when T' — 0, pro-
vided that the inte;gral exists, but has a finite limit when
wk — 0. On the other hand, the factor in the third line of
Eq. (45) has no singularities but converges for T' — 0 to
the combination —0(—w,,)+6(w,—wy). Therefore, we an-
ticipate that the strange metal correlations ~ |wy|?/? are
encoded in Im ZﬁQ while the dominant contribution to

the damping rate I'r(T") emerges from Im ZR . We will
now compute each function first 1nd1v1dually and then
discuss how they mix within the self-consistent loop.

1. Quantum component of the self-energy

Im £ 5 has already been studied by Dell’Anna and
Metzner [32].
sal scaling function Im EQQ. Here, we extend the pre-
vious analysis in two ways: The scaling of M(T) in
our solution of the Eliashberg equations potentially gives
rise to an instability of the non-FL regime, which has

In particular, Im ZﬁQ attains a univer-



to be taken into account carefully. Moreover, we in-
clude thermal corrections to the non-FL asymptotics
Im S8 (kp, wy)r—0 ~ |wi|?/? for frequencies |wy| > T,
which is necessary for the computation of M(T). The
result for ZR as function of the dimensionless ratios

wy/T and M/(aT)1/3 is presented in Fig. 5. The differ-
ence between the result in the ground state and at finite
temperatures, which illustrates the second issue, is shown
in Fig. 6.
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Figure 5. Numerical result for f]ﬁQ(@ M) for different values
of the dimensionless mass. The solid black line indicates the
non-FL result (54). The black dashed lines show the inter-
mediate FL regime observed for M > 25. For smaller masses
it cannot be resolved since it becomes entangled with the
crossover to the value EF Q(O M). The sign change of EFQ
corresponds to the minimum in this plot.

Anticipating that the magnitude of the bosonic mo-
mentum p is much less than kr we can approximate the
angular variable ¢k, +p ~ @k, and d12<F7p/2 ~ diF. For
the explicit calculation it is convenient to split the p inte-
gral in Eq. (46) into two parts separated by the threshold
vpp = |E(wr — wp, Ykp)|, where P is defined above in
Eq. (36). We show in App. B that the contribution from
vpp < |E(wkp—wp, ¢k, )| is negligible and we consequently
consider only vpp > |E(wi — wp, Pk, )| in the following.
In this regime one encounters the Landau damping form
Ip(p) = adiw,/(vep) according to Eq. (38). In addi-
tion, we rescale frequencies via @ = w/T and employ the
transformation p = vFA2/3/(diF oT)'/3 . p for momenta.
Together with the definition of « in Eq. (11), this brings
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Flgure 6. Comparision of the quantum part of the self-energy
YR o at finite temperatures (solid lines) vs. Im Z§7Q|T:O
(dashed lines) obtained with ground state distribution func-
tions for different masses. The latter are not cut-off by
thermal fluctuations such that the FL or non-FL correla-
tions persist in the limit @ — 0. The inset shows the dif-
ference Im 0% f , defined in Eq. (58) (solid lines) with the
same colour-coding. The dashed lines correspond to the high-
frequency asymptotics (61). For the largest two masses they
cannot be distinguished anymore.

the integral to the form:

|dk |4/3 2/372/3
A4/3

27
d d 1
X/ *”"/”‘”/ T
0 E + peos(ep

_SOkF)
dTp@pﬁ [ﬁB (@p) = 2= + Ar(@p — @k)}
kr
e e 1w
oM %
2B A Pld [~ (A aT)?3| T dk
(47)

with the short-hand notation
= A?3(d}, aT)VE3E(T (@ — @p), Pxp)-

Since the cut-off regularisation is irrelevant here, we have
dropped it from the beginning. The last line contains the
bosonic propagator. Its T4/ 32 term, which originates
from the dispersion of Eq. (12), is always irrelevant in the
T — 0 limit. However, the mass term can influence the
results quite dramatically: If M (T') vanishes faster than
T'/3, we can drop it. This scenario has been discussed
in Ref. [32]. On the other hand, if M(T) decays more
slowly than 7''/3, it is the most relevant parameter and
we have to evaluate the function in the limit M — oo,
which corresponds to a FL state. Finally, the marginal
case M(T) ~ T'/3 requires a careful analysis, since an
additional T-independent variable emerges whose value



has to be determined self-consistently. In fact, the solu-
tion presented in Eq. (29) falls into this class. Therefore,
we define the dimensionless parameter

M = M/(Ad}, oT)"/? (48)

and examine Im X% (kp, wy) as function of wy, a, T and
M in the following.

Returning to the expression (47), we recall that the fre-
quencies of interest range between 0 and wyax. The ther-
mal distribution functions imply that w,, varies predom-
inantly on the same scale as the external frequency wy.
To simplify the integrals we consider different regimes of
wy: For the smallest frequencies |wi| < w<, the function
E(T(wr—wp), ¢xr) approaches the thermal damping rate
YR (kp,0) = —ilpy,. Provided that the latter vanishes
faster than T''/3 for small temperatures, which is in fact
guaranteed by the Eliashberg equations (see Eq. (28)),
we can set £ — 0. Thus, the imaginary part of the
fermionic Green’s function Im[E + pcos(pp — Pkp)] "
turns into a Dirac delta —md(pcos(¢vp — ¢k, )), similar
to the case of Landau damping, and the integration over
p includes all positive values. On the other hand, for
the largest frequencies |wg| 2 ws we recover the non-FL
correlations. In this case, the self-energy attains the non-
FL form ~ |wy, —w,|?/? such that E ~ T'/3. In the limit
of small temperatures, the regime of the largest frequen-
cies admits the same simplifications as the low-frequency
regime discussed above. Furthermore, we expect that
the intermediate regime w. < |w| < ws can also be
treated with these approximations since, otherwise, one
finds a highly nonmonotonic |~ (we < Jw| S ws)|. This
assumption will be justified a posteriori by our self-
consistent solution. These considerations show that the
quantum component satisfies the relation (22), which
states the condition for the applicability of Eliashberg
theory at T' = 0, also at finite temperatures.

Next, we use the Dirac delta —7d(pcos(¢p — Yk, )) to
integrate the over the angle. This picks out the pair of
bosonic modes whose wave vectors are tangential to the
FS a kp and reduces effectively the two-dimensional inte-
gration measure dpp to its one-dimensional counterpart

dp:
T |dkp |4/3a2/3T2/3

_5 A4/3

Tm S o (K, cop) =
/ dwp /

The largest contribution to the p integral arises from the
regime p ~ max(@é/g,M). In the limit Mto0 this is
equivalent the standard scaling argument of Eliashberg
theory for the INM (23), just formulated in the rescaled
variables w, p. We can solve the integral over the magni-
tude p by the variable transformation u = p2. This leads

dp “rP nB(Wp) — o +7p (@ — @)

( 2+M2) + w2

(49)
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to

|dk V30213723 [ di,
4A4 3ep on P

3
log(u;) N S
Xj; T 4M2uj n 3u? np(wp) A +np(Wp

where the u; denote the three solutions of
w(u+ M?)* + @) =0. (51)
According to Eq. (50) the quantum component admits a
representation in terms of a universal scaling form E?Q
|dk |4/3 2/3T2/3
4A4/35F

ZgQ(a}]ﬁ M) .
(52)

Im EFQ(kF,wk)

This representation is closely related to the results
by Del’Anna and Metzner [32]. It reveals that
Im E§7Q(kp7 wi) indeed obeys w/T scaling when M — 0.
Aslong as the scaling function is not singular in this limit,
we expect that w/T scaling applies also in the regime
M < 1 up to small corrections from the finite mass. The
numerical evaluation of %8 r g for different values of the
mass is presented in Fig. 5. First, of all, we observe that
the scaling function is positive at small frequencies, which
contradicts the physical constraint of a positive spectral
function A(k,wy) = —2iIm G¥(k,wy). This will be rec-
tified as soon as the thermal component is taken into
account, as can be seen by adding Egs. (45) and (46). In
fact, the sign change of iﬁQ is expected due to a "sum
rule for the first Matsubara frequency” [48, 69, 70].
Regarding the behavior when M is varied, we indeed
observe only small corrections to EﬁQ(@k, 0) for M < 1.

Furthermore, even values M < 1 predominantly affect
the low-frequency regime of positive sign, while the high-
frequency regime is unchanged to logarithmic accuracy
and described by the non-FL asymptotics (17) (see also
Eq. (54) below). At this stage w/T scaling with non-
FL exponents remains possible, even in the presence of
a mass M < 1 since the regime @y — 0 is anyway domi-
nated by the thermal component. On the other hand,
if M > 1, the scaling function differs strongly from
ZQQ(@]“O) on all frequency scales because the system
is in the FL-regime (see also Eq. (54)) and w/T scaling
with non-FL exponents is ruled out. As a result of these
findings, we have to check the condition M < 1 when
we close the self-consistent loop. Finally, the crossover
between the low- and the high-frequency regime of EﬁQ

takes place at the rather large scale @ ~ 10 when M — 0
and grows with M. To better capture the properties
of the quantum component we can obtain closed forms
of the scaling functions in different limits. To this end,
we inspect the zeros u; from Eq. (51) in greater detail.
First, we distinguish two regimes that are smoothly con-

nected: For M — 0, we have u; ~ |w,|?/3 whereas



in the opposite regime M > wp, we find u; — 0 and
Uz g ~ M 2. We can estimate the crossover scale by the

14

criterion |@,|?/3 ~ M?, which leads to @, ~ M3. By
restoring dimensions this is equivalent to w, = M?3/a.
More precisely, we obtain the following asymptotic re-
sults for the sum from Eq. (50):

|@p| > M° |y < M3
,2 — 72
. w _ w w
~ 12/3 +im/3 p 2 p P
U123 @p 2 {1, =Y -, —MP x4 o
(53)
%I)
log  v/e2k
S o) - QW'
TTH M+ AMPu; + Bu 3v/3[w, |43 M4

Let us now consider the limit 77 — 0 to check the
convergence towards the established properties in the
ground state. Approaching this limit eventually implies
for any finite wy that |wg| > 1. In this regime the inte-
gral is dominated by the internal frequencies |w,| > 1.
As a consequence, the thermal distribution functions in
Eq. (50) can be replaced by their ground state forms
ap(w,) — —0(—w,) and fp(w, — W) — FO(wr — @p),
whereas the w, ! term that originates from subtracting
the thermal pole of the Bosons is negligible. The result-
ing asymptotic function reads

_ 3
~ _ dioy log(u
R (- j
ZF’Q(wk’M)‘T o_/ Z)Z:M‘*—i—ZLMQu +3u
2/3 ~
] , if @y > M3
2V3
- o = i & JVE ’
orht S\ qpe ) BERS

(54)
which follows from inserting the expansions given in
Eq. (53). With Eq. (52) and the definition of M in
Eq. (48), we find for the self-energy

Im EﬁQ(kF, wk)T:() —

1 dﬁF a?
8\/§€F A4

di‘cpa2 AdiFa\wH
Smep M4 M3

1/3

) lwi |23, if |wi| > M3/«

), if wi| < M3/«
(55)

where the temperature has dropped out as expected. In
the high-frequency regime we indeed recover the non-
FL scale wiy in agreement with Eq. (16) by identify-
ing the first line with —|di, [*/3w{|we|?/3. In contrast,
for frequencies below M?3/a we instead observe a two-
dimensional Fermi liquid behavior [71] in agreement with

(

Ref. [32]. In Fig. 5 we show how Im 21@,@ at finite temper-
atures approaches E}F%:QlT:O in the high-frequency limit.
In addition, the inset of Fig. 6 presents the difference be-
tween Im ¥£  and Z§7’Q|T:0, which will be discussed in
much greater detail below.

Next we turn briefly to the regime |0)| < 1 and eval-
uate EII?)Q(O,M ), shown in Fig. 7. The universal value
EQQ(O, 0) = 0.944103... has to be determined by numer-
ical integration while EI@)Q(O, M — o) scales like 1/M.
This is detailed in App. B, where we also provide an es-
timate for the coefficient of the tail:

) ) 0.944103...
R b
Y0, M) — {1.75024...1\_4‘1 :

if M <1
ifM>1"

According to Eq. (52), these findings entail the follow-
ing low-frequency behavior of the quantum component

Im S7 o (kp, 0p = 0) ~

(d,.aT)*/?
2

0.437561 e
. T

if M < o!/371/3

°r i M > al/371/3

(57)

To close the self-consistent loop at the onset of finite
temperatures, it will turn out to be crucial to under-
stand the thermal corrections to the non-FL asymp-
totics In X, ~ |wr|?/? in the high-frequency regime
|wk| > T, too. To investigate them we define

Im 52?,@(‘;%7 M) =
Im 38 o (wk, M) — Im B (@, M) o
(58)



and obtain the following expression from Eq. (50)

de,, _ log(u;)
O g (o, M) = / o ZM4+4M2; + 302

X5 (@p) — ~ + 0(~p) + (@

@p Q(ij - @p)]'

(59)

_(Dk)_

The last two terms in the second line contribute only sub-
stantially when |w, — @i| S 1. Since this combination is
multiplied with an UV-integrable function, it gives rise
to an algebraically decreasing contribution that is negli-
gible for large arguments |@y| > 1. As a result, we obtain
corrections that are to first approximation independent
of the frequency:

Im 6%F o (|wx| > 1, M) :/— n

log(u,)
X””Z M* + 4M2u; + 302

(60)

which agrees very well with the numerical evaluation, as
confirmed in Fig. 6. Like above, we can find asymptotic
results for this function in the limits M < 1 and M > 1.
In the first one we set M = 0 which allows to replace the
sum by —27/(3v/3|@,[*/3) (see Eq. (53)) and evaluate the
integral numerically. In the opposite limit of large masses
the analysis shown in App. B reveals the same M ! tail
as in the wyp — 0 case, see Eq. (56). Altogether, we
have the following positive corrections to the asymptotic
behavior:

- _ 1.27567... if M <1

SIm YR (|| > 1, M) — - N ,
m 27 || ) {1.75024...M1, if 0> 1
(61)

which is plotted in Fig. 7.
Egs. (52) and (48) we obtain

Restoring dimensions via

SImF o (kp, jwi| > T) —
0.318919 [dier | 2/3T2/3 if M T)1/3
1 . VT , i < (aT)
i w27 .
SF 10.437561... = if M > (oT)Y/3

AEF M’
(62)

For later convenience we introduce b = 0.318919. Quite
importantly, the leading correction scales itself like 72/3
provided that the mass is small. This is intimately con-
nected to the non-FL correlations in the ground state
with the difference that the frequency integration in
§ImXE 5 is not cut-off by the external frequency but
by the temperature. This result turns out to have a
strong impact on the temperature scaling of the bosonic
mass M(T'), as discussed in Sec. IV C. Before turning to
this function we analyze the classical component in the
next section to obtain a complete understanding of the
fermionic damping rate and the crossover scales.
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Figure 7. M-dependence of the scaling function $%(0, M)
(blue) and the thermal corrections 6% 5 o (|@x| > 1, M) in the
high-frequency regime. The dashed lines indicate the asymp-
totic expressions from Egs. (56) and (61), respectively. In
particular, the black dashed line shows our estimate for the
M~ tail, which deviates from the numerical result by ap-
proximately 5%.

2. Thermal component of the self-energy

We turn now to the thermal part of the fermionic self-
energy defined in Eq. (46). A graphical representation of
the self-consistent solution is given in Fig. 8. It reveals a
plateau at small frequencies whose value determines the
thermal scattering rate I' (7). For larger frequencies the
plateau crosses over to algebraic tails of different nature
depending on the temperature.

To perform the explicit calculation, we approximate
the angular dependence in the limit p < kr and insert
the physical bosonic propagator (12):

Ppdw, 1
R o 2932
I 27 (ks ) = 27T, / 2r?
x Im GE(kp — p,wi — wp)
I's(p)
2 — M*(T))? +T%(p)
(63)

X

(w2 —cEp

To determine the leading behavior of this function, we
first solve the frequency integral. To this end, we con-
centrate on the factors in the first and last line since the
fermionic Green’s function will turn out below to play
only a subordinate role in this case. In the regimes where
the bosonic damping attains a form linear in the fre-
quency, i.e I'g(p) = w,I'p(p) (see Eq. (43)), we observe
that the largest contribution arises from the scale

_ Bp? + MA(T)
=T = N
I's(p)
to lowest order in w,. The simple pole structure points

towards solving the w, integration by the residue the-
orem. However, we recall from Eq. (43) that T'p(p) ~

(64)
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Figure 8. Numerical, self-consistent solution of Eq. (68) at
four different temperatures for a/e% = 1072 and M (T) from
Eq. (28) with h, = 107" and A = 1. The colored dashed lines
represent the asymptotic result (72). However, at the two
largest temperatures the latter deviates from the full result
since the constraint I'r(T) < M(T) ceases to be satisfied.
The black dashed line indicates the |wg| ™" tail of Eq. (75).
The inset has the same axes as the main plot and presents
Im EQT at an extremely small temperature. The blue line
corresponds again to the thermal damping rate of (72). In
addition to the green line for the 1/|wy| power law, we observe
also the intermediate regime governed by the non-FL self-
energy shown in yellow (see Eq. (75) for details).

asgn(w,)|w,/win|'/? in the regime |w,| > T with simul-
taneously vpp < wlll\/13|wp|2/ 3. These branch cuts poten-
tially impede the calculation of the w,, integral but we can
argue that they give rise to irrelevant contributions only:
We first note that the 1/w, pole of the Bose distribution
is not evaluated at the origin because of the constraint
|wp| > T'. Next, we determine the frequency scale where
the denominator of Im Df(p) becomes minimal for the
given form of T'g(p). This yields

Q, ~ wiN {ci}p? ha MQ(T)} 3 )

e

to lowest order in w,. If cgp ~ vpp S M(T), we have
Q, ~ MS(T) which scales at least with T? since we are
only interested in solutions where M (T) ~ T/3 or faster
to avoid entering a FL regime. As a result, this sce-
nario contradicts the condition 2, > T'. In the opposite
case cgp > M(T), we find that vpp > ep by insert-
ing Q, ~ win(cpp)®/a® into the momentum constraint
vEp K wlll(ISQf,/ % Such high-energy processes do not play
any role at all for the low-energy physics studied here and
can be safely discarded. In other words, the main contri-
butions to Im £ ., arise from those regions in the (p, w,)
space where the bosonic damping is linear in frequency.
Next, we note that the Im symbol in Eq. (63) can be
taken in front of the integral and that G®(wy, —w,) is an-
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alytic in the lower half of the complex w, plane. Hence,
we can close the contour below to avoid the fermionic
poles such that only the pole of DT at wp = —if), from
Eq. (64) is enclosed:

d’p 1
R 27 g2
Im ZRT(kF,wk) = g-Tdy, Im/ (@m)? &2 + A(T)

x GR(kp — p,wy, +1i9Q,) .
(65)

Note that the factor I'z(p) that carries the momentum
dependence of the bosonic damping has disappeared.
Furthermore, we see that typical momenta scale like
vpp ~ M(T). In case of Landau damping, that is
f‘B(p) ~ 1/(vr|p|), we have Q, ~ M3(T) ~ T where
the last power law applies for the result (29). On the
other hand, if Landau damping is absent, we have I'g ~
I-H(T) and thus Q, ~ Tr(T)M?*(T) ~ T*/3, where the
last relation holds for temperatures below Tyc,. This jus-
tifies the omission of the wf, term of the dispersive part of
D in Eq. (64). In addition, 2, vanises at least like T' in
both cases when the self-consistent results from Sec. IIT
are inserted and the T — 0 limit is taken. We also set
Q, = 0 in Im G, which suffices to determine the leading
behavior of the thermal component, since all crossovers
scale in a more relevant way with 7" or obtain a prefactor
that is much less suppressed in « than €2,. To proceed
with the calculation, we linearize the dispersion around
the Fermi surface as before

d*p 1
Im $2 . (k =g°dy, T1 /
m F,T( FyWk) =g kpt (27T)262Bp2+M2
1
Wg — Zg(wk,ﬁpkp) - UFpCOS(QOP - (ka) ’

(66)

to solve the angular integral (v = vpp) which leads to:

2 72 e3¢}
g-di T / duu 1
Im¥% . (k =T _E ]
mEpr ke, ) vE A2 0 2m u?+ M?2/A?
1
X .
V2 = (@ — SRk, 9i)?
(67)
The final result reads then
Im X3 7 (kp,wp) =
ady T (wg — Z?(wk,cka))
T AT arcosh <—2
Im M/A —
M=*/A
w — S’ (wy, 1+
( k F( k QDkF))\/ (Wk o Eg(wk7@k};‘))2
(68)

Here, arcosh denotes the inverse function of cosh(z) in
the complex plane. This result can be obtained also from



the corresponding Matsubara self-energy, which has been
computed in Refs. [48, 68], by analytic continuation.

In order to identify the dominant behavior in the dif-
ferent regimes we can again obtain simple analytic forms.
To this end, we note the expansion for M > 0 and
Imz>0:

2z ;
arcosh (—i#L) Im M , M < |7
rrl—]\42 _) T 22 . .
\ 22
(69)

J
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Let us focus first on the fermionic damping rate by setting
wr = 0 in Eq. (68) and neglecting the negative contribu-
tion from the quantum component (57), which will turn
out to be irrelevant below. With the given expansion we
find

1 | <2FF,kF (T)> if, M/A < Tpx,(T)

Trxr(m) o
P (T) = ad}, T . arcosh <J\/[/A ad?, T | 4T, (T) s\ /A
Fkp - 4A2%e MQ/A2 A2ecp T 1 . M/A . (T) ,
Trke (TN = 12—y SM/A if, > Ipx
ricr (T) 2, (T) 8 M/A r

where we have used Re Y& 1.(kp,wy, = 0) = 0 due to the
symmetry arguments giverf in App. A. The upper case is
attained close to the classical critical line, where M — 0,
but also for large enough temperatures at the coupling
strength corresponding to the QCP, as we will see below.
The solution for I'p(T") reads in this case [48, 68]

Trk, = A oe | YO 1%e]
Fkr 2A EF 8 \/€FM/A2

_ ldie| | o7 <¢cTT|dkF ) -
up to log(log...) terms. Obviously, the scaling I'r(T") ~
v/ 1'log T renders the quantum component, which at most
scales like T2/3 for small masses, indeed irrelevant. In
particular, Klein et al. [48] showed that this solution
agrees very well with QMC simulations, however at tem-
peratures well above the superfluid transition of the
INM [72] T ~ win. Interestingly, the fermionic damping
rate diverges logarithmically upon approaching T,.. As we
will see in Sec. V, the vertex corrections contain similar
logarithms which require a careful resumation to capture
the real physical result in the limit M — 0. In this re-
gard, Damia et al. [68] showed that including a bosonic
self-interaction in the self-consistent equations cures the
divergences. In the opposite regime M (T) > I'r(T), one
finds

d2
o T (72)
8epA M(T)

FF,kF (T) =

which has been obtained previously by Dell’Anna and
Metzner [32], as well as by Punk [44]. In fact, this form
turns out to govern the Eliashberg equations at the onset
of finite temperatures (see also the arguments for the

(70)

(

quantum critical scaling, given in Sec. III and Sec. IV C).
Fig. 8 shows that this result indeed describes the wy — 0
limit of Im ZgT at the smallest temperatures.

In addition to the plateau of Im Eg,T(ka W), we
can also extract the large-frequency behavior from
Eq. (68). More precisely, we refer to the regime |wy —
Y (kp,wy)| > M, which is formally equivalent to the
M — 0 limit in Eq. (69), In this regime we find:

Im S - (kp, wi) ~

W — Zg(wka (ka) .
ady, T |28 (2 MJA o
4A2€F WE — E?(wk, (ka)

(73)

Moreover, for asymptotically large arguments the solu-
tion of the self-consistent problem converges to the so-
lution of the ordinary equation where X£ on the right-
hand side is replaced by EﬁQ. This allows to distin-
guish two scenarios: At the highest frequencies |wi| >
win the frequency dependence of the right-hand-side is
determined by the linear frequency terms which im-
plies Im S (kp,wi) ~ |wk|t. However, if the asymp-
totic regime is encountered already for |wg| < win,
the right-hand-side is dominated by the asymptotics
IS o (krowi) = —|dicp|Y3wig’|wil/?. Then, the
non-FL correlations give rise to an intermediate regime
characterized by an |wy|~2/? tail with logarithmic correc-
tions. If present, this regime emerges between the plateau
in the limit wj, — 0 and the high-frequency |wy|~* power-
law. Such behavior is indeed observed in Fig. 8 for
the lowest temperatures. We state the functional forms



more precisely in Eq. (75) below, but we first extract the
crossovers to complete the analysis. By comparing T'g(T)
from Eq. (72) to the high-frequency regime we obtain a
simple estimate for the crossover scale between the low-
and high-frequency asymtptotics of Im ZgT

wp — X8 (ws,
21og (2 k F’ZQ\;( k ka))m
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where we have omitted numerical factors of order one.
Based on the previous arguments we can further sim-
plify this relation: At the smallest temperatures we
expect M(T) < win such that the condition |wi —
Z?yQ(wk, Ykp)| > M(T) is satisfied for frequencies com-
parable or even below wiy and the intermediate regime
governed by the non-FL correlations is present. On the
other hand, as soon as M(T) increases with tempera-

— ~|Im 7 ture to O(win), or even beyond, the condition |wjy —
Wi — BF o (W, Pr) SE oWk, Pxr)| > M(T) entails a direct crossover from
I'r(T) to the 1/|wg| tail. In summary, we have the fol-
(74) lowing asymptotic scaling behavior:
J
M(T) <K WIN
) M(T)3/2
m s if |wk| < T
wWiN
i < ol
5 adg, T | ] TN
ImEFyT(kF,wk) ~ — e p A2
2log (vV3sgn(wg) + 4)|di, |* 3w 1/3\w |2/3) —in
1 M/A
73 m - ,else
|dice | /3w |wn 273 (V3sgn(wi) +19)
T
— if M
adi T oM il <
M(T) > WIN IngT(kF,wk) ~ — £
’ 4EFA2 ™ .
—, MK |wk| s
|w]
(75)
[
where the crossover scales have been calculated up to EgT. This is necessary to estimate the upcoming inte-

logarithmic corrections. The result for the largest |wy|
agrees again with the analytic continuation of the Mat-
subara expressions of Ref. [48]. We also notice that the
T/|wg| tail is not restricted by the non-FL scaling ar-
guments and thus extends beyond the frequency cut-off
Wmax- As already mentioned, the numerically obtained
self-consistent solution for Im %% . indeed follows these
asymptotic expression as is shown in Fig. 8. Regarding
the numerical evaluation we have not properly considered
the nonzero real part of the thermal component. How-
ever, in App. A we argue that these corrections vanish
for small o, T in the non-FL regime and that neglecting
them is consistent with the structure of the Eliashberg
equations. In addition, we have checked that the nu-
merical stability against small perturbations that mimic
corrections to the real part.

Eq. (75) reveals that a full understanding of the ther-
mal component requires the bosonic mass M(T') as in-
put parameter. Before embarking on the computation of
M (T), we briefly consider the momentum dependence of

grals. We can parametrize any momentum k close but
not exactly on the FS by a small deviation 0k = k — kg
that is parallel to kp (i.e. ¢k = ¢k,) and satisfies
|0k| < kp. To compute ImEﬁT(k,w) in analogy to
Eq. (66) we have to insert the fermionic Green’s func-
tion

GR(k — p,wp — wp) ~
1

wip — wp — XB(k — p) —vppcos(pk — pp) — vpékg :
76

where we have linearized the dispersion as usual. Follow-
ing the same steps for the w, integration as above and
using that GT(k — p) remains an analytic function of w,
in the lower complex half plane, we find

Im X8 (k,wy) = g*di TIrn/ —|—M2
' p

(77)



Here, we have approximated the d-wave form factor by
neglecting corrections from both dk and the bosonic mo-
mentum p. The determination of Im X% . (k,wy) for
arbitrary momenta and frequencies actualfy requires a
full numerical solution of Eq. (77) with the Green’s
function (76). However, the value ZﬁT(k W —
0) = —I'rk,(T) must still be approached in the limit
0k — 0,wr — 0. Moreover, asymptotically large ar-
guments allow to replace L (k — p) — X o(k — p) ~
EﬁQ(wp —Wwk, Pk ) in analogy to the arguments given be-
low Eq. (73). As a result of the momentum-independent
quantum self-energy, we can solve the ¢, integral just as
in Eq. (66). Afterwards, we perform the p integration like
in Eq. (68). This leads to the asymptotic expression (73),
yet with the dispersive shift wy — wp — vpdk:

Im S5 1 (k, wy) ~
wp — 28 (wy, —vpdok
210g 22 rQWh Pice) —vrdk)
adiFTI M/A
4A26F m wk—zg’Q(wk,gOkF>—UF5k‘

(78)

At 0k = 0 we have seen that Im EﬁT approaches the
constant value I'py, (T) for small frequencies whereas
at higher frequencies this plateau crosses quickly over to
algebraic tails. For finite deviations away from kg, we
find the crossover condition (74) but again shifted by
Wi — Wi — vEpok:

Wi —ZﬁQ(wk7cka)—vp6k .
2log <2 MJA —am

WE — EZ@,Q(wk, ngF) — UF(S]ﬂ

— ~ (Im

(79)

Regarding the range-of-validity of the asymptotic forms
of Im X% . (k,wy) as function of the momentum, we ex-
pect that Im X £ ,.(k,wy) decays quickly if the lineariza-
tion ex — p =~ 1}7F§k fails to be accurate. As discussed
below Eq. (20), the corresponding scale exceeds the cut-
off A from the interaction-based INM scaling relations for
small enough «.

C. Nematic susceptibility

The mass parameter M?(T) introduced in Egs. (12)
and (15) is encoded in Re % (0). To obtain an explicit
expression for the real part of the self-energy, we in-
sert Im % from Eq. (8b) into the Kramers-Kronig re-
lation (9) and apply the latter to Im G¥. This yields

d2k? dwk

Re R (0) = —8° / eyt din (o) Im G (k) Re G ().

(80)
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Given this expression, we can consider the connection
between M?(T) and the compressibility (On/0u)r, in-
troduced below Eq. (15), in further detail. First, we note
that ReX£(0) can be rewritten as

0Im GE(k)

S (8D

Re 2R (0) = 4g2/

when the dressed Green’s function (10a) is inserted, since
¥ is independent of p within ET. The total density n
reads quite generally [62]

2k [ dw
n= Z/W/;np(wk)ImGR(k), (82)

with the factor 2 for spin. This implies
on d3k dw OIm GE(k
() L[ £ [ oG
o)

(2m)3 ] (27) o

(83)
which differs from Eq. (81) only by factors of the coupling
constant and the accompanying angular weight from the
d-wave form factor. The opposite sign arises from the
Fermion loop that is taken into account in ©&. Con-
sequently, Eliashberg theory incorporates the thermody-
namic relation between the fluctuations of the conserved
electron density and the compressibily correctly, as is
expected for a self-consistent quantum field theory on
general grounds [73]. Moreover, both the invers order-
parameter susceptibility M?2(T) and the compressibility
(On/0p)r — (On/0u)r=o scale in the same way with T,
since the nematic form factor does not introduce singu-
larities. Note that we have shown this relation for the
dressed Green’s function but the same statements hold if
Gl = (w—ex +p+1i07") is used instead. However, there
is a marked difference between evaluating (On/0u)r with
bare or interacting Green’s functions: For the spherical
FS of noninteracting electrons one finds in d = 2

on0) 8 [ d?k dwy,
(), =250 G retenster =

0 d*k
= 2@ / 7(27T)271F(Ek - /l)

which is equivalent to the constant density of states
D(e) = m/m and exponentially small thermal correc-
tions. The arguments from the previous paragraph entail
the that the same behavior arises from the perturbative
evaluation of the one-loop diagram for M?(T). When
the band structure of the underlying lattice is taken into
account, the Sommerfeld expansion for small tempera-
tures gives rise to analytic corrections ~ D’(ex)T? to
the ground-state result. Even in a FL one finds the
same temperature dependence since the finite decay rate



of the low-energy quasiparticles, which scales like [74]
~ T? with logarithmic corrections [71, 75] in d = 2, van-
ishes therefore much faster than thermal broadening ~ T’
of the distribution function ng. The effect of interac-
tions merely introduces a renormalization of the density
of states. In contrast, the non-quasiparticle character of
the excitations in the QCR, which is incorporated by the
branch cuts of G, changes the structrue of the integrals
Eq. (81) and (83) substantially: In the non-FL one faces
broad spectral features of a finite width around the FS,
instead of sharp spectral functions that essentially focus
the evaluation on the FS. As a result, in the quantum
critical case this spectral width wy.x and the associated
range in momentum space A, which correspond to a new,
emergent energy and lenght scales, explicitly appear in
the final results. Therefore, UV/IR mixing cannot be
avoided at finite temperatures, in contrast to the ground

J

M*(T) = M2(T) + M3(T)
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state where the single parameter Re $%(0) is absorbed in
the definition of the critical point (see Eq. (14)). Similar
effects of UV/IR mixing appear also at T = 0, e.g. in the
case of higher dimensions when the extended structure of
the hot parts of the F'S has to be taken into account to
describe the interactions properly [76]. Considering both
the low- and high-energy degrees of freedom on equal
footing is certainly beyond the scope of an analytic appo-
rach. However, the estimates for wpax and A provided by
ET allow to obtain qualitative results for M?(T). Fur-
thermore, the scaling with the UV parameters can be
compared to numerical simulations.

To compute M?2(T), we return now to Eq. (80). Using
the identity np(—w) = 1 — np(w) we can decompose the
bosonic mass (15) into contributions from positive and
negative frequencies

2 0 B
:_892/ (Zﬁ’; di U_ dzﬁ’“<[1 G"(k)Re G*(k)] , — [Im G" (k) ReGR(k)]T_O)

+ /OOO d;fnmk)( [lm G¥(k) Re G (k)] 7 — [Im G¥(k, —wr) Re G (K, —ww]T)] ‘

In the absence of well-defined quasiparticles, one expects
the spectral width of the excitations to exceed the tem-
perature, which is indicated by the thermal damping rate
I'r(T) that vanishes more slowly than 7', too. As a con-
sequence, the major contribution to the inverse order
parameter susceptibility will arise from M?2(T') since in
IZ;LQF(T) frequencies above T are exponentially supressed
Y Np.

For the explicit calculation, we will assume that the
non-FL correlations are restricted to the maximal range
in frequencies |w| < wmax and the corresponding maxi-
mal momentum cut-off vpA < hpaxer, given in Egs. (20)
and (24). The analogous computation within the scheme
of minimal cutoffs is presented in App. C. However, we
emphasize that the physical picture relies only on the ex-
istence of non-FL correlations at finite temperatures. In
particular, the choice of the cutoffs does not affect the
scaling with T'. The following procedure consists of three
steps: In Sec. IV C 1 we compute M?(T) by considering
only the quantum part EﬁQ to find a preliminary result
for the bosonic mass. Afterwards in Sec. IV C 2, we use
the latter to obtain the corresponding thermal part EﬁT
and determine the regime of w/T scaling. Finally, we
feed the total self-energy back into the Eliashberg equa-
tions in Sec. IV C 3 and show that the inclusion of EET

yields only subleading corrections to M?(T) at the onset
of finite temperatures. For larger T', however, these even-

(85)

(

tually dominate the inverse susceptibility and provide the
result M?(T) ~ T with logarithmic corrections.

1. Mass gap from EgQ

In this section we compute the bosonic mass by setting
SE(k) = BF o(wr, i) that is to a very good approxi-
mation independent of the magnitude of the momentum
(see Sec. IVB1). Labeling the corresponding bosonic
self-energy as ZgQ and inserting the explicit form of the
Green’s functions into Eq. (80) yields

d Wmax d
0) ~ —8¢> / Pk / i

Wmax

kA qr

Re X3 of —kd;

np(wr) Im S F o (wk, i) (wr — Re ZF,Q(cha <Pk) — &)

(wr = Re B o (wWry 1) — &k)? + (Im 2 (wi, @k))Qr |
(86)

with & = ex — p. After linearizing the fermionic dis-
persion in the variable u = vp(k — k) as usual, we can



integrate u exactly

Re ZgQ(O) = —Qa/ d(pk/ dwk Z ding(wy)

Wimax o=+1
oIm EII?‘,Q(wkv “x)
(Wi = ReXE o (Wks i) — ovp )2 + (I 2 (Wi, pi))?
(87)

Notice that sending A — oo implies Re X2 (0) = 0 at all
T and thus M?(T) = 0. Taking this limit means that the

J
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effective low-energy theory with the linearized dispersion
is extended over all energy scales. Therefore, ET cap-
tures the constraints by the emergent gauge symmetry
of the two-patch model [25, 36, 38], which imply that the
bosonic mass vanishes, unless the UV physics is taken
into account [40].

Let us focus now on M_ o(T)?, obtained by evaluating
the definition of the bosonic mass (85) with Re 2£ from
Eq. (87):

o Im Z? Q(wk, Sﬂk)

d(pk / dwk
M2 = 2 / a2 \
wmae 27 21 | (wk — Re SR, (wk, k) — ovpA)?

In the following, we will assume that EﬁQ can be eval-
uated in the limit M — 0, or more precisely M < 1,
see Eq. (48). This simplification will be justified within
our self-consistent solution below. To solve the integral
over frequencies, we split it in two parts |wi| < T and
|wk| 2 T, where the precise value of the prefactor is ir-
relevant in the limit 7 — 0. For |wi| < T, we rescale
Wi = wg/T and expand to linear order in wy — Re EﬁQ
due to the prerequiste |w, — Re Zl@,@‘ < vpA for non-FL
correlations. This results in a contribution that scales like
T7/3. Instead, the more important contribution arises
from |wg| = T, where the self-energy acquires the form

see also Eq. (58). In this regime JIm Eﬁ@(@k) =

0.318919...|dx . [*/3a?/3T?/3 /(A*/3c) can be considered
as a small correction to the ground state self-energy (cf.
Egs. (55), (62) and Fig. 6 for details). As a result, we
can expand the integrand both in Im 6211?@ and then in

wr — Re X 5. Retaining only the most important term
yields

2m T
d dw
M? o(T) = —2a/0 ka/ L ImézFQ(@k)
20diw,
X —.
0’;1 (UUFA)?)
(89)

After inserting Im 521{3’@ and the values wmax = hyva
and vpA = hpaxer = h&/sal/Q, defined in Eq. (24), we
obtain

7/672/3

M2 ,(T) =~ 0.082417...@0‘T . (90)

- (T — 0)1 .
(83)

+ (Im 35 g (wr, x))? |

(

where the angular integral has been computed numeri-
cally. Note that the leading contribution to the w, inte-
gral arises from the lower boundary at —wpax such that
the precise choice of the upper boundary is indeed irrel-
evant. In the corresponding expression for ME,Q from
Eq. (85) the integrand is exponentially supressed by the
Fermi function at frequencies of order wpax. Further-
more, the regime wy, < T merely yields a negligible con-
trlbutlon analogously to the case for M2 . In agreement
with our previous statement the leading behav10r is given
by

MB(T) = M2 (T). (91)

Several commments on the last two equations are in or-
der: First of all, we note that the scaling with 7%/3 has
been generated by the non-FL correlations in the quan-
tum component. They are intimately connected to the
w?/3 power law which incorporates the nonquasiparticle
excitations of the non-FL. As a result, including the latter
in the Eliashberg equations gives rise to a scaling law that
supersedes the estimate T'log T" at small T. According to
the connection of M?(T') and the thermal contribution to
the compressibility, we have (On/0,)r — (On/0,)r=0 ~
T?/3, too. Finally, the nonuniversal character of M3 (T)
requires to extract the material parameters hy and h,,
from the interplay of the non-FL correlations and the
band structure for each system individually, in order to
obtain a more quantitative results. Nevertheless, our ap-
proach provides a first estimate for the static nematic
susceptibility and in particular allows to test the scaling
with «. In this regard, we also point out that despite
the condidition h,, < 1, the numerical prefactor of M is
not necessarily extremely small: for instance h,, = 107!

implies 1/0.082417...h,, ~ 0.09.



2. Scaling relations from Im 21}?’@

Let us now determine on the basis of the previous
section how the thermal decay rate and the various
crossovers of the INM scale with 7. Calculating the nu-
merical prefactors of order one with high precision is be-
yond the scope of our ansatz, which is rather focused on
the dominant scaling behavior, Therefore, we will omit
them whenever possible. Instead, we concentrate on the
dependence on T, « and ep but keep h,, < 1. First, we
find from Eq. (90)

12 oQ7/121/3

M(T)th Wv
eF

(92)

where we supress the index () because it will turn
out to be equivalent to the total result at the on-
set of finite temperatures. The corresponding dimen-
sionless mass M ~ M/(aT)'/? from Eq. (48) satisfies

M ~ h}/z(ozlp/sp)l/2 < 1 such that FL correlations
do not play a role, according to Sec. IVB1. The nu-
merically evaluated, self-consistent thermal damping rate
from Eq. (70) is presented in Fig. 9. In particular, for the
smallest temperatures the expansion of Eq. (72) holds
and I'r becomes

(T h‘lmﬁTW?’ 93
F( ) ~ 1, 1/2 . ( )
€p

Thus M(T) > Tr(T) in the limit T — 0, such that
the necessary condition for the application of Eq. (72)
is fulfilled. Note that the temperature dependence
T'p(T) ~ T?/3 is a prerequiste for w/T scaling of the
fermionic self-energy. Here, it originates from the ratio
I'p(T) ~ T/M(T) and M?*(T) ~ T?/® which is gener-
ated by the thermal corrections to the non-FL corre-
lations as we have seen in the previous section. How-
ever, the inset of Fig. 9 shows that a rather large rato
M/T'r > 10—100 is required to describe the exact result
with an error between 10% and 1%, respectively. Be-
low we see that this fact limits the range-of-validity of
this scaling relation. As a consequence of Eq. (93), the
damping rate overcomes the positive contribution from

J

5/12

(0%

Ing(kF7wkaT7hw) = 7|dkF|4/3 1/2
€F

5/12 1/4 2/3
= _|dkF|4/3a e T2/3 (1 367...h"~ 1/2|d F|2/3 Oé— (|Ldk|> > .
Er

% is represented in Fig. 3 where we indeed observe a
scaling collapse at the smallest temperatures. We em-
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the quantum part Im EﬁQ(kF, 0) ~ a?/3T?%/3 /e, in the
limit a/e% < 1 such that the positive-definiteness of
the spectral function is restored. Furthermore, Fig. 10
shows that the dominant behavior of the total self-energy
Im¥f = Im Bk o+ Im EF o is very well approximated
by the simple form

~ T e (T) — i ldic,. |73 |2/
(94)

Im X8 (kp,wp, T)

at sufficiently small temperatures: As can be seen

in Fig. 10, this expression holds if the plateau
Im E?T(kp,wk — 0) ~ —I'p crosses first the non-FL
tail ~ |wg|?/3 of Tm & 7. With increasing wy, before the
power-law asymptotics of Im X£ .(kp, wy — 00) sets in.
0.010f 1
0.001f 1
o 107 1
P 5
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\; 10_(,'r 7 ’[:omn
i” 7 / f() 010 ]
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Figure 9. Blue: Self-consistent thermal damping rate from
Eq. (70) with parameters a/er = 1072, h, = 107!, A =1
and ¢k, = 7/10; Yellow dashed: Expansion for M(T) >
Irx, (T) from Eq. (72) that becomes exact at the lowest
temperatures; Green dashed: Expansion around the oppo-
site limit M (T) < T'rxp(T) from Eq. (71) for the behav-
ior at larger temperatures; Inset: relative deviation between
the full result and the low-temperature asymtptotics: For
0l'pxp =~ 0.1 aratio M(T)/Tk, > 10 is required while an er-
ror below one percent is obtained only if M (T)/I'rx, ~ 100.

Provided that this is the case, we can express Im X% in
terms of a scaling function by combining the last two
equations with Egs. (72) and (90):

TZ/SER ( T s Pk h )

(95)

]. 31/2144/35}7/2 T

(

phasize again that the prefactors are nonuniversal but
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Figure 10. Thermal component Im Z?ﬁT(kF,wk) (solid lines)
and quantum component Im Xf , (kr,wsx) (dashed lines) for
three different temperatures. The other parameters are
ajer =107% hy, = 107", A = 1 and ¢k, = 7/10. In case
of the smallest temperature, the plateau of Im EII?,T at small
frequencies crosses the |wy |2/ 3 non-FL asymptotics of Im EI}?,Q
at a frequency smaller than the threshold for the aysmptotic
|wg| ™t power-law of the thermal component. In contrast, at
higher temperatures an intermediate frequency regime, which
is dominated by this asymptotic tail, emerges.

depend on the spectral width of the non-FL excitations
which is encoded in the UV-scale h,,. Furthermore, the
wi/T-scaling form 3% admits only a single crossover be-
tween the low- and the high-frequency regime. As a re-
sult, wg, defined in Eq. (45), coincide and can be esti-
mated as follows

B4
Tr(T) ~ i lwz|?? = we ~ A EST . (96)
As expected from w/T scaling, the relation is linear in
T but acquires a nonuniversal prefactor, which is much
larger than one, as a consequence of Eq. (95). In fact,
the small numerical prefactor of wry increases wg even
further as can be seen in Fig. 3.

Finally, these results allow to elaborate on the bound-
aries for the existence of w/T scaling. First of all, it can
only emerge if 'y <« M(T) since otherwise I'r(T') fol-
lows either from Eq. (71) or from a more complicated
crossover behavior of the full equation (70). Then I'p(T")
does not scale in the same way with temperature as the
ground-state self-energy does with frequencies and w/T
scaling is ruled out. However, the expansion (69) around
z = 0 has only a small radius of convergence such that
the first condition for w/T scaling reads

M(T)
Lr(T)

z B, (97)

with B ~ 100. This value is required to obtain an error of
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approximately one percent in the determination of I' p (T")
via Eq. (72), as can be seen in the inset of Fig. 9.

In addition, there is another mechanism that leads to
the destruction of w/T scaling: As is presented in Fig. 10,
an intermediate regime that is governed by the asymp-
totic |wk| ™t tail [77] of Im XE . emerges at sufficiently
high temperatures. In particulér, the crossover from the
I'r(T) to this tail is determined by M~1(T) ~ |ws| ™!,
as follows from Eq. (74). Consequently, the intermediate
frequency regime is visible in the total self-energy if the
resulting crossover preempts the crossover to the non-FL
asymptotics, which is encountered at the scale wg from
Eq. (96). This allows to formulate a second criterion for
the existence of w/T scaling:

1 1

— > .

(98)

Inserting the results for M?(T) from Eq. (90), Tr(T)
from Eq. (93) and wg from Eq. (96) into the last
two equations, allows to derive two upper temperature
boundaries for the existence of w/T scaling. Finally, their
minimum sets the scale Ty.,1 below which E’I? is given by
the scaling form of Eq. (95)

pLs/8 <0‘1/2)23/85F, if%«fi//ss
Tscal = EF golj B;Lﬁ/g,
B73hal/?, if 5 > ﬁ

' (99)

The first form, which applies to the smallest couplings,
results from Eq. (98) while the second one is obtained
from Eq. (97). Due to the (possibly) small prefactor,
it is quite likely in both cases that T,.x is compara-
ble or even below the critical temperature [72] T ~ win
for the transition to the superconducting state. In spite
of completely discarding pairing fluctuations in ET, our
analysis may still contain relevant physical information
at these small temperatures: In the presence of a finite
superconducting gap A one expects that the Matsubara
self-energy ¥ (iw,) aquires a contribution A?/(iw,) —
A?/(w+1i0%), which gives rise to a pronounced upturn of
the self-energy at the lowest frequencies. Such an upturn
is indeed observed in QMC simulations [54-56]. As a con-
sequence, it is very plausible that the spectral functions
at larger frequencies remain governed by the non-FL cor-
relations considered by ET.

We emphasize again that this analysis has been pre-
sented under the assumption that the thermal compo-
nent Z?,T does not alter the dominant scaling behavior

of M?(T). This is confirmed in the next section.

3. Feedback of EQT

Finally, we have to include the thermal component
of the self-energy in the self-consistent computation of



M?(T). To show that its effect is negligible, it suffices
to insert the results from the previous section to check
that only subleading corrections are generated. In con-
trast, if the dominant scaling behavior was changed, we
would have to restart the calculation with both compo-
nents treated on equal footing. Before embarking on the
detailed calculations to confirm that this is not necessary,
we give a simple argument: The corrections Im §%- % F.Q X
tend over the same region in (wg, k) space as the non-FL
correlations in the ground state, except for very small
frequencies |wg| < T. As a result, ME’Q essentially in-
herits the temperature dependence of Im (521{3@ times a
prefactor that is given by an integral over the entire non-
FL regime. The latter is determined in the ground state
and the leading behavior of the prefactor is, therefore,
independent of T, see for instance Eq. (89). As de-
scribed in Sec. IVB2, the thermal component Im ZﬁT
is instead characterized by the plateau —I'r(T") at small
momentum and frequency arguments and crosses over
to algebraic tails with log corrections for large argu-
ments. Quite importantly, both the crossover scales and
the prefactors of the tails depend on T. Therefore, the
plateau, which sets the maximum of |Im X% ;| accord-
ing to Fig. 8 does not extend over the complete non-FL

+A dk’
—A 2

d ws g
T):892kp/ S0“/ %

Wma;
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regime in (wg, k) but is restricted to a smaller region
with boundaries determined by the temperature. Since
the T-dependent algebraic tails vanish fast enough, too,
the contributions form E}}%T scale to zero faster than the
leading M?(T') ~ T2/ term originating from EEQ

To show this in detail, let us again begin with M?2(T),
defined in Eq. (85) where now the total self-energy
ZII%Q + ZﬁT is inserted into G®. As we have argued
in Sec. IVB2, the tails of Im EﬁT(k wy) can extend
beyond the frequency scale wpax and the momentunm
cut-off A. Nevertheless, we focus first on the regime
—Wmax < w < 0 and |k — kg| < A as before and return
to the remaining frequencies and momenta at the end of
the section. According to Eq. (96) the crossover scale
wg is on order T'. Following the same line of arguments
as below Eq. (88), shows that the contribution from
—wg < wy < 0 still scales like T7/3 and can be neglected.
In the regime —wpax < w < —wg we can again expand
the corresponding integrand of Eq. (85) to first order in
the deviation of the self-energy from its its ground state
form: ImXE — Im B&|7_¢ = Im 52?,@ + Im ZgT. Since
Im 52?,@
tion, it remains to consider Im Eﬁp which gives rise to
the mass M? (T). After linearizing in k' = k — kp, the
correspondiné expression reads

has already been discussed in the previous sec-

—d; ImEFT(k Wi, 21) (W — Re S8 7o (wr, ox) — vrk')

1

X
|: [(wk — Re E§|T:0(wk, (pk) - UF]{I/)Z

(I S E o (e o) (100)

2Tm B8 | 7o (w, )2

[(wr — Re 2E|r—o(wk, px) — vpk')?

To proceed, we have to recall the properties of
EFT(k wy) at finite momentum deviation 6k = k' away
from the FS, discussed at the end of Sec. IVB2. First
of all, the criterion (79) sets the crossover scale be-
tween the asymptotics of small and large arguments.
It can be simplified by introducing the variable u =
vpk! —wg +Re X8| r_o(wr, o). After neglecting the log-
arithmic terms, which cannot change the leading scaling
behavior, and also the correction Im 521@,@, the condition
for the crossing of the two regimes reads as

M |ul
u? + (Im X F | p—o(wr, ¢x))?

(101)

The crossover scale is determined by approaching the
value of |u| that equates both sides from large w. If
the right-hand side is larger than one, we can replace
ImEg)T ~ —Tpy,(T) with the scattering rate from
Eq. (93). In the opposite case, one encounters the asymp-

3
+ (Im Zﬁh:o(wka ‘Pk))ﬂ

[
totic behavior of Im X7 ;. from Eq. (78):

2
7TOédkF T ‘u|

4A%p u? + (Im X8| r—o(wk, ox))?
(102)

Im EET(k, W) ~ —

up to logarithmic corrections. From the relevant roots of
Eq. (101), we obtain the curves u(wg, ¥k)

+M + \/M2 — 4(Im S8 r—o (W, ¢x))?

2 b
(103)

U4 (wkv SOk) =

that indicate the crossover in terms of the variable u at
given (wg, k). However, these two solutions are only
real provided that M(T) > 2| Im S%|7—_o(wk, vk )|, which



requires |wg| to be smaller than

1/ M(T)\*?
WM(T) = 1/2 :

(104)
diwIN 2

If |wi| > war(r), only the asymptotic tails of Eq. (102)
exist for all relevant momenta. For temperatures below
Tycal from Eq. (99), we have wyy ) > wg. On the other

J
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hand, in this temperature regime wys(r) never exceeds
Wmax- This means that the plateau of Im ZﬁT never ex-
tends over the complete (wg, k) region that hosts the non-
FL correlations. This observation gives a first hint that
the thermal component of the fermionic self-energy does
not change the scaling. To confirm this mathematically,
it remains to further subdivide the integral of Eq. (100)
in three subparts:

Wk u Im EET
M_ 17 —wpn(T) S Wi S —Wwg —us <u<Lug T rxp
(105)
M_ 1 —wpr(r) S Wi < —wg u_p < —uyp Uugy <u < up of. BEq. (102)
M*,?’,T —Wmax S wi < WM (T) U_pA < u < up cf. Eq. (102)
(
Here, usp = FvpA — wi + Re Bf|7—o(wk, ¢k) is intro- u_ = —u4. The last column indicates the corresponding

duced as shorthand notation. Furthermore, we have used

J

d d
M? ;4 (T) ~ Sng/ ok / wk
W (T)

form of Im ZI@’T. Written out, the first term becomes

wt (WrsPK) o,

7diF FF,kF (T) u

2w
—uy (Wi, PK)
+ Wk, Pk . , (106)
" B 2Im X8 | r=o (wk; ¥k) 0
2 3| — Y
[u? + (Im EF|T:0(°‘)/€7 ei))?]” [u? + (Im B E 7o (wi, ¥x))?]
[
which vanishes by symmetry. Next, we have
d d — U (Wi, PK) N d T
MEVTQ(T) = 7892m/ sDk/ wk / +/ —udﬁF%
W (T) (TN us (W) | 2T 4A%ep
|u|u 1 3 2Im B8] o (wi, px)?
u? + (Im S =0 (Wk, 91))? | [u2 + (Im SE|r—o(wr, 01))2]° [u2 + (Im SE|r—o(wr, ¢1))?]°
(107)

Due to the antisymmetry of the integrand with respect to
u, it is equivalent to integrate u only between vpAF (wg —
ReXE|r—¢). With the non-FL condition vpA > |wy —
Re X &|7—¢| from Eq. (22), we can simplify the expression

J

(

by replacing u — vpA in the integrand while multiplying
with the directed integration range —2(wjy, — Re SE|7—0).
In addition, we also have vpA > Im E§|T:0 such that
we obtain

2Im E§|T:0(Wk7<ﬁk)2

ME,T,Q(T) =

2T /2’r dipx /*wg dwi 1
A’ep Jo o 21 J_uyp 27 kel (vpA)?

(wi — Re 2 |r—o(w, x)) . (108)

(vrA)°



The frequency integral is now trivial and implies the lead-
ing temperature scaling
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where we have inserted M?(T) = ME,Q(T) from Eq. (90)

and vpA = hpaxér = hl/B\f In particular this re-
sult arises from the combination of Re L%|r_q with the
(vpA)™* term. Comparing M2 ; ,(T) Wlth M2 o(T)
shows that they become comparable only for tempera—

2T wlll\/lgw%“?’T o 11/24711/6 tures larger than T' ~ hi3/14(a/5%)17/285p which is al-
MiT,g(T) ~ 73 (1) VT (109)  most comparable to Wmax ~ hwa'/? and certainly exceeds
€F hJ"a? hg “ep Tycar- Finally, the last contribution reads as wy(r)
dpy [T dwk “r du waT |u|u
M2 TY = —8a2m, / / au 4
_7T73( ) g Wmax U_A 21 r 4A2‘€F u? + (Im Z§|T:0(wka (Pk))2 (110)
% [ _ 21Im & |r—o(wk, ¥x)?
2 3
[u? + (Im EF|T=0(°J/€7 ei))?]” [u? + (Im B E o (wi, ¢x))?]
[
Since the u integration runs again between vpA F (wy, — consistent loop. As a result, we can write
Re EII§|T:0), we can employ the very same steps as in ) )
case of the previous integral. The frequency integral is MA(T) = MZ o(T) (112)

now dominated by the boundary at —wmax, because of
Wmax > wpr(r). In this case the most important con-
tribution arises from the product wy, times the (vpA)™*
term. For the maximal cut-off, this results in

*T w2 aT
M? ;. (T) ~ —— —max_ | p2/372 111
,,T,S( ) cF hi/g w s ( )
which also scales less important than M? ,(T) in the

limit T" — 0. Here, the crossover between’ the two ap-
pears at very high temperatures of Tpayx ~ hoal/?2 =
Wmax- Note that the linearization of the self-energy
around Z§|T:0 at frequencies of order wpa.x and mo-
menta |k — kp| ~ A remains possible up to Tiax, t00.
We will discuss the implications of this result below but
first we complete the analysis of the feedback of Im X ..

For temperatures below Ty ax, the term M_%_,T(T ) can
be discarded for the same reason as above: The Fermi
function affects only the regime wy < T which does
not contribute substantially. Another contribution arises
from the fact that, the thermal component extends be-
yond the momentum and frequency cut-offs of the non-
FL regime. However, outside of this regime the self-

energy at finite T' can be approximated as Z& ~ EIF{,T
since 21@,@ becomes negligible. Analogously, 211;,@ does
not appear in the self-consistent equation (68). Conse-
quently, all the information specific to the non-FL state
has dropped out of X£. Therefore, it has to acquire a
form identical to the high-energy asymptotics in a Fermi
liquid, which is irrelevant for the low-energy physics.

All in all, we have shown that the thermal component
of the self-energy does not change the leading scaling
behavior of the bosonic mass gap when the thermal self-
energy ZﬁT generated by ME,Q is inserted into the self-

up to subleading corrections. Therefore, the scaling rela-
tions presented at the end of the previous section provide
the full solution for the Eliashberg equations.

Let us return to the result (111). It indicates that the
quantum critical scaling M?(T) ~ T?/3 crosses over at
Tiax ~ Wmax t0 a linear temperature dependence, which
strongly resembles the analytic results of Refs. [22, 40]
and the QMC-observation [53]. Formally, we miss the
logarithmic corrections, which have not been considered
in detail within the calculation. However, restoring them
properly at temperatures close to Ti,.x is not straight-
forward: For instance, the crossover condition Eq. (78)
changes because I'r(T) is given by Eq. (71) instead of
Eq. (72). Moreover, the calculation of M?(T)_ 72 in
Eq. (109) turns into a genuinely self-consistent problem
as wyy(ry depends itself on M (T'). This suppresses the
increase of M(T) ~ T*'/% suggested by Eq. (109). Fur-
thermore, for T' ~ Tp,ax the contribution of M?(T) has
to be taken into account, too, because np(wy) ceases
to suppress the largest frequency scales. Nevertheless,
Eq. (111) and the associated crossover appear robust for
two physical reasons: First of all, we note that for the
integration in Eq. (110) only the universal asymptotic
tails of ZgT and the estimate of the UV-cut-offs from
the ET scaling arguments matter. Both of them are not
affected by the previously described effects. Moreover,
the linear temperature dependence arises only from the
asymptotics of L& Fr> which does not contain any infor-
mation specific to the non-qp but incorporates the pres-
ence of the almost critical bosonic fluctuations. Further-
more, we note that the thermal width of the Fermi-Dirac
distribution np starts to exceed the maximal spectral
width wpax of the non-FL excitations for temperatures
T 2 Tmax. As a result, a gp-picture is restored with
growing temperature. These arguments indicate that the



nematic susceptibility obtained in ET indeed approaches
the form M(T) ~ (TlogT)'/? from Eq. (2) at tempera-
tures larger than Ty ax.

Finally, we point out that the crossover temperature
between M(T) ~ T3 and M(T) ~ (TlogT)'? is al-
ways given by the UV-frequency cut-off provided that the
cut-off scheme is constructed along the lines of Sec. I1B:
For a given A one chooses the maximal frequency as
wp ~ (vpA)3/a according to Eq. (23). The dominant
contribution to the bosonic mass from the integral (89)
reads then

M2 (T) ~ o®3T%303 /(vpA)®.

In addition, the contribution containing the asymptotic
tails of Im %% ;. from Eq. (110) scales like

M2 15(T) ~ @*Tw} /(er(vrA)?).
As a result, the crossover temperature becomes

(vrpA)?

T~~~ . 113
" WA (113)

V. VERTEX CORRECTIONS

As already mentioned in the introduction I, ET, like
any self-consistent approximation used in quantum field
theory, is uncontrolled in the sense that, by omitting dia-
grams, important low-energy contributions may get lost.
In the context of the INM the vertex function has been
studied both in the ground state [24, 25, 61] and at finite
temperatures [44]. At T = 0 the result depends cru-
cially on how the limit of vanishing external arguments
is taken: In some cases the outcome is perturbative in «
whereas in other ones even a divergent result is obtained.
For T" > 0, the thermal contribution becomes compara-
ble to the bare vertex and a resummation of the vertex
correction is mandatory.
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Here, we use our Eliashberg results from the previous
sections to give a more unified picture regarding the effect
of the leading order vertex correction:

3

T(p, k) = 55—)/ N Gk +q)G(k +p+q)D(q)

(

X dytq/20k+p/2+q0k+p+a/2
(114)

on the self-energies & (p,w,) and Z&(k,wy). The cor-
responding diagrams are depicted in Fig. 11.

To caclucate I'(p, wp; k, wy) as function of the real fre-
quencies w,; with the dressed propagators G®(k,wy)
and Df(p,w,) from above, we have to perform the ana-
lytic continuation according to Eq. (7). This step, how-
ever, mixes retarded and advanced Green’s functions

GA = (GB)*, DA = (DF)* in the two-loop self-energies
such that the vertex function tls decomposed into several
a)
e ® b ® :
N4
(p+k,Qy+wy)
(P +k, Q) +wy)
)
(p; )
(kvwrr>
Figure 11. a) Bosonic self-energy dressed by the self-

consistent vertex function depicted as grey circle; b) dressed
fermionic self-energy; c¢) Lowest-order approximation to the
vertex shown as white circle

subparts. To obtain them correctly, we state the full
expressions for the self-energies including the the lowest-
order vertex correction and extract the vertex parts from
the [78]. In case of ©& we find

794/k {:th<ﬁ2m>ImGR(1)GR(2) (3)+th(5 2) A1) Im GT(2)DA(3) + GA(1)GT(2)ct <5 3)1 DR(3)}

2

2

with the abbreviations of the arguments: 1 = (k+q, wi+

« [th (M)ImGR(4)GA(5)+th (5 5)1 GR(4 )ImGR(5)]

+ _th (i““) ct (m,) - 1] [GA(1) Im G*(2) Im D®(3)G*(4)G* (5) +Im G*(1)GT(2) Im DR(B)GR(4)GR(5)]},

(115)

(

we), 2 = (k+ P+ quwp +wp+wg), 3=(quwy), 4 =



(k+p,wr+wp) and 5 = (k,wy) while w; refers to the fre-
quency argument of ¢ = 1,....5. Furthermore, th, ct de-
note tanh, coth, respectively, and fq = (2m) 73 [ d?qdw,.

In the following, we will identify those contributions
that are not perturbative in the small coupling a/e%, < 1.
To this end, we split the bosonic distribution functions
ct(fw/2) again in a thermal 27'/w, and a quantum part
ct(Bw/2) — 2T /w like in case of the fermionic self-energy.
By inspection of the two-loop result for Eg, we have
to consider several thermal contributions to the ver-
tex function that can be evaluated for an incoming Bo-
son with (p,w,) = (0,0) and incoming Fermion with

(k,wg) = (kp,0). The most important one is found in
the first line of Eq. (115) and reads
d?qdw, 2T
I'7(0,0;k O:—3d3/ 1= Im D"
T( Uy BRE, ) g kr (27‘[’)3 Wq (q7wq)
x GA(kp + q,wy) G (kr +q,w,) -

(116)

The integral can be calculated in close analogy to Im %2
in Sec. IVB 2. At first glance, we cannot avoid the singu-
larities of the fermionic Green’s functions due to the pres-
ence of G® - G4, which entails non-analyticities in both
the upper and lower half-plane of the complex frequency
wq. Nevertheless, the dominant contribution to the in-
tegral arises from the pole of Im D(q,w,) at w = iQy,
defined in Eq. (64): As discussed above Eq. (65), we
have either €, ~ 1" with a small prefactor or £, vanishes
faster than T. In contrast, the low-frequency behavior
of G4 is regularized by I'rp(T) ~ T%/3 and thus yields
only subdominant terms. Therefore, we have

d?q 1
I'r(0,0;kp,0) ~ ¢*T'd; /
r(0.0:kr.0) = 9Tk, | e 2w (T
x GA(kp +q,0)GF(kp +q,0).

(117)
The angular integral over ¢q yields
/\271’ dQDq 1 B
o (2m) (vrp)? cos®(0q — Pir) + Thy,
1 1 (118)

Frie  Jobp? + T3,

Inserted into the thermal component of the vertex this
results in

STd3 du u
I7(0,0;kp,0) = —— ke [ 20 U
7(0,0:kr,0) U%AQFF,kF/O 2w u? + M?/A2

1
2+ T,
r
3 arccos | —=L
galdy M/A

— . :
der A Trxr  [Nr2/42 — 2.,

(119)

X
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This form admits an expansion equivalent to Eq. (69).
The limit gk, (T) > M(T) implies logarithmic terms
like in the thermal component of the self-energy. In the
opposite regime I'p (1) < M(T), relevant to the QCR
at the lowest temperatures, we find however,

I'7(0,0;kr,0) = gdx,. , (120)

where we have inserted the Eliashberg Eq. (72) for the
fermionic damping rate. We observe that the thermal
component of the vertex in the low-energy limit coincides
exactly with the bare coupling constant. This has been
found in Ref. [44], too. As a result, the thermal vertex
corrections do not vanish in the limit 7" — 0. Moreover,
they do not become negligible even in the weak-coupling
limit and therefore have to be properly resummed. To
this end, we first have to identify all nonperturbative
contributions to the vertex.

We first turn to the quantum part Ffll) resulting from
the first line of Eq. (115). The antisymmetry of the
bosonic propagator Im D® with respect to w,, implies the
low-energy limit of the bosonic damping Im X&(p — 0) =
0, irrespective of how the origin of the (p, w,) plane is ap-
proached. Therefore, we concentrate on the corrections
to the bosonic mass M?(T), or equivalently Re XE(0),
and set the external bosonic frequency and momentum to
zero. However, we keep a nonzero internal fermionic fre-
quency wy: In some terms this turns out to be necessary
to obtain a well-defined result while, physically, M?(T')
is dominated by finite frequencies |wy| > w< ~ T, too
(cf. Eq. (89)). Thus, the corresponding vertex part reads
as

r{0(0,0:kp, wy) =
—§d} / [ct (ﬁ‘;’) —g —th (5”1)] IGR(1))2Im D" (3)
q

-, [ (%) Emarnie) - crapie).
(121)

In App. D, we show that the second integral is perturba-
tive in the coupling constant such that we can neglect it.
In the first line the dominant contribution arises when
q L kp and as usual |q| < kg, similarly to the situation
encountered in the computation of Im E}}%Q. Concentrat-

ing on this case, the angular integral is of the form (118)
and yields

dw d3
T (0,0;k — / q/ ket
( F’wk 9 27‘1’ ImER UJk +Wq;<ka)

ImD (q7 wq)|</’q:¢klp
\/(qu)2 + Im S8 (wi + wg, iy )?

()2 u()

(122)
Note that we have approximated wy + wq — SR (wp +
Wy, Prptq) =~ —iIm SR (wp + wy, pk,) to capture the




dominant behavior in the limit of small frequencies. Fur-
thermore, the ¢ integration remains well-defined when

\/(qu)2 +Im B (wy + wy, pxp)? = vRg,
which corresponds to the relation (22) for the applica-
bility of ET. Moreover, this approximation brings the g-
dependence of the integrand to a form identical to the one
found in Sec. IVB1, up to the momentum independent
factor 1/ Im XE(wk, +wy, Pk, ). In case of the self-energy,
it is the ¢ integration that establishes the characteristic
relation vpq ~ (aw,)/? of Eq. (23), which is responsible
for the generation of the non-FL correlations at the Ising

we replace

nematic QCP. As a result, we expect Ffll) to be compat-
ible with this scaling structure. By rescaling like above
w=w/T and § = vpA*3/(d}_aT)'/? - q, we have:

1"((11)(07 07 kFa wk) = 7gd

al/4 1
dw
e 12\/§A4/3s}/2/ T g |13

a6 (5]
Z}@(wk+wq7§0kFahw) 2 Wy 2

where we have inserted the results from Egs. (52)
and (53) for M = 0 and our scaling function 3% for the

fermionic self-energy from Eq. (95). We note that Ffll) is
independent of T" and thus does not scale to zero when
the ground state is approached. To obtain the result in
the relevant limit |wi| > wg ~ T, we can evaluate the
last equation with T" = 0 expressions. This leads to

@il 8/BAY3d) . dio,
g1/ 3 [l | + g |?/3

—327rA4/3gdkF ,

T(0,0:kp, |wi| > we) = _g/o

(124)

This behav-
|

which is negative and independent of wy.

w1 Im GR

i [, ()

) th( Vinor s
(3)
)

+ [th(Z2

+ th(

Q

w2

[\

with 5 = (p,w,) while the other definitions remain as
stated below Eq. (115). The thermal components I'r
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ior results from two counteracting effects that cancel the
dependence on wg: On the one hand, the integrand be-
comes strongly enhanced at small w; when w;, — 0. On
the other hand, the integration range shrinks. By setting
wr = 0 in Eq. (121) from the beginning one quite likely
misses this contribution in the ground state erroneously
such that only perturbative terms remain. Similar effects
have been seen in Ref. [24].

Let us return to the self-energy (115) now and consider
the last line. Performing first fq by the methods used so
far we obtain a result that is to a good approximation in-
dependent of wy,. As a result, [ dw,GAT(4)GAR)(5) =
0 since the contour can always be closed without en-
closing singularities. In other words, the important ver-
tex corrections for the bosonic self-energy are given by
Egs. (120) and (124). As was shown in Ref. [61], the
dominant higher-order vertex diagrams in ET at T = 0
are typically the ladder diagrams. Assuming that this ap-
plies to finite temperatures, too, and that the low-energy
limit of the resummed vertex function for X is given by
the geometric series, we find similar to Ref. [44]

9di,
1= (g )~ (D +T§Y)
_ 9Ky
32w A4/3

wl,ir—I}o Diadder (0,05 kp, wy) =

(125)

We emphasize that the quantum part is necessary to
avoid an instability that would occur if only I'r = gdk,.
had been considered. However, by taking the limit
wy — 0 properly into account, the total vertex acquires
merely a numerical prefactor whereas no scaling with 7'
and « is introduced.

Finally, we also consider the fermionic self-energy
dressed with the vertex function:

64D + (72 )R m eR @ 04 + oo (S5 6R )G D)
DA6) + ot (%57 60 tm 073 |

th (ﬁ“2> 1] 1 67(0) In GR2) DA )G () D7)

(%) - 1] ermet@ m ot @ nie) ).

(126)

(

are all of the form Im DEGAGA or Im DEGEGE, re-
spectively, and give rise to negligible contributions (see



Eq. (D5)). Thereby, a large contribution originating from
combining the thermal poles of the two loops of the dia-
gram (e.g from the product of the last terms of the first
two lines) is avoided by the associated irrelevant scaling
of the thermal vertex correction. Let us now consider
the quantum parts. There are two interesting limits to
be studied: First, we consider wy = 0 at finite tempera-
tures to exclude large contributions to the positive value
Im ZI?’Q(kF,O) that could give rise to an instability by
introducing a negative total damping rate I'p(T"). After-
wards, we keep a finite wy at T = 0 to check the cor-
rections to the non-FL correlations. In any case, we use
a finite w, to prevent spurious cancelations of actually
large terms.

The quantum component of the first line reads for w;, =
0:

T0(0,wp; kg, 0)|7 =
~od, | { [ct (5;") - QT] GR(1)G™(2) Im DF(3)

Wq

+2%_ {th(?f) —th(W)}GA(l)GR@)DA@)
(

WM) _th (ﬂ‘”)] GR<1>G3<2>DA<3>}~

2 2

(127)

All but the second line are of the form (D2) and thus ir-
relevant at arbitrary temperatures. In the second line the
angular integral is solved via Eq. (118). We emphasize
that the resulting integrand is both IR and UV integrable
even without the tanh functions. Because of their differ-
ence the limit w, — 0 vanishes, unlike in Eq. (123). As
a result, we do not obtain important vertex corrections.

Next we consider Ffll)(O,wp; kg, wg)|r=0. The second
line becomes then proportional to

q

Now taking the limit w, — 0 is possible since the fre-
quency argument ws — w; = wj, + wy of the fermionic
propagators still differs from the bosonic frequency ws =
wq. In analogy to (123) and (124) the expression is thus
well-defined at w, = 0 but evaluates to zero due to the
sign functions. Finally, the last two lines of Eq. (126)
vanish, too, due to the structure G4 (4) D4 (5): inte-
grating first fq gives a constant independent of w,, such
that one can close the contour for the integration over wy,
without encircling singularities in the complex plane.

As a result, we observe that the leading order ver-
tex correction affects mostly the O(1) prefactor of LE.
The scaling with 7" and a of both the fermionic and
the bosonic self-energies obtained from ET remains un-
changed.

/[sgn(wk + wq) — sgn(wy + wp + wq)]GA(l)GR(2)DA(3).
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VI. CONCLUSION AND OUTLOOK

We have presented a new solution to the Eliashberg
equations of the INM at finite temperature. In particular,
we have shown that the temperature dependence of the
inverse nematic susceptibility and of the fermionic self-
energies obeys the expectations of quantum critical scal-
ing: M(T) ~ T"? and YE(w,T) ~ T?3%E(w/T) at the
onset of finite temperature. However, the dimensionless
coefficients exhibit IR/UV mixing and are thus nonuni-
versal. Physically, this effect originates from the finite
spectral width of the non-qp excitations which coincides
with the energy scale up to which non-FL correlations
persist. Furthermore, we have discussed several scenarios
for the breakdown of the scaling theory by thermal fluc-
tuations: While it is only stable for temperatures below
Tucal < win the Hertz-Millis result M(T) ~ (T'logT)'/?
is recovered for temperatures larger than Ty,.x which
marks the threshold when the thermal broadening of oc-
cupations around the F'S becomes comparable to spectral
width of the non-FL excitations. The various crossover
scales are amenable to comparison with numerical sim-
ulations whereby our analytical expressions may help to
identify the physical mechanism underlying data from
more sophisticated methods. Moreover, our approach in
real frequencies gives direct access to the spectral func-
tions which can be observed in experiments. Although
our scaling solution is quite likely restricted to tempera-
tures below the critical temperature for superconductiv-
ity T, ~ win, our results can still comprise valuable infor-
mation: While the presence of a superconducting gap is
expected to give a sharp upturn of the self-energies at the
smallest frequencies it is quite likely that larger frequen-
cies remain governed by the Ising nematic fluctuations.
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Appendix A: Kramers-Kronig relations

The scaling solution (31) for temperatures below Tical
incorporates the thermal scattering rate of the Fermions
at small frequencies in addition to the non-FL correla-
tions at high frequencies. The latter were determined by
analytic continuation from the imaginary frequency axis.
Here, we show that this operation is consistent with the
Kramers-Kronig relations and that omitting corrections
to ReX£(k) beyond the ground state term is consistent
with our solution of the Eliashberg equations. Starting
out from the standard Kramers-Kronig relation (9) for
Y1 we can separate the Cauchy principal value integral
into a regime of small frequencies |wg| < wmax and large
frequencies |wg| 2 Wmax- Furthermore, we focus on mo-
menta kr on the FS and omit the irrelevant angle vari-



able for brevity. In general, we have Re X&(kp, —wy,) =
—ReXE(kp,wi) and Im S8 (kp, —wi) = Im X E(kp, wy).
To confirm this we first note that the assumed ansatz (18)
initially satisfies these conditions. In addition, they
are preserved in the self-consistent loop as the prop-
agators of a real Boson obey the symmetry relations
Re DR(p7 7(’0;0) = Re DR(pa W;D) and Im DR(p7 *wp) =
—Im Df(p,w,) generically. We also mention that ini-
tializing the iterative procedure with the bare Green’s
function G¥t(k) = (wi — ex + p +1401) "1 does not change
the above statement since G{¥(kp,wy) shares the same
symmetry properties. Now, making use of the fact that
Im X &(kp,wy) is even and inserting our result (94) for
the non-FL regime, we have

1/3

Wmax ], —FF,kF — wik |w/|2/3

Re E?(kp,wk.) =~ ][

W' — wg

Wmax

+/°° LdlmE?(kF,w’) 11
w T w’ — L 14 )

max w (Al)

In the regime |wi| < Wmax, relevant for the non-FL cor-
relations, the second integrand can be simply Taylor ex-
panded while we introduce w’ = u - wy, in the first one

% dw'Im YR (kp, ')

T w2

ReZﬁ(kF,wk — O) ~ 2wk/

Wmax

B O il

Wk

—wmax/lwox] T u—1

o [ Rk

T w2

max

wma/ |9kl gy Ty + w3 wi|?/3ul?/3
—QSgD<UJk)][ ——F H;I o7 .
0 T u? —1

(A2)

Beyond wpax, the fermionic single-particle states are ex-
pected to approach the non-interacting ones. Therefore,
the first term, which is linear in wy like Gf(kr,ws) ™,
can be neglected since it acquires a negligible prefactor.

Indeed, estimating the dominant contribution from the
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lower integration boundary yields

" oodw/ImEI;(kF,w’) N ImE?(kF7wmax) N al/?

Wmax

2 W
w Wmax ER

(A3)
Next, the first term of the second line integrates to

][wmax/lwk-l d7u ik, _ sgn(wk)FRkF o Wmax — ‘Wk|
0 Tu2—1 T & Wmax+‘wk|

2I'F i
kr
TTWmax

(A4)

Since the prefactor T'p(T)/wmax < 1, when our re-
sult (93) for the damping rate at the highest possible tem-
perature Tyca from Eq. (99) are inserted, we obtain again
only a negligible correction to the bare frequency depen-
dence (under the condition a/e% < 1) [79]. Finally, the
leading contribution to Re X% in the limit wy — 0 is ob-
tained by sending the upper integration boundary to 4+oo
in the remaing term of Eq. (A2). This yields for arbitrary
0<ax<l1

2win “|wr | ][oo du u®
u? —1

= wiy *|wk|* tan (%

2 ) (A5)

LN F-

™

Altogher, we have shown that the low-temperature scal-
ing solution of the Eliashberg equations Im & (kp, wy,) =

—Trpx.(T) — wIII(I3|wk|2/3 indeed leads to the real part

Re X7 (kp,wy, — 0) — \@W%I(IS sgu(wi)|wkl?,  (A6)

up to subleading corrections. As we have seen, these do
not affect the dominant behavior discussed in the main
text. Furthermore, it follows that this form is consistent
with the analytic continuation of the self-energy obtained
at the QCP.

Appendix B: Supplement for the calculation of
ImXF

In the course of the calculations for the quantum com-
ponent (45) of the fermionic self-energy we restricted the
momentum integral to the region vpp > |E(wi — wp)l
(see Eq. (47)). Here, we show that the contribution from
the neglected regime of small momenta is indeed negligi-
ble. Furthermore, we present how the estimates for the
asymptotic M~ tails can be obtained.

The omitted term in the self-energy reads after simpli-
fying the angular variables like in the main text
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Im ER’<(kF W) ~ —2¢%d; /27r o /d& /|E(wk e dfpp Im !
F,Q\XF; ke [0 om o o E(wk — wp, Prp) — vrpcos(@p — Pkyp)
T I'p(p)
< [raten = 2+ et =] e S
p
(B1)

The result on the bosonic damping rate (43) shows that
I'p is independent of the magnitude |p| in the given mo-
mentum regime. Next, we rescale as follows: @ = w/T

J

[
and p = vp Ap/[L5(T@,, pp)]/%. In addition, we omit all

real terms in the denominator of the fermionic Green’s
function since we are only interested in an upper bound:

A|E(T (@) —@p), ka)l

27 ~
dy dw [T (Tap.ep) 72 dp _ 1
Im Y5 (k ~ —mody / P/ ”/ meee
m F’Q( F> W) e FepA2 7'4']0ImE(T(<7J;C @p)s Pkp)
(B2)
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The asymptotic forms of the bosonic damping (40)
and (41) indicate that T5(T@,, pp) ~ T3, as long as
T < Tyca such that the fermionic damping T'p(T) ~

~

(

temperatures when T'r(T') ~ T/ up to logarithmic cor-

rections. With the integral

T?/3. Since M?(T) ~ T?/3, only the p? term has to be /a du—" — larctan (a?) (B3)
kept in the denominator of the last term at small tem- o ut+1 2 ’
peratures. In fact, this statement holds also at higher
for a > 0, we find then
|
2m
dy dw 1 1
Im Y35 (k op [ & N I
WG ) = —ad, / / 27 T B(T (@, — @) Pier) {”B(“’p) o, e wk)} (B4)
2 oo 2
« arctan (A BT (@ — @p), rcr )| ) '
I'p (Twpv (pp)
[
With the scaling function (31) of the fermionic self-energy limit. Combining this with the scaling of I'p, we can

~ T?/3 in the low-energy

J

we find that E(T(@r—@p), P )

Im X305 (K, wp) ~

kr 4€F

Here, we have introduced an infrared cut-off wir to avoid
a spurious pole at @, = 0 introduced by the expan-
sion. The latter arises from the asymptotics I'p(w, —

expand the arctan around small arguments:

—odt, o [ 5 " den £ ) = & + Gy — 0| |m(r, - )P
|@p| > I
P IR

(B5)

Im E(T(@r, = &), xcp) B(Tp, ¢p)

(

0,¢p) = aw,/T'r(T) (cf. Eq. (43)) which is innocuous
for the full expression since the arctan has a finite limit.



We can estimate wrr via
|E]> ~Tp ~ aw,/Tr(T)

which implies @i ~ T. With E ~ T?%/3 and T'g ~ T/3,
the integral scales like 7% up to logarithmic correc-
tions. Furthermore, in the frequency regime |@,| < @ir
we set arctan((AE/T'p)?) — 1 and obtain a contribu-

It yields a reasonable estimate provided that the large-M
behavior is not dominated by the crossover regime. This
is not the case as can be seen in Fig. 7. Nevertheless, an
uncertainty in the O(1) prefactor arises from the value as-
signed for the intermediate integration boundary. Here,
we have chosen M3/ e'/2 to obtain nonpositve integrands
in order to be unbiased by cancellations between both
parts. Next, we introduce the new variable v = @, /M?3.
Upon sending M — oo, np p converge to F6(—v) and
cancel each other while the pole at the origin is regular-
ized by the linear frequency factor of the first term in the
second bracket. As a result, we find

R Ve g
Im 220, M — 00) ~ fﬁ 2—10g(\f|v|)
—1/ve

UVe gy on
M 2 33/294/3

(J&r }6)—1750 %
(B7)

which indeed decays algebraically with M~! in agree-
ment with the numerical evaluation. Even the numerical
prefactor is reproduced with tolerable accuracy.

Finally, we determine the M — oo asymp-
totics of the frequency-independent thermal correction
Im 03 (|| > 1, M) defined in Eq. (60). The latter
definition is formally almost identical to Eq. (B6) ex-
cept that np(@) is replaced by 6(—&). Transforming the
integral again to the variable v = w,/M? and sending
M — oo, leads exactly to the result of Eq. (B7) with
the same uncertainty in the O(1) prefactor. As a con-
sequence, we indeed obtain the dimensionfull self-energy
given in Eq. (62) in the main text.
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tion of order O(T*/3), too. Consequently, the omitted
terms are indeed subleading compared to the results (57)
and (62) when the scaling solution (95) for the fermionic
self-energy is inserted.

Now we consider the large-M behavior of the scaling
function 3§ , defined in Eq. (52). Based on the asymp-
totics given 1n Eq. (53) for the zeros u; in both the
regimes M > |w,| and M < |@,|, we obtain the sim-
ple approximation

()0 (2 =) - g (- )
(B6)

(

Appendix C: Scaling solution for the minimal cut-off
scheme

We repeat the scaling analysis of Sec. IV C, now with
the smallest possible cut-offs |w| < winy and vpA = a/ep,
or equivalently hpyin = «/ E%. Since winy K vpA anyway
we can set h,, = 1. We begin again with the bosonic mass
generated from the quantum corrections Mg(T) whose
most important contribution arises again from the inte-
gral (89), yet with appropriately changed cut-offs. As a
result, this returns

a a2/3T2/3 a8/3T2/3
M2 (T) ~ ~—7p—, (C1
—,Q( ) (hmingF)3 e WIN E%‘ ) ( )

which is again of the form of Eq. (1). In the following, we
omit the index —, @) since this turns out to be the domi-
nant contribution to the inverse order parameter suscep-
tibility in analogy to the maximal cut-off scheme. From

a4/3T1/3
M(T) ~ ——5— (C2)
F
we obtain via Eq. (72)
€F
Lp(T) ~ 7700, (©3)

As stated already above we observe the identical depen-
dence on temperature as in Sec. IV C. At sufficiently low
temperatures, which we specify below, we find the scaling
function

Im X8 (kp,w,T) =

P <b2diF

2/3R
1/371/E (T7¢k>
2/3 C4
JrOé|dkF|4/3 | / (C4)
8.33/2¢2 \ T ’

where by is a number of order one. The nonuniversal
character is implicit in this case because of the choice



ho, = 1. From comparing the low- and high-frequency
regimes we determine the crossover scale
3

EF
ST o2t (C5)
which is again linear in T. Next, we repeat the analysis
that lead to Eq. (99) for estimate up to which tempera-
ture scaling applies

1/23 17/2
(“) ep, if o > B
Tscal = CY%F 6(5 . (CG)
—_—, if — <« B4
B3¢&Y, ' 2,

However, in the weak-coupling limit only the second case
corresponding to violating M(T') > I'p(T) is relevant
due to the strong enhancement of the thermal scattering
rate at simultaneously suppressed M?(T), as compared
to the case of the maximal cut-off.

Finally, we have to check that EgT does not change the
dominant scaling behavior obtained so far. To this end,
we have to recalculate M_ 1123 defined in Egs. (107),
(108) and (110) but with changed cut-offs. First, we note
that war(r,..,) < win in the weak-coupling limit such that
T'r(T) does not extend over the entire non-FL region in
(wk, k) space. Then M_ r; = 0 by symmetry reasons,
whereas

1/3 5/3
M2 (T) ~ T Wik wAé(T) N al/3T11/6 (1)
—.T,2 cp (hminEF)4 E}:/Z ,
and
2T w? 2T
M2 4 5(T) ~ B~ (C8)

EF (UFA)4 E% '

For temperatures below Ty, these are negligible as com-
pared to M?,(T). Furthermore, M3 (T) as well as the
tails of Im ZgT that extend beyond the range of non-
FL correlations are irrelevant for the same reasons as
in Sec. IVC3. As a result, the bosonic mass is again
exclusively given by the contribution from the quantum
component. However, the crossover from M?(T) ~ T?/3
to M? ~ T with logarithmic corrections takes place at
the UV frequency cut-off T ~ wiy in agreement with
Eq. (113).

Appendix D: Irrelevant vertex corrections

In the discussion of the vertex corrections in Sec. V
several terms were omitted. Here, we show that this is
indeed justified. First of all we have the second line of
Eq. (121). In the limit p — 0, the angular integral be-

34

comes

/27T dog 1 B
o (2m) (vrgeos(vg — i) £ iIm B (wg, o ))?
Im Eg(qu kaF)
(v5¢* +Im B (wg, 1 )?)
(D1)

where we retain only the dominant frequency terms in
the infrared and have set wy = 0 directly since no terms
are cancelled erroneously. Let us consider T" = 0 first.
Up to numerical prefactors the second line of Eq. (121)

. . ~ _1/3 1/34
reads after rescaling w, = winw, and vFq = « / wiy 4

Ome [e%s} ARS
wiN [Gmax 42|,
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[
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(D2)

where M = 0 at QCP. Here, we have made the frequency
cut-off explicit to establish UV convergence, which is nec-
essary as we will see in the next step. Using again the
Ising nematic scaling relations ¢ ~ L:J;/ ? which justifies
the Landau damping form we find (again up to numeri-
cal prefactors:

w (:Jtnax R R _
9dx ﬂ/ dig|w,| /3 (D3)
EF

Wmax

Here, we have employed the condition ¢ >
wf1{1304*2/3|d)q|2/3 adapted from Eq. (22).  Thereby,
we miss a logarithmic correction arising from the inte-
gration boundary ¢ — 0 which, however, cannot make

the term become relevant anyway. With wmax ~ a'/? we
find that the vertex correction is of order
«a
9, — < gdxy (D4)

€F

and thus is irrelevant. Since no additional poles appear
in the corresponding expression at finite temperatures, it
is justified to neglect the second line of Eq. (121). Fur-
thermore, we can conclude on the basis of this calculation
that also the first and third line of Eq. (127) are merely
perturbative in the coupling constant.

Finally, the we come to the thermal vertex corrections
[RR(A4) in the fermionic self-energy (126) that are of
the form ct(Buw,/2) Im DF(q,w,)GFAGHA) " Repeat-
ing the analysis below Eq. (116) leads to Eq. (117) with
the combination of fermionic Green’s functions GFG* or
GAG4, respectively. The angular integral is again of the
form (D1). Then, performing the p integration yields in
the quantum critical regime

1/3

gaT 3
g a1/6 ’

PER(A4)
v e A2(T) e

0,0;kp,0) ~ (D5)

which is much smaller than one for temperatures T' <
Tmax~
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