PHYSICAL REVIEW B 84, 085128 (2011)

Optical and dc conductivity of the two-dimensional Hubbard model in the pseudogap regime and
across the antiferromagnetic quantum critical point including vertex corrections

Dominic Bergeron,” Vasyl Hankevych, Bumsoo Kyung, and A.-M. S. Tremblay’

Département de physique, Regroupement Québécois sur les Matériaux de Pointe (RQOMP) and Canadian Insitute for Advanced Research

(CIFAR), Université de Sherbrooke, Québec, Canada
(Received 20 January 2011; published 26 August 2011)

The conductivity of the two-dimensional Hubbard model is particularly relevant for high-temperature
superconductors. Vertex corrections are expected to be important because of strongly momentum-dependent
self-energies. To attack this problem, one must also take into account the Mermin—Wagner theorem, the Pauli
principle, and crucial sum rules in order to reach nonperturbative regimes. Here, we use the two-particle
self-consistent approach that satisfies these constraints. This approach is reliable from weak to intermediate
coupling. A functional derivative approach ensures that vertex corrections are included in a way that satisfies
the f~sum rule. The two types of vertex corrections that we find are the antiferromagnetic analogs of the
Maki-Thompson and Aslamasov—Larkin contributions of superconducting fluctuations to the conductivity but,
contrary to the latter, they include nonperturbative effects. The resulting analytical expressions must be evaluated
numerically. The calculations are impossible unless a number of advanced numerical algorithms are used. These
algorithms make extensive use of fast Fourier transforms, cubic splines, and asymptotic forms. A maximum
entropy approach is specially developed for analytical continuation of our results. These algorithms are explained
in detail in the appendices. The numerical results are for nearest-neighbor hoppings. In the pseudogap regime
induced by two-dimensional antiferromagnetic fluctuations, the effect of vertex corrections is dramatic. Without
vertex corrections the resistivity increases as we enter the pseudogap regime. Adding vertex corrections leads to
a drop in resistivity, as observed in some high-temperature superconductors. At high temperatures, the resistivity
saturates at the Ioffe-Regel limit. At the quantum critical point and beyond, the resistivity displays both linear
and quadratic temperature dependence and there is a correlation between the linear term and the superconducting
transition temperature. A hump is observed in the mid-infrared range of the optical conductivity in the presence

of antiferromagnetic fluctuations.
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I. INTRODUCTION

The calculation of transport quantities in strongly correlated
electron systems is particularly challenging, but is a necessary
step to make contact with a wide class of experiments. Even for
the simplest model, namely the single-band Hubbard model,
this is a formidable task. Taking up the challenge is all
the more important for the two-dimensional case (2D) that
acts as the minimal model for the high-temperature cuprate
superconductors,' layered organic superconductors,” and a
number of other materials.

Even in cases where one has a good handle on the
single-particle Green’s function, the difficulty of calculating
transport in the 2D Hubbard model stems from the fact that
one cannot neglect the effect of vertex corrections when
strong momentum-dependent correlations are present. Those
vertex corrections are the analog of the self-energy, but for
the two-particle response functions. When vertex corrections
are not included, conservation laws can be violated and
results inaccurate. In the case of small finite systems tractable
by exact diagonalization or quantum Monte Carlo (QMC)
calculations, the correlation function is directly evaluated and
vertex corrections are not an issue. However, those results
are more relevant for finite frequency conductivity and strong
coupling, where correlations are mainly local.>™

Consider for example the electrical conductivity for the
2D Hubbard model. For the infinite system, optical and DC
conductivity calculations have been performed without vertex
corrections using dynamical mean-field theory (DMFT)’ and
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cellular DMFT (CDMFT).! Those calculations have also
been done with the composite operator method'' but vertex
corrections cannot all be taken into account. For the t+ — J
model, the strong coupling limit of the Hubbard model,
a number of approaches have been used, in particular the
extended dynamical cluster approximation (DCA),'>!3 but
vertex corrections'*! have been neglected. However, recent
optical conductivity calculations for the Hubbard model with
the DCA took vertex corrections into account.'®!” The effects
were found to be important only at high frequencies. Despite
this recent advance, the calculation of vertex corrections with
DCA or CDMFT, considered the best available ones at strong
coupling,'8-%° is still an open problem.

At weak coupling, the Boltzmann equation offers a tractable
approach that satisfies conservation laws when one includes
scattering-in terms. For linear response, its variational for-
mulation has been used for example to compute the effect
of spin fluctuations within the self-consistent renormalized
approach?' and also to investigate the resistivity near the
quantum critical point (QCP) in the clean?” and disordered
cases.”>** The drawbacks of this approach are that it assumes
the existence of quasiparticles and that this assumption is
not valid in two dimensions, especially near the pseudogap
regime and QCP. Green’s function approaches that do not
assume quasiparticles are preferable. Hence, some resistivity
calculations without vertex corrections were done with the
T-matrix approximation” and with the fluctuation-exchange
(FLEX) approximation.?® Other FLEX calculations take into
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account some vertex corrections due to spin and charge
fluctuations.?”-?® In these works, only the antiferromagnetic
Maki—Thompson (MT) diagrams were included. The antifer-
romagnetic analogs of the Aslamasov—Larkin (AL) diagrams
were neglected, claiming that the latter are negligible. We
will see that in the DC case this is true only in the presence
of particle-hole symmetry. A review on those calculations is
given in Ref. 29. In Ref. 30, which takes into account supercon-
ducting fluctuations, AL diagrams are taken into account for
superconducting fluctuations but they are neglected for the spin
fluctuations. A recent calculation using field-theory methods
of the conductivity at the QCP3! includes all vertex corrections
but only at 7 = 0. The renormalized classical regime where a
pseudogap appears has also been considered, but focusing only
on the hot spots®? or neglecting the AL contribution.’® There
are also analytical results for the conductivity with vertex
corrections using Fermi-liquid theory.>*3>

Despite all these results, the electrical resistivity at weak
to intermediate coupling has not been reliably computed for
all dopings and temperatures because particle-hole symme-
try, where the AL term vanishes, does not generally hold
and because there are regimes where Fermi-liquid theory
is no longer valid. Fermi-liquid theory breaks down in
the pseudogap regime, near the antiferromagnetic QCP and
in the Ioffe—Regel limit. Hence, in this paper, we extend
the two-particle self-consistent (TPSC)** approach to in-
clude the effect of vertex corrections in the calculation
of the resistivity and optical conductivity of the one-band,
square-lattice, nearest-neighbor 2D Hubbard model for weak
to intermediate coupling. This regime corresponds to values
of the interaction strength U below the critical value for the
Mott transition. We present numerical results as examples
and discuss possible links with experiments on cuprates. In
particular, we consider the origin of the mid-infrared hump in
the electron-doped materials, the Ioffe—Regel limit, insulating
behavior in the pseudogap regime, and the link between linear
resistivity, quantum critical behavior, and superconductivity.

The TPSC approach has the following strengths that
make it a good choice for the present purposes. In two
dimensions, the Mermin-Wagner theorem***! prevents the
occurrence of antiferromagnetic long-range order at finite
temperature. Not many theories can handle that constraint.
Because long-range order is prohibited, there is a wide range
of temperatures where there are huge antiferromagnetic [or
spin-density wave (SDW)] fluctuations in the paramagnetic
state. It is in this regime that a fluctuation-induced pseudogap
can appear.’”*** The standard way to treat fluctuations in
many-body theory, the random-phase approximation (RPA),
leads instead to long-range order and misses this effect.
The RPA also violates the Pauli principle in an important
way.>® The FLEX***®approximation and the self-consistent
renormalized theory of Moriya-Lonzarich*’ satisfy the
Mermin—Wagner theorem but they do not satisfy the Pauli
principle and consistency between one- and two-particle
quantities. Strengths and weaknesses of these approaches
are discussed further in Refs. 37,38. Weak coupling renor-
malization group approaches become uncontrolled when the
antiferromagnetic fluctuations begin to diverge.’*>* Other
approaches include the effective spin-Hamiltonian approach.>*
The TPSC approach does not assume a Migdal theorem for
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spin fluctuations, and Kanamori—-Brueckner renormalization
of the bare interaction is included without adjustable pa-
rameters. The conditions for the appearance of a pseudogap
induced by antiferromagnetic fluctuations have been verified
experimentally in electron-doped cuprates.> In addition to the
above theoretical considerations, the TPSC approach has been
extensively benchmarked against QMC calculations in regimes
where the latter is available.’637-39435658 The agreement
between the one-particle spectral function of TPSC and QMC
approaches in the pseudogap regime is remarkable.*’ The
TPSC approach, however, fails when the temperature is too
far below that where the pseudogap appears.

In the TPSC method, the calculation proceeds in two
steps. At the first step, spin-spin and charge-charge correlation
functions are obtained with irreducible vertices that are
determined self-consistently. That is the origin of the name
of the approach. At the second level of approximation, a
nontrivial self-energy that is consistent with the spin and
charge fluctuations and that can explain fluctuation-induced
momentum-dependent pseudogaps is then calculated. The
charge-charge correlation function at the first level of approxi-
mation satisfies the f~sum rule with the Green’s function at the
same level, but it misses lifetime effects necessary to obtain
nontrivial conductivity. What is needed is a calculation of the
current-current correlation function that includes the Green’s
functions dressed at the second level of approximation with
the corresponding irreducible vertices. What has been missing
up to now is an expression for the corresponding irreducible
vertices. Following Baym and Kadanoff,>>" here we use a
functional derivative approach to obtain irreducible vertices
that satisfy conservation laws. We check that the f~sum rule is
then satisfied with the Green’s function obtained at the second
level of approximation. For the conductivity, we show that,
not only the MT-type contributions from SDW fluctuations,
but also the AL contributions are important. The latter have a
dramatic effect in the pseudogap regime.

The paper is structured as follow. The next section contains
the details of the methodology and is divided into five
subsections: IT A, the model; 11 B, the conductivity in linear
response theory; II C, a derivation of the TPSC approach for
the spin and charge response functions and the one-particle
self-energy; II D, the conductivity in the TPSC approach; and
finally ITE, a description of the numerical algorithms that
were used to calculate the expression given in Sec. IID.
Section III presents the results for the system considered,
followed by a discussion and a conclusion in Sec. IV and
V, respectively. Also, some useful derivations, such as those
for the conductivity, the f~sum rule, and Ward identities, are
given in the appendices along with details of algorithms
that are of more general applicability, such as calculating
response functions with fast-Fourier transforms (FFTs) and
cubic splines and analytical continuation of numerical data.

II. METHODOLOGY

We first define the model, recall the conductivity formula,
and introduce the TPSC method in the functional derivative
formalism. This approach allows us, in the fourth subsection,
to derive the conductivity formula including vertex corrections.
The last subsection briefly describes the numerical algorithms
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that we implemented. Those are detailed in the appendices. In
this section, we use units where e = 1, i=1,anda =1, a
being the lattice parameter. In Sec. III, we use both those
units and physical units to allow comparison with typical
experimental values.

A. Model

Our model is the 2D Hubbard Hamiltonian in the presence
of an electromagnetic field that is treated classically. With the
usual Peierls substitution, we have

H(t) = — Ztljclgcjde i [/ dr;; A(rt)+Uannw’ (1)

ijo

where r;; =r; —r;, #;; are the hopping matrix elements
between the sites of the lattice, cj, destroys a particle with
spin o at site j and cj(, creates a particle at site 7, A(r,t) is
the vector potential, U is the on-site repulsion energy, and
Nig = cjocia is the spin o particle number operator at site i.
Note that it is perfectly general to use only the vector potential
to represent the field, since a scalar potential can always be
removed using the proper gauge transformation. The form of
Eq. (1) for the Hamiltonian is justified by gauge invariance.
Further discussion of the Peierls substitution may be found in
Ref. 61.

B. Conductivity in linear response theory

This derivation of the linear response result will allow us
to set the notation. To obtain the conductivity, we first need
the expression for the current operator. In the x direction, for
example, it is given by

oH

.S _
Ji (1) = SArD) (@)

where the superscript S indicates that j, is in Shrodinger
representation, despite its dependance on f¢. If we apply
this definition to Eq. (1), keep terms up to linear order in
the vector potential, assuming that A(r,t) = A,(r,t)X, with
A, (r,t) varying slowly on the scale of a lattice spacing so that

j ..
/ Ay AEen = L AE0+ G, O)

L

where x;; is the x component of the vector r; — r;, we obtain

. i i i
Je(r,t) = 3 %:&ta (¢lyCi=sio + Cliy5.5C10)

1 2 i T
— EAx(rlst) Z (Sxta(cjr(,clfé,a + Cl_;'_(g.(,cla)

So

“

where §, is the projection along x of the vector § between
neighbors. #5 is the corresponding hopping matrix element.
For a uniform electric field we can take the vector potential
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independent of position, which means that we need only the
q = 0 component of the current

8ek
jl) = — Z ok C;rmcka
A Peu s 5
— A~ Z BHE koK ()

where € is the dispersion relation and N is the number of
lattice sites or wave vectors in the Brillouin zone. For the
following we need to define the paramagnetic current,

0
"=——Z ch.'mcka, ©)
and the diamagnetic current,
. 1 8 €k
B =-Am— Z T Cho Cho (7)

so that j: Sty = jl + ]f(t)
According to linear response theory, the frequency-
dependent current in response to the field is

(@) = (je(@)) + xj, . (@) A(w), ®)
where j,(w) is the Fourier transform of
Jx() = U, = 00)ji U1, — 00), ©9)

where U (t,t') is the time-evolution operator for the Hamilto-
nian H(t), Eq. (1),

X (@) = % / dr ([P @), jEaH]joa — 1) (10)
is the current-current correlation function, and the notation
0 () stands for the interaction representation of the operator O,
namely, O(r) = ' Qe "' where Hy is the Hamiltonian in
Eq. (1) with A = 0. Also, (.. .) means an equilibrium average,
namely in the system Hy.

Since (j(1)) = (jF) = 0, the equilibrium average of the
current operator in the interaction representation is given by
the diamagnetic term

(@) = (j40) = (j¢®)
= —A (t)1 Za 6"(cT Clo)- (11)
- X 8]{2 ko Ck,0
Defining
1 32€k
(ky) =—N;a—k%<nk>, (12)

where n; = cl(, Ck.s» We have

(Jo(@) = (k) A (D), 13)

or, in frequency,

(@) = (k,
and Eq. (8) therefore becomes

(Jx(@)) = [{ke) + X j. (@) Ax(@) . s)

)Ax(@), (14)
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Note that, in the case where the Hamiltonian has only nearest-
neighbor hoppings, (k,) is proportional to the local kinetic
energy,® but in general it cannot be regarded as such, as is
clear from Eq. (12).

To find the conductivity, it suffices to relate the electric field
to the vector potential through

E(w) =i(w+in)Ai(w), (16)

where 7 is positive and infinitesimal. Thus the current is related
to the electric field by

(k) + Xjoji (@)

(Jx(@)) = @t in

E.(w). a7
Finally, since (j,(®)) = oy(w)E,(®) by definition, the ex-
pression for the optical conductivity in linear response theory
is

(k) + X, ). (@)

i(w—+in) (18)

Ox(w) =
In this paper, we calculate only the real part of o(w), the
dissipative part, and the expression that we use in practice is

Rea”()__xhﬁ() (19)

which is derived in Appendix A from Egs. (A14)-(A16). If
one is interested in the imaginary part, it can be obtained using
Kramers—Kronig relations.

C. Two-particle self-consistent approach

In the TPSC approach, one- and two-particle Green’s
functions for the Hubbard model are calculated in a non-
perturbative way. The approach enforces conservation laws,
key sum rules, and the Pauli principle. It was shown, from
benchmarks with QMC results36:374336.3862 {5 be accurate
within a few percent for interaction strengths up to about
U = 6t. We will derive the TPSC approach below, but the
reader can also resort to Refs. 37— 39 for a more detailed
discussion of the approach itself and a comparison with other
approaches.

In this subsection, we present the key equations for the
theory. The following subsection contains details of the
derivation. We use the shorthand notation 1 = (ry, 1) for space
and imaginary-time coordinates and ¢ = (q,ig,) for reciprocal
space and Matsubara frequency coordinates.

The spin and charge response functions must be computed
first from the expressions

1 .
mwn=ﬁ/ﬁwwwnw@ﬂwvm>

_ x0(q) 20)

1 - U”’x (@)

1 .
e ﬁl/drdwfﬂwdmrﬁd—q»-—(nf

x0(q)

= -7 21
1+ ‘”XO(Q) @D
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where T; is the imaginary-time-ordering operator and xo(q) is
the Lindhard function, given by

T
m@h?QN%:@Wk+®@WM- (22)

Here, GV corresponds numerically to a noninteracting
Green’s function because the self-energy Eq. (49) is constant
and the chemical potential is adjusted to obtain the correct
filling. This point will become clear below. Note that we
assume here that the system is paramagnetic so that the spin
index will often be omitted and the sum over it replaced by
a factor of two, as in Eq. (22). In Egs. (20) and (21), the
parameters U, and Uy, are the spin and charge irreducible
vertices, respectively. First, Uy, is defined by

(ny(Dny (D)
(ny(D)(ny (D)7

(this definition is used for hole doping, electron doping will
be discussed below) so that it can be determined from the
fluctuation-dissipation theorem

T p— SZ SZ J—
N;m@—<>—

U, = (23)

(n) —2(n4ny)

Uy (n)?
= — , 24
(n) U 2 (24)
where we have used the Pauli principle (ni) = (ny). Note

that all quantities on right-hand side of Eq. (24) are local
ones. Then, once the double occupancy is known, U,;, can be
determined from

~ Z Xen(q) =

We also call Egs. (24) and (25) the local spin and local charge
sum rules.

Finally, with response functions (20) and (21) we can obtain
the one-particle self-energy,

n) +2{nn,) — (n)*. (25)

ur
2572)(]() = Un—a + gﬁ Z[3Ustsp(q) + Uch Xch(q)]

q
x GV (k + q), (26)

whose form will be explained below. Expressions (20), (21),
and (26) are the basic equations of the TPSC approach.

1. First step: Spin and charge susceptibilities

First let us derive expressions (20) and (21) for the spin
and charge susceptibilities. In the following, we use Einstein’s
convention for the sums (or integrals), namely that an index
appearing twice or more in an expression is summed over
lattice sites and integrated over imaginary time. An overbar
helps clarify which indices are involved. The approach follows
the Martin—Schwinger techniques®® described in Kadanoff and
Baym’s book.®

It is convenient to introduce a “source field” ¢, (1,2) that
couples to one-particle excitations in the system. It allows us to
easily obtain correlation functions from functional derivatives.
The source field can be set to zero at the end of the calculation.
The source-field-dependent Green’s function in the grand
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canonical ensemble is then given by

Tr[efﬂK Tre*c;t,(i)%(ii)c{} (?)CJ (l)ci (2)]
Tr[e—#K Trgfcédmd,é)cr—;@)]

= —~(Trco(Deb ), 27)

where K = H — uN, w is the chemical potential, and N is
the number operator. We have also used the notation (...)4
which means that the average is taken with the source field
turned on. Response functions can be obtained from functional
derivatives of G, with respect to ¢, since

8G,(1,2;:{¢})
5¢a’(3a4)

Go(1.2:{¢}) = —

= Go(4.3:{p}G,(1.2: {¢})

—(Tech B)eo el @)eo (D). (28)
We also have
xsp(1,2) = (Tx S*(1)$%(2))
= (Tz[ny(1) = ny (DI[n4(2) = ny (2)])
= 2((Trny(Dny (2)) — (Teny(Dn (), (29)
where we have used spin-rotation symmetry to obtain the last

line from the previous one. For the charge response function,
the corresponding expression is

Xen(1,2) = (n(Hn(2)) — (n(1))(n(2))
= 2((Teny(Dny(2)) + (Teng(Hn(2)))
—(n(1))(n(2)) . (30)

According to Eq. (28), the last two results, Eqgs. (29) and (30),
can be written as

Xch/sp(laz)
_ 5 (5G¢(1,1+; {#]) n 5G¢(1,1+;{¢})> ’ G
841 (2+.2) 86,27.2) /| 5z0

where the expressions with the plus and minus sign correspond
respectively to the charge and spin response functions. Here,
1T = (r{,7; + €), where € is positive and infinitesimal. For the
remainder of this section, we implicitly assume that derivatives
with respect to ¢ are evaluated at {¢} = 0.

To obtain integral equations for the response functions, we
begin with

G”(I,T)G;I(T,Z) =46(1-2). (32)

Taking the functional derivative of this equation with respect to
$o/(3,4), taking 2 — 2, multiplying on the right by G,(2,2),
and summing over 2, we obtain
§G,(1,2) 8§G;1(1,2)
S (3.4) Spor(3.4)
On the other hand, Dyson’s equation in the presence of the
field ¢ reads

—G,(1,1) G,(2,2). (33)

G;'(1,2) = GO7'(1,2) — ¢,(1,2) — 2,(1,2),  (34)

where G is the noninteracting Green’s function and X, is
the self-energy, so that

8G,'(1,2)
8¢ (3.4)

§¥,(1,2)

_5(1 _ 3)8(2 —_ 4)50'0" - m 9

(35)
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and therefore, from Eq. (33),
8G,(1,2)
— = G,(1,3)G;(4,2)3;0
3 (3,4)

8%,(1,2)

35 (3,4)

Following Luttinger and Ward,** X, is a functional of G, and
G_,, and we find, applying the chain rule, that
3G,(1,2)
8¢5 (3,4)

+G,(1,1) G,(22).  (36)

= G4 (1,3)G5(4,2)860

§%,(1,2) 8G5(3,4)
8G5(3.4) 8¢5(3,4)

This is the analog of the Bethe—Salpeter for the particle-hole
channel. Defining the particle-hole irreducible vertex

8%, (1,2)

+Gy(1,1) G,(2,2). (37)

Too(1,2;3,4) = ——2—, 38
( ) G, (3,4) G8)
Eq. (37) reads

8G,(1,2) 1

—— =G,(1,3)G,(4,2)8,+ + G5(1,1

8¢5:(3,4) (196 (&:2000 4 Co(LD

8G+(3,4)
85:(3,4)

The spin and charge response functions in Eq. (31) are special
cases of the more general functions

8G1(1.2:{¢}) | 8G(1.2; {45}))
3¢1(3.4) 8¢,3.4) )

X Fao_'(i9§;§sz") Ga(zsz)' (39)

x+(1,2;3,4) = -2 (
(40)

It is straightforward to show, from the Bethe—Salpeter equa-
tion, Eq. (39), and spin-rotational invariance, that

x+(1,2:3,4) = —2G(1,3)G(4,2) =+ T /p(1,2:3,9)G(1,1)

x G(2,2) x+(3,4(3,4) (41)
where
Censsn(1,2:3,4) = ‘ET(T’?) + SET(T’?) (42)
chfspl o2 5G,(3.3) ~ 8G.(3.%)

and G = Gy =G,.

Up to now, all the results are exact. The first step in the TPSC
approach is to obtain a first approximation for the self-energy
that will be used to obtain irreducible vertices. First, let us
rewrite Dyson’s equation, Eq. (34), with zero source field in
the form

GO71(1,3)G,(3,2) = 8(1 — 2) + £,(1,3)G,(3,2). (43)

Then, note that the equation of motion for the Green’s function

reads
9 )
) [(—— n u) i+ m} Goll - j.1)
; at

=8(1)8;j — U(Tenis(D)cio(t)cl,),  (44)
or, in compact form,

G971(1,3)G,(3,2) = (1 — 2) — U(T,ns(1)c, (1)cl (2),
(45)
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where & = —o. By comparing Eqs. (43) and (45) we conclude
that

26 (1,3)G5(3,2) = —U(Tens()co (e (2)) . (46)

Now comes our first approximation. We replace the last
expression of Eq. (46) by

2,(1,DG6(1,2) ® Ugyy(DGs(1,11)G4(1,2),  (47)

where, for the hole-doped case,

gr (D) = {np(ny (D)) 48)
(ny (D) (n, (1))
For the electron-doped case, we replace n,, in this expression
by 1 — n,. Thus, when the lattice is bipartite, particle-hole
symetry of the phase diagram is preserved. It also gives a
better agreement with QMC results when the lattice is not
bipartite. Those two different approximations are equivalent to
assuming that approximation (47) is made for holes when the
hole density is smaller than the particle density and for particles
otherwise. Now, substituting definition (48) into Eq. (47), it
is clear that we recover the exact result for the self-energy of
Eq. (46) in the special case 2 = 17. The approximation®®% is
justified if it is correct to assume that the four-point correlation
function factorizes only when points 1 and 2 are different.
Within this approximation, the self-energy can be obtained
by multiplying Eq. (47) by G;!(2,3) from the right and
summing over 2 to obtain

21(1,2) = Ugy (DGs(1,1M)8(1 — 2), (49)

which is the self-energy ansatz that is used to define the
Green'’s function G in Lindhard function (22), from which
are defined TPSC susceptibilities (20) and (21). Note that once
the source field ¢ is turned off and translational invariance
is restored, £{"(1,2) becomes independent of position and
its Fourier transform (FT) is simply a constant that can be
absorbed in the chemical potential in G{V(k), so that this
Green’s function is in practice a noninteracting one.
Given the self-energy, as well as the result

Sgr (1) Sgpy(1)
8G,(2,3)  8G_,(2,3)°

(50)

valid in the paramagnetic phase, and the definition of the spin
vertex, Eq. (42), we obtain the spin vertex

Typ(1,2:3,4) = U,y 8(1 — 3)5(1F —4)8(1~ —2),  (51)

where Uy, = Ugy (1). It is possible to obtain an analytical
expression for 6g4 (1)/8G4(3,4) to compute the charge vertex
from definition (42) and ansatz (49), but to this day the most
successful approach has been to approximate this functional
derivative as local, i.e., proportional to §(1 — 3)§(1 — 4), which
leads to

[(1,2;3,4) = Ugy8(1 —3)8(17 —4)5(17 —2).  (52)

Substituting into the Bethe—Salpeter equation for the suscepti-
bilities, Eq. (41), we find the corresponding TPSC expressions
for the spin [Eq.(20)] and charge [Eq.(21)] susceptibilities.
They suffice to determine also U,y,.
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2. Second step: Improved self-energy

Collective modes are generally less influenced by details of
the single-particle properties than the other way around since
collective modes depend more strongly on general principles
like conservation laws. We thus wish now to obtain an im-
proved approximation for the self-energy that takes advantage
of the fact that we have found accurate approximations for the
low-frequency spin and charge fluctuations. We begin from the
general definition of the self-energy Eq. (46), obtained from
Dyson’s equation.

We start with the longitudinal channel (¢ diagonal in
spin indices) and use the corresponding expression for the
correlation function in terms of the response function, Eq. (28).
In that case, the right-hand side of the general definition of the
self-energy, Eq. (46), may be written as

2 (1,1)Go(1,2)
_ —U[ §G4(1,2)
Sp—o(17,1)

The last term is the Hartree—Fock contribution, which gives the
exact result for the left-hand side in the limit @ — 00.>” The
3G, /8¢_, term is thus a contribution to lower frequencies,
and it comes from the spin and charge fluctuations. Right-
multiplying the last equation by G~!, replacing the lower-
energy part §G,/é¢_, by its general expression in terms of
irreducible vertices, Eq. (37), and taking ¥ and G on the
right-hand side to be the first-level approximations X" and
G, respectively, we find

G_, (1, 1+)G(,(1,2)]. (53)

£2(1,2) = UGY) (1,11)8(1 — 2)

- 8503,2) §GP@A,5

w3 0D 3G
8Gy)(4,5) 8¢—o(11,1)

If we expand the sum over spins on the right-hand side to

express the irreducible vertices in terms of their spin and charge

versions, Eq. (42), we find, after using the TPSC vertices,
Egs. (51),(52),

(54)

ur
1(2) — - E
2(7 (k) - Un—d + 4 N - [Ustsp(q) + UchXch(q)]

x GV(k +q). (55)

There is, however, an ambiguity in obtaining the self-energy
formula. Indeed, we can obtain an expression for the self-
energy by using a transverse source field ¢_,, in Eq. (27). By
taking functional derivatives of G with respect to this ¢, we first
obtain the transverse spin correlation functions x._(1,2) =
(T: S4+(1)S_(2)) and x_. Then, using a derivation analogous
to that for the longitudinal case,* we find

urT
1(2) _ il )
2 k) =Un_s + TN Ek Usp xsp(@)G ok +¢q). (56)

During the derivation, x4+_(1,2) = x_+(1,2) = %XS,,(I,Z) was
used, taking spin-rotational invariance into account.

The two previous expressions for the self-energy clearly
show that our approximations for the fully reducible vertex do
not preserve crossing symmetry, that is, the symmetry under
the exchange of two particles or two holes. To improve our
approximation and restore crossing symmetry,*> we average
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the two expressions, (55) and (56), which give the final result,
Eq. (26), that we use in the rest of this paper. It turns out
that this “symmetric” expression of the self-energy gives a
better agreement with QMC results.** In addition, we verify
numerically that the exact sum rule (Appendix A in Ref. 37)

/ do'
i
determining the high-frequency behavior of %, is satisfied to

a higher degree of accuracy with the symmetrized self-energy
expression, Eq. (26).

N=Un_,(1-n_,), (57

3. Internal accuracy checks

Our final expression for the self-energy X, Eq. (26),
is in principle an improvement over the constant self-energy
entering the calculation of the susceptibilities. But clearly the
approach is not one-particle self-consistent. All the Green’s
functions entering the right-hand side of Eq. (26) are evaluated
with GV, which has a constant self-energy. The advantage is
that all quantities, including the vertices, on the right-hand side
of Eq. (26) are computed at the same level of approximation.
In fact, one can miss some important physics if this is not the
case.”’

Apart from comparisons with QMC calculations, we can
check the accuracy in other ways. For example, the f~sum rule,

do 1
/ ?a)xc/h(q,a)) =N Z(Ek+q + ék—q — 26k) (Ko}, (58)
ko

is exactly satisfied at the first level of approximation (i.e., with
(nie )" on the right-hand side) and the charge susceptibility
obtained with U,;,. Suppose that on the right-hand side of that
equation, one uses (ny,) obtained from G® instead of the
Fermi function. In cases where the agreement with QMC is
good, one should find that the right-hand side does not change
by more than a few percent.

When we are in the Fermi-liquid regime, another way to ver-
ify the accuracy of the approach is to verify if the Fermi surface
obtained from G'® satisfies Luttinger’s theorem very closely.

Finally, the consistency relation between one- and two-
particle quantities (X and (n4n,)), Eq. (46), should be satisfied
exactly in the Hubbard model. In the special case where 2 =
1T, this relation can be written as
(nyny).

1 T .
~Tr(EG) = lim — TS ()Gy(k) = U
2r( ) IH{)I—N;e ()G, (k)

(39)

In standard many-body books, this expression is encountered
in the calculation of the free energy through a coupling-
constant integration. In the TPSC approach, it is not difficult
to show (Appendix B of Ref. 37) that the following equation,

%Tr(zQ)G(l)) — U<"T”L>’ (60)

is satisfied exactly with the self-consistent U (n4n ) obtained
from the sum rule of Eq. (24). An internal accuracy check
consists of verifying by how much 1Tr(£®G?) differs from
ITr(=®G"). Again, in regimes where we have agreement
with QMC calculations, the difference is only a few percent.
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The above relation between X and (n4n ) gives us another
way to justify our expression for ©®, Eq. (26). Suppose one
starts from Eq. (55) to obtain a self-energy that contains only
the longitudinal spin fluctuations and the charge fluctuations,
as was done in the first papers on the TPSC method.?® One
finds that the spin part and the charge part each contribute
an amount U{n4n)/2 to the consistency relation Eq. (60).
Similarly, if we work only in the transverse spin channel,343
we find that each of the two transverse spin components also
contributes U (nyn,)/2 to 3 Tr(S®G"). Hence, averaging the
two expressions also preserves rotational invariance since each
spin component contributes equally to Eq. (60). Note that
Eq. (26) for ¥ is different from so-called Berk—Schrieffer-
type expressions®’ that contain only bare vertices and do not
satisfy (Appendix E in Ref. 37) the consistency condition
between one- and two-particle properties, Eq. (59).

D. Conductivity in the two-particle self-consistent approach

To compute Re o(w) from the Kubo formula, Eq. (19),
we have to obtain the current-current correlation function
given by Eq. (10), which contains the q¢ = 0 component of
the paramagnetic current. From the general expression for the
current, Eq. (4), we have

=Y ja)=iY 88 Y chase. (6
l So 1

Since the actual calculation is done in Matsubara frequency
instead of the real-frequency definition of x; ; , Eq. (10), we
use

1
Xilia) = [ drem OT o). @)

where jl(t) =e™™jle=" and g, =2nnT, with n an

integer, is a bosonic Matsubara frequency. Substituting Eq.(61)
into this expression gives

(T, jP@)Jjr ) = Z 8x10x215, 15,
il§180107
x (Tyel (T)ei s, 0(D)c) (T)e1 5,6 (X)),
(63)

If we substitute the functional derivative expression for the
correlation function, Eq. (28), in this equation, we obtain

5G,,(2,2
(Lireirm)= Y G2

rir,818,010% 8¢(rl (171 )

(64)

8x10x2 51152

where have used the notation 1 = (r;,7;) and 1’ = (r| —
81,71). Note that the first term on the right-hand side of Eq. (28)
does not contribute to the sum since (j!) = 0. Now, summing
over spin indices and using spin rotational invariance, we
obtain

— Y Subatsitsn x+(2.2; 1,1),

rir2816;

(TP ()]l (1)) =

(65)

where we have used the definition Eq. (40) for the generalized
susceptibility x-.
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The most general way of thinking about the last result is
that it comes from a functional derivative of the current with
respect to an applied vector potential representing the electric
field. The remaining of the derivation, that we give in the rest of
this subsection, is based on the idea that we should evaluate this
functional derivative in a systematic way to obtain a conserving
approximation, as shown by Baym>. We will keep working
with the source field ¢, but it is useful to remember that within
simple prefactors, it is equivalent to working with the vector
potential as the source field.

The susceptibility x. is defined in terms of a functional
derivative in Eq. (40). That functional derivative leads to a
Bethe-Salpeter like equation (36) that contains two different
types of terms

1 (1,213,4) = —2G(1,3)G(4,2)

- (82,12
—260D <6¢ <(3 4>)

§3,(1,2)
3¢p_s(3,4)

) G@2,2).
(66)

The product GG comes from the explicit dependence of G~}
on the source field while the last one comes from the implicit
dependence of the self-energy on that source field. The product
GG is what leads to the “bubble” in standard conductivity
calculations. The other term is the vertex correction.

Up to now, everything is exact in the present subsection. To
work within the TPSC method, it suffices to use everywhere the
results obtained at the second level of approximation, namely
G? and TP, since at the first level of approximation the
conductivity is infinite. Our explicit formula for £, Eq. (26),
is a functional of G{V. We can thus write

§22(1,2)  832(1,2)8GY (3.4
3¢5(3.4)  5GV(3,3) 6¢0(3.4)

Expanding the sum over spin, using the chain rule, spin-
rotation invariance and the definition of x,, Eq. (40), we obtain

(67)

§3P(1,2) | §3P(1.2) 1 (6z2(1.2)  §x2(1.2)
$ps(3.4)  8¢_,(34) 2 sGP3,4  5G").3.9)
x x\"(3.43,4) (68)

where x" is computed with G(V. Substituting in the exact
expression for x., Eq. (66), we find

x2(1,213,4) = —262(1,3)6P4,2) + G?(1,1)G?(2,2)
§T@(1,2)  8xP(1,2)
sGV3.4 56 3,9

) x\V(3,413,4).

(69)
If £ had been a functional of G'® we would have had an
infinite series to sum. Instead, here the series ends as we now
show. First note that, from Eq. (41) and approximation (52)
for the charge vertex,
x$"(3.43.4) = -267(3,3)GMV4.9)
+GV3.56M6.Hr)(5.6.7.8)x"(7.813.4)
=-2G"3,3)G"4,4)

+UaGV3.5)GVGE.0x V(5,57 3.4).  (70)
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From this expression, only the first term has to be included in
our calculation because the second term will not contribute
to the q =0 current-current correlation function. This is
because 1"5}1) is local in space and local vertex corrections
do not contribute to the uniform conductivity. To see why, one
can represent the correlation function, Eq. (65), as a series
of diagrams with current vertices at their ends and vertex
functions inserted between them. Whenever a vertex function
in a diagram does not depend on q, a bubble is closed with
the local vertex on one end and the current vertex on the other.
Since a current vertex is an odd function in space and the
product of the Green’s function is even because the bubble
does not carry any momentum, the integral vanishes.

Inserting the first term of Xfrl) , Eq. (70), into Xf) , Eq. (69),
we obtain

x2(1,23,4) = —26%(1,3)6?4,2) - 26?(1,1)G?(2.2)
5T2(12)  §29(1,2)
<3G§,‘>(§,Zt) 3G“3,(§,21)>
x GV (3,3)GV4,3).

(71)

The last step is in principle straightforward, but very tedious.
We must obtain an expression for the functional derivatives
in parenthesis in this expression. The self-energy, Eq. (26), in
real space is

£21,2) = UG (1,1M)8(1 - 2)

U
+ g BUp 21D + Uenxen 2, DIG1(1,2),

(72)
so that
5E2(1,2) ;
T = U5(1 — 2)5(1 — 3)5(1 - 4)870,0’
8G,/(3,4)
U
+ g [3U5stp(2’ )+ U Xch(za 1)]
U~
x8(1 = 3)8(2 — 48,6 + gGa (1,2)
8xsp(2,1) 3xen(2,1)
X 3US,,+ ch+ :
5G,/(3,4) 8G,/ (3,4)
(73)

In this expression, the terms involving the functional
derivatives of I'y, and I'¢;, have been omitted because they
do not contribute to the conductivity. Fundamentally, what
is needed is M{;‘#’/"h, where A, is the vector potential. Since
Iy, and Ty are local, this is the correlation function of a
local operator that is thus even under parity, and the current
operator, that is odd. The q = 0 component of this correlation
function that enters the current-current correlation function,
Eq. (62), therefore vanishes.

Now, we need an explicit expression for
8 Xeh /Sp(2,1)/8Gf,l,)(3,4) to know the vertex correction,
Eq. (73), completely. Let us start with x.,. One can obtain
an expression for this function by taking 2 = 17 and 3 = 47
in the expressions for x,,—, Eq. (41). But this expression
has been simplified using spin-rotational invariance. If we
separate the spin contributions, we have
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Xen(2,1) = =G5 (2,11)G(1,27) = G 5 (2,11)G (1,2%) + UG+ (221G (2,27) xan(2,1)

+2UnG_5(2.21)G_(2,27) xen(2,1), (74)
so that
5)(6-1,,(2,1)
L8 — 82 =381 — 4Gy (1,217) — G (2,11)8(1 — 38T — 4
5G4 ( )8( )Go(1,2F) (2,17)8( )8( )
1 1
+5Uad2 = 3Go2) xen (4 D + SUad2 = HGo:(2,3) xen(3.1)
1 _ _ Sxen(2, 1) Sxen(2,1)
—U(G02,2+G(,2,2+— UCG(,22+G022Jr _ 75
+5UaGo(2,27)G,( )8G (34)+ 1G_5(2,21)G_o( )6Gg,(3’4) (75)

where, again, the functional derivatives of U, have been omitted, for the same reason as in Eq. (73). Using again spin-rotational

invariance, this gives
8Xch(271)
L — 52 =3)8(1T = 4HG(1,27) = G(2,1M)8(1 = 3)8(2T — 4
5G.(3.4) ( )8( )G( ) ( )3( )3( )

1 8xen(2,1
+ 2UCh(S(2 —3)G(4,2) xen(4,1) + = Uch8(2 HG2,3) xen (3, 1) + Uy G(2,27)G(2,27) Séh—((34)) . (76)
By Fourier transforming this equation with respect to 2, we obtain an algebraic equation that is trivial to solve. Fourier transforming
back the result, we obtain

a2 1
5G4 1+ iy, 2.3)G, 3)[ 81—+ Uch Xen(4, 1)]
! —4G, D[ -8 -3)+ Uch xG.D)] o
1+ G
where
! 1
—(1,2 ig-(1— 2) 8
1+%X0( = Ze Y yolq) (78)

The expression for 8 x,,(2,1)/8G,(3,4) is obtained by s1mply replacing U, by —Us, and x., by xsp in the right-hand side of
expression (77):
Sxp2D) 1
8G,(3,4) 1 — %Xo

(2.3)G@3)| =801 = 4) = SUsp xpd. )]

1 1
+— g CHGA3)| — 81 =3) = SUy 13,1 (79)
1= % x0

Substituting Eqs. (77) and (79) in our expression for the vertex, Eq. (73), we obtain
8 232)(1,2)

U U
:U51_281_351+_45—0(T’ _3Uv s 291 UL‘ c 2,1 51_382_4505’__G(1)1,2
56Ty = VP = D00 = 0T = [0ty 21+ Ut D]3(1 = 02 = e = 5 GV012)

0 1 1 1 1
X G@43) |30 (@[30 =+ 50Uy xp@ D] + 1—<24>[8<1—3>+ Usp xsp 3. )]
2 X0 -

2
1 1
Ui | ——2,3 81—4—— ch Xeh(4,1 —24 81—3—— eh Xen(3,1 , 80
+ h(H%XO( ) [3501 = = SV xen€ )]+1+%X0( ) [301 = 3) = SV xen( )])} (80)

and therefore,
825,2)(1,2) 82((,2)(1,2)
s6V3.4 6N (3.5

=Us1-2)8(1-3)8(1" -4 + %[3US,,XSP(§,I) + U xen2,D18(1 — 3)6(2 — 4)
— EG(I)(LQ)G(D(Z‘E)[?)UW (;
4 1 Xo

1 1 1
[5(1 -3+ 5 Usp xsp (3, 1)]) + Uch<1 Tl (2 3) [5(1 —4) = S Uech xen(4, 1)]

2

1 1 = -
2,3) |:8(1 -4+ = UY,, Xsp(4, 1)i| 17(2,4)

sp

2XO

+;(2 4) [5(1 -3) - _Uch Xen (3, 1)])} 1)
1+ % S Xo
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We now have everything to write an explicit form for the susceptibility xf)

xP1,213,4) = —262(1,3)6?P(4,2)

PHYSICAL REVIEW B 84, 085128 (2011)

in Eq. (71):

—20G?1,1HG6?(1,26"(1,3)6V 4,11

U _ _ _ _ _ _
— ZG@)(I, DGPQ2,2)[3Usp x5p 2, 1) + Uep xen(2,1DIG(1,3)GV(4,2)

U _ _ _ o _ _
— EG(Z)(I, NG?2,26"(1,2)6V4,3)G"(3,3)GV4,4)

X |:3US,,(
1 — %0

1
+ Uch<1 + Urh (

1 = =
G50 B~ S0, @ D] +

- = 1
2.3)[ =80 B+ 3V D) +

1 - -
OB -5 =3~ Uy 13, 1)])
1 —=2x0

- - 1
e [ =80 =3)+ 5 Uut xar3. 1)])]

(82)

To evaluate the current-current correlation function entering the conductivity, it is clearly necessary to go to Fourier space.
Inserting then this last result into Eq. (65) for the current-current correlation function and using

i . 36k
Suls = — ks 2 83
TN Xk:e ok, (83)
U U. 1
1 + —£ X;p(q) = U ) i ” f (84)
2 1 — =2 x0(q) 2 1+ 5 x0(q)

we finally obtain for the Fourier—Matsubara transformed expression at q = 0,

T 2
4 (ﬁ) ZG@)(kl)c@(kl+z‘qn)G<”<k2)G<”<k2+iqn) (ko <k2>[3uy,,xv,,(k2— D+ Ueh Xen(ka = k1))

(kz)G(2)(k VG (ki +ig,)G P (k) GV (ko +ig)IGV (ka+q1 +ign)+ GV (ka—q1)]

1 1 1

2T Jde
Xjejgqn) = N ( k(k)) G(Z)(k)G(Z)(k_I_l-qn)
k
U
4
kika
U/(T\ dex
"2 <ﬁ> 2 o ‘)
ki k2,qn
1
x GV(ky+¢, +iqn)<3USp 0 -
5 x0(q1) 1 = =" xo(q1 +iqn)

In this expression, we use the compact notation k + ig, =
(K,ik,, + iq,). Note that the second term on the right-hand
side of Eq. (82) does not contribute to x; ; because it has a
local vertex.

Equation (85) is our final result for the current-current
correlation function in Matsubara space, including both bubble
and vertex corrections. It is useful for the intuition and to
verify the Fourier transforms to represent it schematically, as
we have done in Fig. 1. We stress that this representation is
not the result of a perturbative calculation. It exists merely
because we are working with Green’s functions and response
functions. This representation helps us note that an analogy
can be made between the different contributions to x; ; and
the diagrams considered in the theory of paraconductivity.®® In
the latter theory, we consider the effect of the superconducting
fluctuations on the conductivity of the normal state, while
in our case, the bosons exchanged are spin and charge
fluctuations. The diagram with a single boson propagator on
the first line of Fig. 1 is the analog of the MT contribution,%*~7>
while the diagrams on the second and third lines are analogs

(85)
T ‘hxo(ql) 1+ 4 ‘th(qulqn))

of the AL contributions.”> However, it is important to note
that, because our approach is not perturbative, some electron
propagators are at the second level of approximation and
some are at the first level, and the boson propagators are
the susceptibilities computed with the renormalized spin and
charge irreducible vertices.

In the system considered in this paper, the relevant col-
lectives modes are magnetic fluctuations with a wave vector
close to Q = (7r,7). First, when those fluctuations become
strong, they scatter quasiparticles, which has a dramatic effect
on the single-particle spectrum and therefore the conductivity
obtained from the bubble alone. But the magnetic fluctuations
also lead to important vertex corrections because they correlate
the regions of the Fermi surface that are connected by wave
vectors close to Q. For the MT diagram in Fig. 1, in the DC
limit, the exchange of such a fluctuation between the particle
and the hole created by the field causes the pair to be scattered
from a region of the Fermi surface where it carries a positive
current along the direction of the field to a region where it
carries a negative current. This correlation between currents
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k+ign ki +ig
n

k1 + igqn

ki +q1 + ign \ + k1 + q1 + ign \

q1 +iqn

. 41 . q1
kv + ign A k2 + ign y

)

q1 +iqn

flowing in opposite directions degrades the DC conductivity.
In the case of the AL diagrams in Fig. 1, a particle-hole pair
creates another one via two magnetic fluctuations. If they have
a large correlation length, this will tend to correlate currents
on large distances. However, the particle-hole pair created by
the fluctuations can carry a current that is either positive or
negative. Keeping in mind that when quasiparticles create or
absorb magnetic fluctuations, their velocity along the direction
of the field changes sign, one finds that the first diagram in
the second line of Fig. 1 correlates currents flowing in the
same direction, while the second diagram correlates currents
in opposite directions. In addition, the former contribution is
large if the single-particle spectral density is large below the
Fermi level in regions connected by wave vectors around Q,
while the latter is large if the spectral density is large above
the Fermi level. When both processes are summed up, there
will therefore be a net effect on the conductivity only if there
is an asymmetry in the relevant parts of the density of states.

E. Calculation algorithms

Let us recall that we have used the shorthand notation
k = (k,ik,), with k = (k,,k,), in the general expression for
the current-current correlation function, Eq. (85). Thus, each
sum over a trivector k is over the 2D Brillouin zone and
over Matsubara frequencies. The second and third sums are
therefore six-and nine-dimensional, respectively. The six-
dimensional sum would be extremely long to do in a direct way
for relevant system sizes and temperatures. For example, for a
finite system of 512 x 512 sites with about 4000 frequencies,
which would allow going down to temperatures of about
T = 0.01¢ (without finite-size effects), it would take of the
order of 30 years to compute one frequency ig,, if 10° terms are
summed per second. Of course, this is using pure brute force,
when all wave vectors and frequencies are summed, which is
not necessary in practice. In the case of the nine-dimensional
sum, it would take about 40 billion years to compute a single
frequency in the same conditions. If one was to keep the direct

d .
\

q1 +iqn
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k2 +ign

FIG. 1. Schematic representation of the var-
ious terms in the current-current correlation
function, Eq. (85). Simple fermion lines repre-
sent the Green’s function GV (in practice it has
the same form as the bare Green’s function), dou-
ble fermion lines are dressed Green’s function
G, the simple wiggly line in the last diagram
on the first line is the function [3U;,x,, +
Ucn xen], the double wiggly lines in the third
and fourth diagrams on the right-hand side are
the function 1/(1 — Uspx0/2), and the zigzag
lines in the last two diagrams are the function
1/(1 4+ U,y x0/2). Those diagrams serve only as
a graphical representation of Eq. (85); they are
not obtained in a perturbative way.

ko + igqn

summation approach, but optimizing the procedure by using
a very efficient adaptive scheme, it would still be extremely
hard to do the six-dimensional sum to obtain, for example,
100 frequencies in a reasonnable time, namely, of the order
of a few days. In the case of the nine-dimensional sum, it is
obviously impossible to do this way.

One thus has to resort to a numerical approach completely
different from direct summation to succeed in calculating all
the terms of Eq. (85) for a useful number of frequencies
iqg,. The main tool that we use to make this calculation
possible is the fast Fourier transform (FFT), which changes the
scaling of Fourier transforms (FTs) from N2 to N log N. But
other mathematical and numerical tricks are also necessary
to make the calculation both fast and precise. Precision is
critical here since we have to numerically perform the analyt-
ical continuation of the computed Matsubara current-current
correlation function and numerical analytical continuation is
inherently an ill-conditioned problem. For this analytical con-
tinuation procedure that produces the real-frequency optical
conductivity from the Matsubara current-current correlation
function, a maximum entropy algorithm is also developed to
maximize the accuracy of the result. The calculation algo-
rithms for x; ; (ig,) and our analytical continuation algorithm
are summarized in the next two subsections and detailed in
Appendices C-F.

1. Fast Fourier transforms, cubic splines,
and asymptotic expansions

The key property that allows us to compute Eq. (85) is that
some of its sums are convolutions. Since the convolution of two
functions can be written as the FT of the product of their FTs,
we can use FFTs to do those convolutions in a very efficient
way. However, FFTs are discrete transforms, while some of the
transforms we have to do are continuous ones. In the case of the
spatial FTs, we can use a finite system with periodic boundary
conditions, so that all the transforms are discrete and FFTs
can be used directly. Since we work at finite temperature in
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two dimensions, all correlation lengths are finite and we can
use a system large enough to reach interesting regimes. The
system size we use in this paper is 512 x 512 and the lowest
temperature we reach is 0.008¢, which corresponds to 32 K if
t = 0.35 eV. At this temperature, the thermal de Broglie wave-
length is about 100 in lattice units, so that no finite-size effects
are seen unless the magnetic correlation length becomes large.

In the case of imaginary time, if it is discretized, then
the FT will be periodic in Matsubara frequencies, which is
unphysical. In fact, the lowest frequencies will be acceptable,
though not very precise, but the precision will decrease rapidly
with increasing frequency, so that the high frequencies will
be completely wrong. To overcome this problem, we use a
cubic spline to interpolate the function between the discrete
imaginary-time points and we do a continuous FT on the spline.
This technique has already been used in the context of DMFT
calculations.”* However, to our knowledge, it has not been
pointed out that, because the spline is only twice continuously
differentiable, after integrating by parts three times the Fourier
integral, we are left with an expression containing a discrete
Fourier transform (DFT) that can be done with a FFT. Using
the more general formula derived in Appendix E, the final
formula for the FT of the cubic spline of an imaginary-time
function g(7) is

B . N oo .
gliw,) = /0 dt g(t)e'“" ~ Z/ dr Sj(t)e' ™"
j=1

Tji-1

_ ~80) - e Pg(B) n $1(0) — e P S\ (B)
iy (iwy)?
S{(0) — &P S5 (B)
B (iw,)?
iw, AT N-1
>8P elen (86)

Jj=0

1—e

T oy

where N is the number of intervals in the discretized imaginary
time between 0 and B, At is the size of an interval, S;(7) is
the cubic polynomial in the j** interval, and S}(r), S;’(t), and
Sf) are, respectively, the first, second, and third derivatives of
S;(7).If g is a fermionic function, ¢'# = —1, while e'®# = 1
if it is bosonic.

When using formula (86), we work explicitly with the high-
frequency expansion up to the 1/(iw,)’ term, which can be
very useful, as will be explained shortly. Up to which term this
expansion will be exact depends on how the spline is defined.
As shown in Appendix E, there are two conditions defining
the spline that can be chosen depending on the information
available. If the derivatives at the boundaries g’(0) and g’(8)
are known, we can fix S7(0) and S},(B) to those values. That is
what we do in our calculations. Otherwise, we have to use exact
results for the second and third high-frequency coefficients of
g, i.e., the second and third moments of its spectral function.
Another important point about Eq. (86) is that the last term
containing the DFT contributes to only the low frequencies
because of its factor 1/(iw,)*; therefore the error at high
frequency that comes from the discretization of t rapidly
vanishes.
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Given the above considerations, it should now be clear
that we can compute convolutions both in wave vector and
Matsubara frequency using FFTs. Before the calculation
of xj.j.» Eq. (85), this technique is used to compute the
Lindhard function, Eq. (22), and then the self-energy, Eq. (26).
The computation of those functions with FFTs is relatively
straightforward to implement, although some care must be
taken in the definition of the splines. Those details are given
in Appendices C1 and C2. In the case of Eq. (85), we seek
only the q = 0 component of x; ; (q,ig,) so that, in each
term, the last sum over the Brillouin zone to be performed is
a simple sum and FFTs are not useful there. Regarding the
other sums, it is not obvious which one can be put in the form
of a convolution, except for the bubble which has the same
form as the Lindhard function. In the case of the second term
of Eq. (85), represented by the second diagram (MT) on the
right-hand side of Fig. 1, it is possible to put all those sums in
the form of convolution and thus to compute all of them with
FFTs. This means that all the external frequencies ig, can be
obtained at once when the last FFT is performed. The scaling
of this calculation with system size and inverse temperature is
thus the same as for the bubble. That is not the case however
of the last term of Eq. (85), represented by the last four (AL)
diagrams in Fig. 1. For this term, each frequency has to be
calculated separately, and it is the calculation time of only one
frequency that has the same scaling as the bubble. Calculating
this term for 100 values of ig, therefore takes hundreds of
times the calculation time of all frequencies of the bubble.
The calculation of the bubble is nevertheless very quick, of the
order of a few minutes at most for our 512 x 512 system at
low temperatures.

Note, however, that quite a large amount of analytical
work is needed to put the last two terms of Eq. (85) in a
form suitable for computation with FFTs. This work involves
some transformations, and a certain number of sums over
Matsubara frequencies must be performed exactly. The details
of those transformations and analytical calculations are given
in Appendix C3.

Still, it is impossible to calculate the third term of
Eq. (85) for thousands of frequencies, namely the number of
frequencies below the cutoff used in the calculation. Therefore,
to reduce the number of frequencies to be calculated, we
have used a nonuniform Matsubara frequency grid in which
the frequency spacing increases with frequency magnitude.
We give the definition of this grid in Appendix D. We have
verified that the function y; ; (ig,) evaluated on this grid has
enough information for the analytically continued conductivity
Re o(w) to be converged.

Using formula (86) for our functions in Matsubara frequen-
cies has the advantage is that we always have at our disposal
their high-frequency expansion. Thus if we want the inverse
FT (from Matsubara frequencies to imaginary time) of a more
complex function, for example the product of two functions of
the form of Eq. (86), we can always use the asymptotic form
to perform the sum over Matsubara frequencies up to infinity
using contour integrals in the complex plane and the residue
theorem. In a lot of cases, this is necessary since the sum
does not converge otherwise. As will be explained in the next
subsection, precision is important in our calculations since we
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have to extract Re o (w) from the Matsubara function x ; (ig,)
and analytical continuation is a very ill-conditioned problem.

Finally, as one will notice from Appendix C3, the calcula-
tion of Eq. (85), especially the second and third terms, contains
many steps. The debugging part of the work is therefore
considerable. To make sure formula (85) is implemented
correctly, we have compared its brute force implementation,
term by term, with its fast one given in Appendix C3. Here,
brute force means that it is coded exactly as written in
Eq. (85), with one exception that will be explained shortly.
Therefore, we compare the results of two calculations that
are completely different numerically, but mathematically
equivalent. Of course, those verifications can be done for only
very small systems at very high temperatures, since otherwise
the brute force calculation is impossible to do in a reasonable
time. But even then, the third term of Eq. (85) takes too much
time to compute with brute force. In that case, the procedure is
to first verify that the sum over k;, for some random values of
qn and g, gives the same result with the two implementations
and then to replace this sum in the brute force version by its
fast implementation. After that step we compare this modified
brute force implementation with the fast implementation of
the whole third term.

2. Analytical continuation

Expression (85) gives the current-current correlation func-
tion in Matsubara frequencies while we need it in real
frequencies to compute the conductivity from Eq. (18) or
Eq. (19). Thus we need a reliable analytical continuation
method. To do so, we use a maximum entropy approach.
This kind of analytical continuation procedure is often used
to extract real-frequency results from imaginary-time QMC
data using some information known a priori such as sum rules
and a default model which contains some known properties
of the expected function.” This information is included in the
algorithm in the form of constraints or in the entropy definition.
This kind of approach is well suited for QMC calculations
since the results are usually in discretized imaginary time
and the amount of noise can be important, so that any
additional information is welcome. In our case, the original
data are in Matsubara frequencies and the noise level is much
lower since it comes only from finite precision rounding
errors accumulating throughout the calculation. However, our
calculation of x; ; contains many steps so that the final result
may have an amount of noise such that Padé approximants will
not work. Those approximants are very sensitive to noise’®
and their reliability is not very good except at very low
temperatures. In any case, we have noticed that they give
unstable results as a function of temperature for our data while
our maximum entropy procedure is in general stable.

We give here the main features of our approach. The details
are given in Appendix F. As usual we minimize the function
x% — asS, where S is the entropy, « is a weighting parameter
for S, and x? is the quadratic error between x J.j.(igy) and the
quantity j;;(ig,) computed from the spectral representation
of x; ;. (ig,) with a trial-real frequency conductivity Re o ().
First, an accurate numerical integration scheme has to be
chosen to compute jx;;(iq,) from Re o(w) known on a fixed
discrete grid in real frequency w. We use a cubic spline to
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approximate Re o (w). Since we work in Matsubara frequen-
cies instead of imaginary time, the spectral form is simple and
can be integrated analytically if Re o (w) is approximated by a
piecewise cubic polynomial function. Also, because we want
to integrate Re o(w) in the interval [0,00, we integrate the
low-frequency part with respect to @ and the high-frequency
part with respect to 1/w. To do so, we use a spline cubic in
w for low frequencies and cubic in 1/w for high frequencies.
As for the choice of grid, we take it to be uniform in w for the
low-frequency part and uniform in 1/w for high frequencies.
This choice of grid ensures that the matrix for the spline linear
system is well conditioned and keeps the number of values
Re o(w;) reasonable, so that the minimization procedure is
not too heavy. The integration using the spline turns out to
be very accurate compared with a simple piecewise linear
approximation. In our tests with a well-defined analytical form
for Re o(w) for which yx; ; (ig,) could be computed very
accurately with an adaptive integration routine, the relative
precision was typically five orders of magnitude smaller with
the spline than the piecewise linear approximation. The reason
we have to use a very accurate integration method is that the
relative difference between j;;(ig,) and x; ; (ig,) has to be
very small, typically <107 in our calculation, for Re o (w)
to be converged in the optimization procedure. The precision
of the numerical integral for a given Re o(w) clearly has to
be smaller than this required relative error on x;;(ig,) for the
result to be reliable.

The fact that the spline is integrated analytically has the
great advantage that low temperatures are not more difficult
to handle, while it is the case with standard numerical inte-
gration because the integrand becomes sharper as temperature
decreases. Note that all those precision issues are important if
one is interested in quantitative results. For instance, we want to
obtain the resistivity as a function of temperature, but since the
results at different temperatures are numerically completely
independent, the quantitative aspect becomes crucial. If one is
interested only in the shape of Re o (w) at a given temperature,
simpler and cruder approximations can be sufficient.

III. NUMERICAL RESULTS

Before we show the results of this paper, let us recall
some important former results of the TPSC approach. First,
the theory respects the Mermin—Wagner theorem, so that no
phase transition occur at finite temperatures. However, with
proper values of U and hopping parameters, antiferromagnetic
correlations are present up to very high temperatures around
half-filling. For example, with U = 6¢ and nearest-neighbor
hopping only, for dopings smaller than p, = 0.205 a crossover
to a renormalized classical regime appears. This regime
appears when kgT > hws,, where wy, is the characteristic
frequency of the antiferromagnetic fluctuations, i.e., the
frequency at which the imaginary part of the spin correlation
function g, () is maximum. In this regime, the antiferromag-
netic correlation length has the form &, o< exp(C/T), where
C has a very weak temperature dependence. Therefore, at a
certain temperature 7%, &, becomes larger than the single-
particle thermal de Broglie wavelength &, = hvp/(wkgT).
When this happens, the parts of the Fermi surface that are
connected by the antiferromagnetic wave vector, called the
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hot spots, are strongly scattered by the magnetic fluctuations
and eventually destroyed, producing a gap in those regions
of the Brillouin zone.3”°2 However, before the correlation
length becomes infinite, which is the case only at 7 =0 in
two dimensions, there is still spectral weight at the Fermi level
and thus no real gap exits, but what is observed instead is
a pseudogap, namely, a depression of the density of states
at the Fermi level. Therefore, the crossover temperature to
the renormalized classical regime 7* can also be called a
pseudogap temperature. When 7" = 0, long-range SDW order
exists for p < p. and thus p, is a QCP. Depending on band
parameters and doping, this SDW state can be commensurate
or incommensurate. Usually it is commensurate close to
half-filling and a transition to incommensurate appears at a
certain doping.”’

Benchmarks of TPSC results were made against QMC
results for quantities such as the spin and charge structure
factors,’® the quasiparticle renormalization factor and the
imaginary time Green’s function,®” the finite frequency spin
susceptibility, the double occupancy and the one-particle occu-
pation number,?” and finally, the one-particle spectral weight.*?
Those benchmarks were made in the weak to intermediate
coupling regime for a large range of doping around half-filling
and for temperatures where no finite-size effects are seen in
the QMC results and, at finite doping, when the sign problem
is not too strong. In general, a good quantitative agreement
is obtained for all quantities at a coupling U = 4¢. For some
quantities such as the spin structure factor, the agreement is
almost perfect above T* for couplings up to U = 8¢. Since
the TPSC method has some mean-field aspects’® coming from
the ansatz, Eq. (49), it slightly overestimates T* (see Fig. 7 of
Ref. 37), but the qualitative behavior just below 7*, when the
spin correlation length grows exponentially, is still very well
reproduced. The spectral weight at half-filing in this regime is
also very well reproduced by the TPSC method.*® This is the
regime where precursors of the antiferromagnetic bands are
formed and a pseudogap appears in the spectral weight.

The results we present in this section are for the one-
band Hubbard model with nearest-neighbor hopping only. All
numerical examples are for U = 6¢ and various dopings and
temperatures. We begin by showing the accuracy with which
the f~sum rule is satisfied. We then give a few typical examples
of the frequency-dependent conductivity. The last subsection
will focus on the temperature-dependent resistivity for various
dopings.

A. f-sum rule

Although our expression for the conductivity, Eq. (85),
was obtained from functional derivative methods that lead to
results that satisfy conservation laws,>® usually this method is
applied to perturbative one-particle self-consistent schemes.
In the TPSC method, all the functional dependence on
vector potential is in G, One may question whether this
preserves conservation laws. The full Ward identity is derived
in Appendix B where one also finds comments on why it
cannot be used to find the vertex corrections in the limiting
case we are interested in. Given the difficulty of computing
the current-current correlation function alone for only the
wave vector q = 0, it will be clear why the full Ward identity
cannot be verified. As a test of particle conservation, we focus
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FIG. 2. Contributions to the zero-Matsubara-frequency value of
the current-current correlation function compared with the sum-rule
value — (k) for p = 0.17.

instead on how accurately the f~sum rule, Eq. (A19) derived in
Appendix A,

(ign = 0) = ~ §j826k< ) (87)
N ¥ A n = = — — (n ol
Xjeie (14 N &z

is satisfied numerically. In this equation, the occupation prob-
ability (ny,) is computed with G, while the left-hand side
is the zero-Matsubara-frequency current-current correlation
function yx;, ; , Eq. (85), obtained with the functional derivative
approach that gives us %® /dGV as an irreducible vertex.

Typically, using 5007 as the cutoff Matsubara frequency,
i.e., about 60 times the bandwidth, the above equation is
satisfied to a relative accuracy of 10~7. By increasing the
cutoff, the accuracy can be increased at will. We have
reached an accuracy of 107!°. The separate contributions
of the different terms of expression (85), also represented
schematically in Fig. 1, are shown in Fig. 2 as functions of
temperature for 17% doping, i.e., on the left-hand side of the
QCP. As one would expect, the bubble contribution is dominant
at high temperatures, although the first vertex correction is not
negligible. At low temperatures, in the renormalized classical
regime, the two terms give comparable contributions. The
contribution of the third term in Eq. (85), the AL-like diagrams
in Fig. 1, vanishes at all temperatures. This is discussed
further at the end of Appendix B. As will be seen in the next
subsections, despite this vanishing contribution of this term
to x;.j.(ig, =0), i.e,, to the integral of the real part of the
conductivity, this term contributes in a nontrivial way both to
the DC and the finite frequency conductivity.

B. Optical conductivity

The optical conductivity and the effect of the vertex
corrections are different depending on which side of the QCP
the system is and on the temperature. On the left-hand side
of the critical point, the conductivity changes qualitatively as
the temperature approaches the crossover temperature to the
renormalized classical regime 7. Here T* is defined as the
temperature at which &, = &;,. As shown in Fig. 3(a), at high
temperatures it has a Lorentzian-like shape at low frequencies,
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whether we look at the bubble alone, the bubble with the
first vertex correction, or with both vertex corrections. In this
region of the phase diagram, the low-frequency conductivity
is smaller if the vertex corrections are included. Then, as seen
in the left-hand part of Fig. 3(b), as T is lowered toward T*
but still above it, the effect of the first vertex correction is to
strongly decrease the low-frequency conductivity, while the
second correction does not just compensate for this effect,
but makes the total even higher than the bubble alone. At
higher frequencies, in the right-hand part of Fig. 3(b), a hump,
not present without vertex corrections, appears in the total
conductivity. Note that, at this temperature, the spin fluctuation
frequency wy, is about 7/2. When T is around 7, in Fig. 3(c),
the hump is more pronounced, and finally, when T < T*, in
Fig. 3(d), it becomes a very distinct peak. At this temperature,
a hump similar to the one seen with vertex corrections at
higher temperatures appears in the bubble term alone. At this
temperature, T’ ~ 600w, and &;, = 147 ~ 6&,. If we were to

compare our result with experiments, assuming an energy scale
t = 350 meV, the hump seen around 0.5¢ would correspond
to the feature observed in the mid-infrared frequency range in
the optical conductivity of electron-doped cuprates.””3" Note
that another clear hump appears in the conductivity with vertex
corrections in Fig. 3(d). At this doping and temperature, the
spin fluctuations are incommensurate; hence their effect on the
spectral weight at finite energies can be quite complex. This
additional structure in the conductivity may be a consequence
of this incommensurability.

At the critical doping, Figs. 3(e) and 3(f), the low-frequency
conductivity is lower than the bubble result when only the first
vertex correction is taken into account, while it is higher with
both corrections. This effect is much more pronounced at low
temperatures in Fig. 3(f). New secondary peaks also appear at
low temperatures. Those peaks are at frequencies considerably
smaller than the peak seen at p = 0.17 below T* and, as will
be clear from the DC resistivity results in the next subsection,
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there is no pseudogap regime at this doping. Those peaks
may nevertheless be caused by correlations that are present
far beyond the critical doping, at least at finite temperatures.
The effects of those correlations are also clear in the resistivity
results in the following subsection.

Finally, at a doping higher than the critical doping, in
Figs. 3(g) and 3(h), the conductivity with the first vertex
correction can be almost the same as the bubble result at
low frequencies both at high and low temperatures, although
this correction does not vanish in Matsubara frequency [at
T =0.01t, x! (0) is about 7% of x'"; (0) and x!“! (i2T)

Jxx

is about 14% of X/(‘,?;X (i2nT)]. Adding the other correction
makes the low-frequency conductivity increase substantially.
However, while the finite frequency conductivity stays finite
when the doping is closer to p. or smaller, at low temperatures,
in Fig. 3(h), it vanishes completely just after the main low-
frequency peak when both vertex corrections are included.
This peak is also sharper and higher at high doping (not
shown). As will be confirmed in the next subsection, this means
that the system becomes closer to a Fermi liquid, although it
has not yet reached this regime at this doping. When it does,
the DC conductivity will be inversely proportional to T2 at
low-temperatures so that, to conserve the weight which is
roughly constant with respect to temperature, i.e. to respect
the f-sum rule, the width has to be proportional to 72. At zero
temperature, since there is no impurity scattering in our model,
the low-frequency part becomes a delta function. Note that
an absoption band remains at finite frequency at the highest
doping since there is still an incoherent part in the one particle
spectrum. However, one must also note that the highest values
of the conductivity in that band are about a thousand times
smaller than the DC value and that the total optical weight
of this band is about 10 times smaller than the weight of the
low-frequency peak.

The frequency region where the effect of vertex corrections
is important becomes smaller as the doping increases. For
p = 0.17, the difference between the different results vanishes
around w = 4¢, at the critical point, this happens around w =
2¢t,and at p = 0.32, around w = 1.5¢.

As the doping increases, the conductivity at low tempera-
tures becomes extremely sharp and it becomes very hard to do
the maximum entropy analytical continuation. That is because
a very fine grid must be used at low frequency, while one
still needs a cutoff larger that the bandwidth. This makes the
number of points in the real-frequency grid explode, as well
as the time for the optimization process.

C. DC resistivity as a function of temperature and doping
close to the quantum critical point

Figure 4 shows five interesting doping regimes for the DC
resistivity. The left vertical axis is in units of the loffe—Regel
maximum metallic resistivity. The right vertical axis translates
the result in micro-ohms-centimeters by taking d = 5 A as
the interplane lattice constant. For the temperature scale, we
use r = 350 meV. The resistivity without vertex corrections
(bubble) appears as red circles, with the first correction, namely
the second term in expression (85) or the MT-like diagram
in Fig. 1, in purple squares (bubble + VCI) and the total
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FIG. 4. (Color online) Resistivity as a function of temperature
for (a) p =0.15 (b) p =0.17 (c) p = 0.205 (critical doping) (d)
p = 0.26 and (e) p = 0.32. The dashed vertical line in (a) and (b)
indicates the temperature at which the internal accuracy starts failling
as T decreases. Dashed curves in (c), (d), and (e) are the results of
fits of the low-T resistivity to the form AT + BT>.
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resistivity appears as blue triangles. The insets of the last three
figures display the low temperature behavior. The position of
each doping is indicated by an arrow for each figure on a
schematic “phase diagrams” with the quantum critical point
and the crossover line.

At the smallest doping, p = 0.15 in Fig. 4(a), one ob-
serves at high temperature the expected loffe-Regel maximum
metallic resistivity saturation. The value is about 2/id /e?. The
resistivity is higher when vertex corrections are included at
high temperature. Without vertex corrections, it increases with
decreasing temperature below the crossover temperature to the
renormalized classical regime T*, which is about 400 K (0.1¢)
at this doping. The effect of vertex corrections is dramatic
at low temperatures, essentially changing the resistivity from
insulating to metallic. An important point is that this effect
can be obtained only when both corrections are included.
When only the first correction is included, the scattering
effect of magnetic correlations is largely overestimated and the
resistive behavior thus amplified. At p = 0.17, closer to the
QCEP, Fig. 4(b) exhibits essentially the same behavior except
that, given the overall smaller resistivity, the saturation at
high temperatures occurs beyond the range displayed. At low
temperatures in Figs. 4(a) and 4(b), the resistivity with vertex
corrections seems to extrapolate to negative values. However,
as indicated by the vertical dashed lines in those figures, this
happens in a region where the TPSC result is no longer
quantitatively reliable because the internal accuracy check
starts to fail when the magnetic correlation length becomes
too large compared with the thermal de Broglie wavelength.
The results at those temperatures and dopings, namely, deep
in the peudogap regime, can thus at most be considered as
qualitative tendencies.

At the QCP, p = 0.205, one observes in Fig. 4(c) that,
without vertex corrections, the resistivity is quite linear at
low temperatures, as found previously in spin fluctuation
theories.>!8!  When all the corrections are included, the
most obvious effect is that the resistivity decreases at all
temperatures. The linear behavior remains at low temperatures,
but the vertex corrections tend to reduce the linear contribution
and a T2 behavior appears at a lower temperature than that
without vertex corrections. Note that, with only the first
correction, there is a change in curvature. Also, the resistivity
is larger than the bubble result at all temperatures instead of
smaller as found when all vertex corrections are included.

As the doping becomes larger than the quantum critical
doping, Figs. 4(d) and 4(e) show that a linear 7 behavior
is still present at the lowest temperatures, but gradually
disappears as the doping increases and the Fermi-liquid-like
T? behavior becomes dominant. The resistivity with the first
vertex correction only is omitted in Fig. 4(e) because it is
almost equal to the bubble result at all temperatures.

The result of fits of the temperature dependence of
the resistivity to the functional form AT 4 BT? over the
range 0.008t < T < 0.05¢ (30K < T < 200K) is illustrated
in Figs. 5(a) and 5(b). Those fits were done using two other
resistivity curves in addition to those shown in Fig. 4, namely,
at p = 0.22 and p = 0.24. The linear coefficient A decreases
as one moves away from the QCP. This decrease is correlated
with the superconducting transition temperature, shown in the
inset, estimated from TPSC calculations of the d,»_,.-wave
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FIG. 5. Coefficients (a) A and (b) B in the fit of the form AT +
BT? to the resistivity, as a function of doping, starting at the QCP.
The inset in (a) shows the superconducting transition temperature as a
function of doping estimated with the TPSC approach, from Ref. 82.
The doping region relevant for our fits is indicated with dashed lines
in this inset.

susceptibility.?? As for the coefficient B, it seems to have
a rapid increase as we move away from the QCP and then
to remain roughly constant as the doping increases. Note,
however, that this coefficient is hard to obtain precisely close to
the QCP. For example, if we change the number of points used
in the fit, the value of B in this doping region can change by
about 20%. This is because, at low temperatures, the region of
interest here, the quadratic term has a very small contribution
compared with the linear term close to the QCP. Also, there
is always some noise in the resistivity, a consequence of the
fact that those results are obtained by analytical continuation
of Matsubara response functions, a procedure very sensitive to
finite precision noise in these response functions. Therefore,
the values of B for the two smallest dopings in Fig. 5(b)
are rough estimations. However, as the doping increases, the
quadratic contribution becomes more important and thus B is
more accurate.

IV. DISCUSSION

Starting with the self-energy at the second level of ap-
proximation, Eq. (72), the only nonstraightforward part of the
derivation is the neglect of the functional derivatives of the
irreducibles vertices I'y, and I'¢, in the derivative of > @ with
respect to the field or with respect to G. However, as was
explained in Sec. IID, following Eq. (73), the vanishing of
those contributions to the conductivity is exact. Therefore,
starting from approximation (26) for the self-energy that
contains the local spin and charge irreducible vertices I's,
and I'.;, Egs. (51) and (52), the rest of the calculation is exact.
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In fact, purely from our numerical results, with the
Green’s function at the second level of approximation and
the irreducible vertex generated from the corresponding self-
energy, we would have strong reasons to suggest that the
f-sum rule is satisfied exactly in our approach. At all dopings
and temperatures, that sum rule is satisfied with very high
accuracy and the precision increases with the cutoff Matsubara
frequency. Since the f~sum rule is a consequence of particle
conservation (see Appendix A), this means that our approach
is consistent with particle number conservation. This result
is a consequence of our use of functional derivatives to
calculate the Green’s function and correlation functions, as
in conserving approximations.”® However, unlike in those
approaches, there is no self-consistency at the one-particle
level, i.e., our self-energy >@ is calculated with GV and not
G®. Thus one-particle self-consistency is not necessary to
ensure particle conservation.

The saturation of the resistivity to the loffe-Regel maxi-
mum value at high temperatures is a general constraint, this
time based on general physical considerations, that is satisfied
by our approach and not by Boltzmann-based approaches. At
high doping the Fermi-liquid T2 resistivity is also recovered,
as expected.

From the fact that the first vertex correction, the MT-like
diagram in Fig. 1, is sufficient to respect the sum rule, one
would be tempted to assume that the other type of vertex
corrections will not contribute, as was done in previous
calculations.?’ It is clear from our results that this is not the
case. In the pseudogap regime, the AL-like contribution has a
drastic effect on the DC resistivity, making the system metallic
instead of insulating. If only the first correction is included, we
would wrongly assume that the system is even more insulating
than without any correction. On the right-hand side of the QCP,
it is also very important to include both vertex corrections
since their total effect is to reduce the resistivity, while it
would increase, for a large range of doping, if only the first
correction was taken into account. Also, when both corrections
are included, the 7% Fermi-liquid resistivity is recovered at a
lower doping. The importance of including both corrections
is also very clear in the optical conductivity, especially on the
left of the QCP, where the result is qualitatively very different
with only the first vertex correction.

One may ask whether it is enough to include only those two
vertex corrections. To answer that question we recall that our
expression for the current-current response function Eq. (85),
is not derived perturbatively, but using functional derivatives.
Since the calculation of x ;. is exact starting from the TPSC
self-energy, Eq. (49), as long as the TPSC calculation is valid,
all the terms needed are the ones that we have used. The region
of the phase diagram where the TPSC calculation breaks down
is deep in the pseudogap regime, when some parts of the Fermi
surface are destroyed and, thus, the one-particle spectrum is
dramatically different from the noninteracting one. Therefore,
in this regime, the TPSC results should be regarded as more
qualitative than quantitative.

Since we have not used realistic band parameters, we cannot
directly compare our results with any real material. However,
some tendencies can help us understand experiments and
provide some hints on what would be interesting to investigate
using more realistic band structures.
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First, there is a pseudogap in the TPSC approach. For
electron-doped cuprates, it was shown that the pseudogap
has properties predicted by this approach, namely it appears
when the antiferromagnetic correlation length becomes larger
than the single-particle de Broglie wavelength or the mean
free path.” The hump around w = 0.5¢, seen in Figs. 3(b),
3(c), and 3(d), thus corresponds to the analogous feature seen,
for example, in Nd,_,Ce,CuO, in the mid-infrared energy
range.””%0 If we use t = 0.35eV, the location in energy
of this structure is also in the correct energy range. Those
optical conductivity results and previous comparison of TPSC
spectral weights with photoemission experiments on electron-
doped cuprates add to the evidence that those materials are
well described by the accurate solutions of the Hubbard
model provided by the TPSC approach at intermediate
coupling.*+83

An interesting aspect of our results is the linear low-
temperature resistivity observed at the quantum critical doping.
Asmentioned in Sec. III C, linear 7 resistivity has already been
obtained in spin fluctuation theory within the so-called self-
consistent renormalization approach.?!8! This is discussed in
the review in Ref. 24. However, this theory is based on the
variational approach to the Boltzmann equation. It has been
shown with a better variational ansatz that the resistivity should
be in 72.2 That variational ansatz is better because it takes
into account that hot regions on the Fermi surface that are
strongly influenced by spin scattering should be short circuited
by the cold regions. Indeed, it is the conductivities of the
different Fermi surface regions that are integrated and not the
resistivities. Thus, like parallel resistors, the total resistivity
depends on only the more conductive regions. In our results,
vertex corrections tend to make the resistivity more quadratic,
but a linear term remains at low temperatures. This result
tells us that, at least for the parameters used in this paper,
the region of the Fermi surface with the lowest resistivity
has linear T resitivity. This is coherent with our observation,
from spectral density calculations (not shown), that the whole
Fermi surface seems incoherent, or hot, over a range of
dopings that extends beyond the QCP at the temperatures
considered.®*

Another important question is whether, in the quantum
critical region above the QCP, the whole Fermi surface is
always incoherent, as suggested by some experiments.3>:86
This is possible because what characterizes this region is
that the magnetic fluctuations are strong, but not yet strong
enough to destroy any part of the Fermi surface. In other
words, instead of having spin excitations that are well defined,
they are broad in energy and wave vector, which means that
they affect large parts of the Fermi surface and possibly all
of it. To understand the transport, it is important to make
the distinction between this regime and the pseudogap regime,
where the well-defined hot spots appear. This distinction is not
made in Ref. 22. In the present paper, the incoherence of the
whole Fermi surface may come, however, from the fact that we
have included only nearest-neighbor hoppings and that large
parts of the Fermi surface are almost nested. More calculations
of the conductivity using second and third nearest-neighbor
hoppings will be necessary to verify if this global incoherence
of the Fermi surface in the quantum critical region is universal.
Note that this is a subtle question that cannot be answered using
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approaches with adjustable parameters, like those of Refs. 21
and 22, which can give qualitatively different results depending
on how those parameters are chosen.

Another interesting point about the linear term in the
resistivity is its correlation with the superconducting transition
temperature 7,. This correlation seems to be present in all
the unconventional superconductors. It has been observed in
the cuprates, the pnictides, and the organics.?’*° In those
materials, it seems that the linear coefficient A disappears
exactly at the end of the superconducting dome on the
overdoped side, which strongly suggests a common origin
for linear resistivity and superconductivity. In the Hubbard
model, in the weak to intermediate coupling regime, the TPSC
approach finds that superconductivity and linear resistivity also
have the same origin, namely the interaction of quasiparticles
with antiferromagnetic fluctuations. However, from Fig. 5, it
does not seem that A disappears completely with 7., which
vanishes at around p = 0.25, as shown in the inset of the
figure. Note that there is some uncertainty in the values of
A that could come from a small systematic error in the
resistivity. This is possible because it is difficult to obtain
very precise analytically continued results. Nevertheless, it
is clear that the most important drop in A is before T,
vanishes.

One striking result we obtain in the pseudogap regime on
the left-hand side of the QCP is the change of the resistivity
from an insulating to a metallic behavior when the vertex
corrections are taken into account. This is an effect of the
AL-like contribution which, as mentioned at the end of
Sec. IID, gives a positive contribution to the conductivity
when the density of states below the Fermi level is larger
than above. In the present case the Fermi level is just above
the Van Hove singularity. The density of states is therefore
extremely asymmetric at the Fermi level, and that explains why
the AL term is so large that it counters both the effect of the
one-particle self-energy that makes the bubble result insulating
and the effect of the MT-like term that tends to make the system
even more insulating. From preliminary results with second
and third nearest neighbor hoppings ¢’ and ¢”, we notice that
the second vertex corrections cannot always compensate for
the first correction and the resistivity for p < p. can be higher
than the bubble result even with both vertex corrections. This
happens when the Fermi level is farther from the Van Hove
singularity, so that the density of states is much less asymmetric
around w = 0 and thus the AL term is weaker. Those results
tell us that the behavior observed in the pseudogap regime
on the left-hand side of the QCP in Figs. 4(a) and 4(b) is
not universal. However, on the right-hand side of the QCP,
the results should be qualitatively the same since eventually
Fermi-liquid physics dominates. That is effectively what we
observe so far.

Another interesting question is the effect of disorder on the
importance of vertex corrections. In our case, as mentioned in
Sec. II D, if the vertices do not depend on the wave vector, i.e.,
they are isotropic, they have no effect on the conductivity.
Adding disorder would probably make the vertices more
isotropic, and therefore their effect should be smaller. It would
be very interesting to see if, by adding enough disorder, we
could reduce the effect of vertex corrections to the point where
the resistivity recovers its insulating behavior in the pseudogap
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region. This would also provide one possible explanation for
the fact that, in less clean cuprates, such as La;_,Sr,Cu,04
the resistivity increases below T*, while it increases in cleaner
systems such as YBa,Cu3O7_,. That contrasting behavior can
be seen in Ref. 91 when, for the latter compound, we take
the pseudogap line to end at optimal doping. However, from
our preliminary results with hoppings ¢ and ¢” relevant for
cuprates, we have noticed that, on the hole-doped side, the
qualitative behavior with and without vertex corrections can
be inverted with respect to the results of Figs. 4(a) and 4(b).
That is, the resistivity without vertex corrections decreases
below T*, while it increases with vertex corrections. By
changing the band parameters and the doping we can therefore
change dramatically the transport properties in the pseudogap
regime.

V. CONCLUSION

To satisfy current conservation, conductivity calculations
must include vertex corrections that are consistent with the
self-energy. A systematic way of achieving this proceeds with
functional derivatives with respect to the vector potential. We
have shown how this approach can be generalized to the
nonperturbative TPSC approach. The various terms of the
resulting algebraic expression, Eq. (85), have the physical
interpretation illustrated schematically in Fig. 1. One type
of vertex correction has the structure of the MT term in
fluctuation superconductivity, while the other has the structure
of the AL term. These diagrams contain many elements
that are not computed perturbatively, as for example the
irreducible spin and charge vertices and the vertex cor-
rections. With this approach, the f-sum-rule is satisfied in
principle exactly. We verified the agreement to the accuracy
of the numerical calculations (a typical relative precision
of 1077).

The numerical evaluation of the conductivity with vertex
corrections can be done only if FFTs and other advanced
numerical algorithms are employed. Brute force calculations
are impossible with any kind of computing resource cur-
rently available. Analytical continuation is performed with
a specialized maximum entropy technique that we have
described in detail in the appendices, along with all other
algorithms.

We have shown that our approach allows us to compute
the optical conductivity and DC resistivity of the nearest-
neighbor 2D one-band Hubbard model in a variety of
regimes, without adjustable parameters or phenomenological
assumptions. There is no need to assume the existence
of quasiparticles, as is the case in Boltzmann equation
approaches.

For illustrative purposes, we have presented the results of
calculations for U = 6¢ and nearest-neighbor hoppings only.
For the DC resistivity, we find at high temperatures that it
saturates at the Ioffe-Regel value, namely when the mean free
path is of the order of the interlattice spacing. The existence of
this Ioffe—Regel limit is usually assumed on phenomenological
grounds. Here we have demonstrated it. That limit may be
exceeded in strong coupling,”>“* but that is beyond the TPSC
approach. Vertex corrections have a dramatic influence for
dopings smaller than the quantum critical doping. They can
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change the temperature dependence of the resistivity from
insulating to metallic when the antiferromagnetic correlation
length becomes larger than the thermal de Broglie wavelength,
namely in the pseudogap regime. At the QCP, the resistivity is
linear at low temperatures, although vertex corrections tend to
reduce the temperature range of the linearity compared with
the calculation with the bubble only. At low temperatures, the
linear term persists at dopings larger than the QCP, although
we cannot exclude that it disappears at temperatures lower
than those accessible to us. The coefficient of this linear term
is also correlated with the vanishing of the superconducting 7,
obtained with the TPSC method, in qualitative agreement with
experimental results on the cuprates, the pnictides, and the
organics.®% For dopings equal to or greater than the critical
doping, the resistivity with all vertex corrections is always
smaller than the simple bubble result. In general, for most
of the dopings and temperatures considered, the first vertex
correction has the tendency to increase the resistivity, while
the second has the opposite effect. Therefore the results of each
type of term are always very different and one cannot neglect
the AL-like contribution in those regimes. The latter contribu-
tion vanishes only when there is exact particle-hole symmetry.

We observe in the optical conductivity that vertex correc-
tions are important at all the dopings considered and that no
term can be neglected. The effect is the strongest for dopings
smaller than the critical doping near and below the pseudogap
temperature. We also observe that the frequency at which the
results with and without vertex corrections cease to differ
decrease with increasing doping. The hump structure in the
mid-infrared frequency range, related to the pseudogap, is
observed both with and without vertex corrections, but with
different amplitudes at a given temperature. At the quantum
critical point and beyond, the effect is important both at
high and low temperatures, though more important at low
temperatures. The low-frequency part of the conductivity is
higher with the vertex corrections and increases quite rapidly
with doping.

This work is currently being extended in several directions.
For example, one can study more realistic band parameters
for high-temperature superconductors and investigate the
connection between the single-particle scattering rate along
the Fermi surface and the temperature dependence of the
resistivity. The sensitivity of the resistivity to the details of
the model in the pseudogap regime would also be interest-
ing to investigate. Using a similar approach, one can also
envisage calculating the thermopower and other transport
properties.
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APPENDIX A: f-SUM RULE FOR THE CONDUCTIVITY

In this appendix, we derive the general expression for the
real part of the conductivity, Eq. (19), and we show that
the zero-Matsubara-frequency value of the current-current
correlation function suffices to check numerically the validity
of the f~sum rule. We begin from the continuity equation,

8’06(;’” +V.jor,t)=0, (A1)

which, in Fourier space, reads
—wp(q.0) +q-j(q.w) =0. (A2)

If j(q,w) = j.(q,w)x, we have
9:Jx(q, @) = wp(q,0). (A3)

Using space translational invariance, the two-particle spectral
function corresponding to an observable A can be written
formally as

1

with T — 00, so that, from continuity equation (A3), we have
the relation between current and charge correlation functions,

4 a)2 4
Xj, ), (4.0) = Expp(q,w), (A5)
and thus,
dw )(/.i . (q.0) 1 do
f_ JeJx 2T = | —wX,(q.o). (A6)
T w qx T

The right-hand side can be obtained from equal-time commu-
tators since

do .0 do _;... ,
Zoxpao = (is [ o2, @w))| @D
and, by definition,

dw —iwzz " _ 1 0 A8
[ S22, e = p@n.p-a0 . 48

so that

do Xj,; @@ 1 1.9
/< = awllgrane-aol)|
11 q
:_2_ r(q), NY ’
Ly i@, H1. o oD,
(A9)

Taking for H the Hubbard Hamiltonian and calculating the
commutators, we get
f do Xj; (Q.0)

— 42
X

. N Lk (Eerg + €k—q — 2€K) (ko) |

(A10)

We are interested in the long wavelength limit, namely q — O,
so that

dex dex 10% ,
TR TR L TR
1 326k ) 82ek

AER TR T T

€ktq ~ €k +

9xqy (ALD)
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and, if we consider the longitudinal conductivity q = g, X, we
obtain

dw X;'/,j (gx,) 1 Z 826k
[t 1 sva

a1 _<kx>9
T N &= 9k

(A12)
using the earlier definition, Eq. (12).

To derive the general results for the real part of the
conductivity, Eq. (19), we begin with the spectral form for
Xj.j.(gx,) that reads

do' Xj,,(4x@)

/ -y (A13)
T o —-—w—in

Xijeje (@) = /
so that, from Eqs. (18) and (A12), we have
(k) + xj.ji (@)

Oxx(qx,®) = (@i
1 do' x50
:i(w—i-in) (_/7 10y
do' Xj. ;. (qx.0)
+/ T W —w— in)
1 do' (@ +inx; ; (gx.o)
T iw+in) / 7T W@ —w—in
- / 2 Xy @) (Al4)
i T oW —w—in)
and since
1 .
— =P +ind(0 —w), (A15)
o —w—1in o —w
we obtain the desired result:
"
Reo(gew = 220 (A16)

Substituting in the form found earlier, Eq. (A12), the f~sum
rule for the conductivity is

*® dw 1 9%e
/ —Reo0,,(qx,0) = _Z_k (o)

Al7
o T N 4= 0k} (A7)

for g, — 0. Since the spectral form for y; ; (¢gy,ig,) is

. o d(l) XN i (qwi)
Xicio(@esiqn) = / e (A18)
—0 4 w — lqn
we have the desired result:
. 1 826k
XieiGooign =0) = = o ) - (A19)

ko

It is thus sufficient to look at the zero-Matsubara-frequency
value of x; ; to check whether the sum rule is satisfied
(assuming that (k,) has been calculated).

Since the results in Eq. (A17), or equivalently Eq. (A19),
are a consequence of the continuity equation, it means this sum
rule must be respected when there is conservation of particle
number.

APPENDIX B: WARD IDENTITY

In this appendix, we derive the general Ward identity that
follows from charge conservation. It is far too complicated to
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be verified in full generality numerically within our approach.
We also indicate that the Ward identity suffices to find
the vertex correction simply in cases where frequency and
momentum variations are smooth. These assumptions are not
fulfilled in our case; hence these simplifications cannot be
used.

We begin from linear response theory in imaginary time.
We omit the diamagnetic term, which is not relevant for the
present discussion. We find

B R R
(jq (T)> = /0 df,(Tqu (T)J—q (T,)) Aq (T/) . (BD

where j is the paramagnetic current in the interaction repre-
sentation. Take a single (bosonic) Matsubara frequency for the
vector potential

Aq (7)) = TAq(gn) e ™ (B2)

and extract the corresponding Matsubara frequency for the
current; then the quantity to evaluate is

B B ) , . .
(q(gm) =T /0 dt /0 dt'e" TN T jq (1) j—q(T) - Aq(gm)

2 oo )1
=7 [Car [Carene LYY via,
0 0 N =T
X (Trely (1) Ckqo () ey g0 (T)eko (7))
X Vieer - Aq (@m) (B3)

where, in the last equality, we have also used spin con-
servation with the fact that only the connected piece
will contribute because the average current in equilibrium
vanishes.

The Ward identity that we need can be obtained from the
single-spin-component version of following equality that can
be derived from current conservation:**

d "
Z |:_+(5k+q_8k)] (chlta‘ () Ck+qo (v) Cll(’+qa‘ (1) cro (12))

- at
=38 — 1) Gro (0 — 1) = 86(T — 1) Giygo (T — T1) .

(B4)

Current conservation, which we saw in the first two equations
of Appendix A, would give a vanishing right-hand side
were it not for the theta functions whose derivatives give
delta functions and ultimately equal-time commutators that
can be evaluated. Define the fermionic Matsubara frequency
four-point correlation function:

Ao (KK + gk, K + q:k), k)

B B ' .
E/ dTl/ dryetfn (T gl (=)
0 0

X (Teel, () Crgo (1) gy (1) Cwq (1), (BS)

Then, taking the same fermionic components of the Ward
identity and integrating by parts, it takes the form

D [(—ikn + ik))+(ekrq— eI Aok K + QK K + @K K)
k

= Gk/a(k;,) - Gk’+qa (ki) - (B6)
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We need the amputated function that is summed over all wave
vectors to compute the current-current correlation function. So
let us define the charge and current three-point vertices (for a
single-spin component), valid in the small q limit:

I, kn. K + q:k, K

n’

==Y Aok + Qkn K +a:k, KNG (K1) Gl g ki),
k

(B7)
q- T,k K + gk K)
=—q Y VieA, (KK + ik K + qik) K)
k
e &Gk oy () (B8)

Then, in the long Wavelength limit, the general Ward identity,
Eq. (B6), can be rewritten for the three-point functions as
follows:
(ikm — i)y —q- T = Gy o (ki) — Gigh (k)
= (iky —ik,) — q - Ve
— Zktgo (ki) + Zwo(k,)  (BI)

We can obtain the four-point function that we need in
the expression for the current, Eq. (B3), from the fermionic
Matsubara expression, Eq. (B5), for the four-point function at
71 = 1, = 7’ as follows:

B g ,
T/ dr/ dt’ ')

G EETE T T

k,o kK kp
X Vké‘kA (k, k+q;km,k/—i-q;k;l,k/)kaEk/-A
I Z Vi
ko K
X A(T (k’k+q’k/ +51m ’k/+qak1/1 ,k/)Vk/Sk/ ’Aq (CIm) .
(B10)

(.iq (Qm» =

q(q'n)

The sum over wave vectors k allows one to rewrite the latter
in terms of the current vertex defined in Eq. (BS)

(ja=0 (gm)) = ——Z er(kn-i-qm,k’k,’l,k’)

X Gk’(kn)Gk/(k,,, + qm)Vrer - Ag=0(qm) -

(B11)

We have performed the sum over spins, which explains the
factor of two, and taken the q = 0 limit first to represent a
constant electric field.

There is a simple case where the Ward identity suffices
to find the vertex correction. Consider the Ward identity for
the three-point function, Eq. (B9). The rest of this appendix is
correct only if we can assume that in the ¢ — 0 finite frequency
ik, — ik, limit, the charge vertex I',(k, k' + q:k,.kK’) and
current vertex I';(k, K + q;k,.K') are analytical in q and
have a finite limit at q = 0. It can be checked that this is
the case for the noninteracting system. In that case, all the
nonanalyticities are contained in the product of the Green’s
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functions appearing in our last expression for (jq—o(gm)).
While these kinds of analytic properties can be assumed for
Fermi liquids, this is not appropriate in our case, which is
more singular in the presence of strong antiferromagnetic
fluctuations.

In the case where we can assume analyticity, the expansion
for I', in powers of q must begin at order ¢ because it is a
scalar. Then, the long wavelength limit of the vertices can be
found by identifying the coefficients of the (ik,, — ik},) and of
the q on the left- and right-hand sides of the Ward identity for
the three-point function, Eq. (B9). For the charge three-point
function we thus find

r (k k/ K k,) —1_ YKo (km) — ko (k”)

) , (B12
" (iky — ik!) (B12)

while for the current vertex, taking the q — 0 limit, we
obtain

Lk, K5k, K) = Vivew + VieZwo (k)

n’

(B13)

The first term in the last two equations is the bare vertex and
the last term the vertex correction. These results for the vertex
corrections are valid, for example, for impurity scattering or
electron-phonon interactions where the assumptions on which
they were derived are valid,”® but not in our case where the
gradient of the self-energy with respect to wave vector can
be very large, for example near hot spots. The above two
equations by themselves are often called the Ward identities.”

Note that at zero external Matsubara frequency, as long as
the charge vertex does not diverge, Eq. (B13) becomes exact for
ky = k;,. This form for the vertex generates ladder diagrams
only, demonstrating that the Aslamasov-Larkin contribution
vanishes, as found numerically in Sec. IIT A.

APPENDIX C: FAST FOURIER TRANSFORMS, CUBIC
SPLINES, AND ASYMPTOTIC EXPANSIONS

The use of FFTs is absolutely essential for this calculation.
We begin by describing their use for obtaining the Lindhard
function, Eq. (22), and the self-energy, where the convolutions
that render the use of FFTs possible are apparent. The
convolutions are not so apparent in the case of the conductivity,
particularly the AL-like terms, that require an elaborate
discussion in the third subsection.

A. The Lindhard function

The Lindhard function, Eq. (22), is needed to compute the
spin and charge susceptibilities, Egs. (20), and (21), which is
defined in a more explicit way as

1@ = 21 3 GO+ quik, + ig) GV (K, ik),
N k,iky,
(C1hH
with
GY(k,ik,) = ; (C2)
ik, — ex + Uo

where €k is the bare particle dispersion relation, k, = (2n +
)T is a fermionic Matsubara frequency and o is the
bare chemical potential. Expression (C1) could be calculated
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by first performing analytically the sum over Matsubara
frequencies to obtain

2 3 J (&) — fkiq)

Q,iqn) = —— . , (C3)
HOU Kk Lqn +fk_§k+q

N

where & = ex — o and f (&) is the Fermi—Dirac distribution,
and then integrating numerically over k for each value of
(q,ig,). While it may seem that we have saved some work
by doing exactly the Matsubara sum, by doing so we do not
use a property of Eq. (C1) that can make our calculation much
easier. This is the fact that this expression is a convolution, and
convolutions can be calculated in a very efficient way using
FFTs. For instance, Eq.(C1) can be written as

p . .
X0(@,ig)=—2 / dre ™y " e GO (e, 1) GV (—r,— 1),
0 r

(C4)

where g = T

To compute xo(q,ig,) on a grid of size NqN,, using
the form where Matsubara sums have been done, Eq. (C3),
one needs to do this number of integrals over the Brillouin
zone, a number of operations that scales like NéNqn if we
consider that each integral scales like Nq. On the other hand,
using the convolution form, Eq. (C4), we need to do a 2D
FFT on GWV(k,7) to obtain GV(r,7) [here, GV(Kk,7) is
known analytically], a task that scales like NyN,, log N, and
then the three-dimensional FFT in Eq. (C4) that scales like
Ng¢N,, log NgN,,. We therefore have a gain proportional to
Ny/log NyNy, .

There is one delicate point. Equation (C4) contains a
continuous FT on the imaginary time t while FFTs are
discrete transforms. The simplest thing to do would be to
discretize T and perform an ordinary FFT. This would give
acceptable results for the low Matsubara frequencies but the
high frequencies would be completely wrong since xo(q,iq,)
would be periodic in g, while it has to decrease as a series
in even powers of 1/g,. To solve this problem we make use
of cubic splines to approximate the integrand between the
discrete imaginary-time points and perform a continuous FT
on this spline. In Appendix E, we show how to compute the
continuous FT of a cubic spline using in fact only a DFT. Let
us consider first the imaginary-time FT in Eq. (C4). Using the
form of Eq.(E7) given in Appendix E, we obtain

X0, T = pB) — xi(r,t =0)

Xo(r,ig,) = 3
qn
1 — eiant N-1 ) '
T DS @e s, (C3)
n j:O

where N is the number of intervals in the imaginary time grid,
AT is the size of an interval, S;(r,7) is the cubic polynomial
in the jth interval and S (.3)(1') is the third derivative of S;(r, 7).

Notice that Eq. (C5) contains the discrete Fourier transform
of S?(r), so that the result of this transform itself will be
periodic in g,. But the factor 1/(g?) in front makes this term
important for only low frequencies. Expression (C5) contains
the derivatives of xo(r,7) with respect to T at the boundaries.
It is explained in Appendix E how those derivatives are used
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to complete the linear system that must be solved to obtain the
spline coefficients. They thus have to be calculated before the
spline and must be known when Eq. (C5) is used. Here since
xo(r,7) = —2GV(r,1)GV(~r, — 1), and we have analytical
expressions for GV(k, 1), it is straightforward to calculate this
derivative. For 0 < 7 < 8, we have

GV(k,1) = —e 5 f(—&) = —e*P (&), (C6)
so that
aGO(r,7) 1 o
P ik- —&kT £
= Nﬁkje Ee ™ f(—&)
1 . -
=5 a0y, (CT)
k
Then, still for 0 < t < B,
GOk, — 1) = e f(&). (C8)
and, therefore,
AGO(—r,— 1) 1 o
———— = =) e g . (C9
- v ¥e EeMfE).  (C9)
If we have inversion symmetry,
GV(=r, — 1) =GV(r, — 1), (C10)
then
aGO(—r,—17) 1 o
= =) Mg Cl1
- N ;e £ f(&), (ClD)
and we have
IGV(-r,—7)  3GV(r,B —1) €12)

0T ot

B. The self-energy

The next function we can calculate using FFTs is the self-
energy, Eq. (26), that can be written as

TPk ik,)=Un_q4 / dre®™ ™y " e ™V (@, —1)GP(r, 1),
r

(C13)

where
U
Vr,t) = §[3Ustsp(raf) + UChXch(rsT)] . (C14)

To calculate V(r,t) accurately, we can use the fact that
Xsp(Q.1gn) and xcx(q,igy,) approach asymptotically xo(q.i¢x)
as ¢, increases and that xo(r,7) is known once Gf,”(r,r) is.
Then V(r,7) is computed from

Ut e _ ,
V(I’, T) = gﬁ Z e dTe !t [3Ustsp(qJQn)+UchXch(qvlqn)
q.iqn

- (3Usp + Uen) x0(q,ig,)]
U
+ §(3va + UC/‘[)XO(rvt) s (C15)

where xo(r,7) = —2GV(r,7)GV(~r, — 7). Because the
asymptotic part is removed in the FT, it converges as the
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transform of 1/ (qn) instead of 1/ (q,f) so that a smaller cutoff
can be used.

In Eq. (C13), there is a continuous FT so that we have to use
cubic splines to represent the T dependence of the integrand.
To compute the splines and then use formula (E7) we need to
compute the derivatives of V(—r, — r)Gf,l)(r,t) att =0 and
T = B, i.e., those derivatives of V(-r, — 7) and G{(r,7).
The latter were already computed using Eq. (C7) to calculate
Xo- For V(—r, — 1), since this function is symmetric with
respect to T = /2, we only need the derivative at 7 = 0. If
we differentiate expression (C15) with respect to T and set
7 = 0, we notice that the sum disapears since x;,(q,ig,) and
Xcn(q,iqy) are even functions of g, while the derivative makes
afactor g, appear in the sum. In other words, at T = 0 (and thus

= f), the derivatives of x,(t), xcr(7), and xo(t) are equal,
which comes from the fact that they have the same asymptotic
limit as can be seen from Eq. (E7) (with k = g,,), considering
that there are no odd terms for those functions. Therefore, we
have

oV (r,1)
aT

9 xo(r,7)
0t

U
= §(3U5p + Uch) (C16)

=0 7=0

Once the self-energy of Eq. (C13) is obtained, we have
to calculate the interacting chemical potential u to define the
Green’s function G® as

1
iky — 6+ — TP (K, ik,)

GOk, ik,) = (C17)

For a given filling (n), u is defined implicitly by the equation

(n) = 2% > 6Pk =0)

k

T .
=2 l; et GO (K, iky).

(C18)

However, this expression is not very practical numerically
because of the convergence factor e~*%*" that is not well
defined numerically. We use instead

T
@k i DK ik =
25 kEik (G (k,iky) — G (K, iky)] = 0,

(C19)

where it is assumed that GV contains the chemical potential 1t
that gives the desired filling. No convergence factor is needed
since the sum converges as the sum of 1/ (k,%).

C. The current-current correlation function

Finally we come to the calculation of x; ;, Eq. (85).
The first term, called the ‘“bubble”
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of its bubble shape in Fig. 1, can be written as

X7 (iqn)

—2T d
- (6“) G@(k,ikm)G@(k,ikm+iqn>

2 €k
- d ignt G(z) k G(z) k
Nij(akx)/ Te &Gk, — 7).

(C20)

To use this formula we first have to compute G?(k,7) from
GP(K,ik,) defined in Eq. (C17). To do that we cannot simply
perform a FT with respect to ik, on G®(k,ik,) including
only a finite number of frequencies. This is because G®(k, 1)
has a discontinuity at T = 0 that will produce oscillations (the
Gibbs phenomenon) close to t = 0 and v = 8 [remember that
G(k,B — ) = —G(k, — 1)]. This problem can be solved by
using the asymptotic form of G (k,ik,) to perform the trans-
form on all frequencies. First, let us define G(k,7), the FT of
some Green’s function G(k,ik,), on a finite set of frequencies:

Gty =T e ™ uGk,ik,)
ik
N.—1
_ in(Ne—1)j/N; —i27nj/N; . y
=e T e Gk, ik, ).
n=0
(C21)

where Z’ means that the sum is finite, N, is the number
of values of 7, and we have used k, = 2n + 1)7T and
7; = j/(N.T). The sum in the second line has the form used
in standard FFT routines. Now, to compute the self-energy,
Eq. (C13), we have used FTs of cubic splines so that
2 @(Kk,ik,) has the form of Eq. (E7). The asymptotic form of
GP(K,ik,) is therefore

1
ing(K,iky)
1

- ~ s 2k | 50\’
Thn — & — (# T Gk T (ikm)

G(‘Z)' ky.kn =
etk = e =

(C22)

where éx = ex — w. The FT over ik, of this function can be
done analytically using the residue theorem. For a function
g(2) having only simple poles, we have

T Z e kT o (ikm)
ik,

=2 i Res[g(@] f(=zp)e ", O0<t<§p
N (C23)
2 Reslg@] fzpe™ -B<t<0,
contribution because !
which, applied to Eq. (C22), gives
|
(K)1P
[z; (k)] (C24)

G ()

4
k) =F Y e 0 f(32,(k)

Jj=1

[z;(k) — z1(K)]. ..

[z;(k)

= 2j—1 Rz (K) — zj11 (K] .. [2;(k) — za(K)]

085128-24



OPTICAL AND DC CONDUCTIVITY OF THE TWO- . ..

where the minus sign is for 0 < 7 < 8 and the plus sign for

—pB < v < 0. The z;(k) are the roots of the polynomial
4_ = 3 2

7T — &7 — 5127 — s2(K)z — s3(K) . (C25)

Those roots are given by quite imposing, but analytical,

formulas. Finally, assuming that Gfi} (k,7) is the finite FT of

fi)f (k,ik,) as defined in Eq. (C21), we use

GOk, 1) = GPk,1) + [GL(k,7) — G (k1))

inf tnf (C26)

where the term between the brackets is the contribution
from frequencies beyond the cutoff used in Eq. (C21).
This expression will be very accurate if the asymptotic
behavior is well obeyed beyond the cutoff. Using expression
(C22) as the asymptotic form of G?(k,ik,) may seem to
complicate the calculations needlessly since the first term
of the high-frequency expansion of G'V(k,ik,) is identical
to that of G®(k,ik,). However, to compute the cubic spline
of the integrand in Eq. (C20), and then its FT, we need the
derivatives of GP(k,7) at t =0 and 7 = B and, for that
purpose, we have to use a more accurate asymptotic form.
The reason will be explained shortly.

As we have just mentioned, we need to compute derivatives
of Eq. (C26) with respect to t at the boundaries. Let us first
rewrite expression (C26) using Eq. (C21):

GPk,1) = TZ e * T [GO(k.iky) — Gl (. iky)]

l»t

so that
IGA(k, 1)
> ?2) (2)

| _ _TZl e ik)[GP(k.iky) — Gy (K,iky)]
2)
i '(kvt)

1 Qi) (C28)

0T =0

where the last term is obtained from the derivative of Eq. (C24).
If G{,), was taken to be G, the sum in Eq. (C27) would
converge like the sum of 1/(i k,)?, but the sum in Eq. (C28)
would not converge. Thus, Gf,zl} must have at least the same

first two terms in its high-frequency expansion as G®. If we
use Eq. (C22), the first five terms in the expansion are equal;
the sum in Eq. (C27) thus converges as the sum of 1/(ik,)®,
while the sum in Eq. (C28), converges as the sum of 1/(i kn).
This gives us a very precise evaluation of G (k,t) and its
derivatives. To obtain the derivatives at T = § we use the
relation

aG(k,7) &t Un aG(k,7)

aT =p at =0

(C29)

that is derived from the spectral representation of G(k, 7).
Once GP(k, 7) and its derivatives are obtained, the integrals
in expression (C20) are evaluated by computing the cubic
splines for G®(k,7)G?(k, — ) and using formula (E7) for
the FT. The rest of the calculation is simply a sum over the
Brillouin zone, where, of course, it is preferable to use the
symmetries of the system to save computational resources.
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The second term of Eq. (85) is

U/(T\ ‘
Xl g = =7 (ﬁ) > GO k)GP ky +igy)
Kk
de€
x GV (k)G (ks + iqn> £ (k2)
X [3Ustsp(k2 - kl) + Uch Xch(kZ - kl)] (C30)
where k| + ig, = (kl,ik + ig,). If we define
fulka) = )s
(C31)
Viky — k1) = §[3US[9XS17(k2 — k1) + Uen xen(ka — k1)1,

then Eq. (C30) becomes

2 Z 2% () G2 ) GOy + ig)

XJ'vx]jx (ign) = ok,

X & ; Fulka)V (ky — ky) . (C32)

The sum over k; being a convolution, we have

T 9 000 4
xjl. ) = = ; o, C7 Gk +igy)

x Y e A MV, (C33)
1
Note that the sum over 1 written in explicit form is
p A
> [Cdretnet a3
—Jo

where the function f,(r,7) is given by

1 ikr 36k
ST = ;e ok,
x Ty e GOk, ikn) GV (K,ik + ig).
iky,
(C35)

Since GV (K, ik,,) is the noninteracting Green’s function, the
Fourier transform over ik, can be done analytically. Using
Eq. (C23), we obtain, for g, # 0,

Ty e " GOK,iky)G O (K, iky +igy)
ik,
eiqnf —

1 _.
= l.—efe“ [O(0)(1 — f(&) — O(=7) f(&)]

n

. (C36)

For g, = 0, there is a double pole so that the calculation with
the residue theorem is slightly different. However, we can use
the following simple trick:

‘ . 1 2
—ikyu T ~(1) . 2 _ —ikyt
T E e GV(Kk,iky,) =T E e (—ikm —§k>

ik ik

a ikt 1
=—T | —— (C37)
86k T lkm — €k
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d _
= 3—~(—€_€kr[(1 — fE&NO(r) — f(€NO(=T)])
&
3f(ﬂ<)>

— T <,[(1 — f&)O(x) — f@&IO(—1)] +

For 7 > 0 and ¢, # 0, we have

et — 11 ek .
n r - 1 _* _ kT
fulr,7) = N ?e ox, [(—awe
_ l‘fn —l l lkrafk f(e ) (B—1)a
ign N "
= g,(D)h(r,7). (C38)

The functions f,(r,t) for different values of n are thus obtained
by multiplying the n independent function

1 de
hrT) = Ze’kr K f(e Ye P (C39)
k

by g.(v) = (€'"* — 1)/(iq,). Using this result, we find
S et @ = [daretre,wm
1

x Y e ™M, T)V(r;T). (C40)
J
Inserting this back into Eq. (C33), we obtain for the ¢, # 0
terms,

a€
Xl (qn) =~ 2_22 kG(z)(k k)G (K ik +iqy)
k X

X /dr ek g (1) Ze*fk"fh(rj,r)\/(rj,r)
J

2 I

= k) GP (K, ik +ig,
idn N0k, )G ik +iqn)

ikim

X ( f dt e'kntanT Z eiik'r”h(rj,T)V(rj,r)

J
—/dr eik'”TZeik‘r-fh(rj,r)V(rj,t)). (C41)
J

To make the convolutions more apparent, we define

T(K,ikp) =G (K,iky) / dr ¢* ™ " e ™ Th(r;,T)V (r;.T)
! (C42)

so that

2 1 aék

ign N £ Ok,

ijjx( iq,) = (TZ G(Z)(k’ikm)‘](k’ikm +iqn)

ik

~T Y GOk, iky, +iqn)J<k,ikm) (C43)

ikm
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and we can use the convolution theorem to obtain

2 1 36
Xt =~ ([ dre e GOk, (k, — 1)
— / dt &GPk, 1)J (K, —r)). (C44)
0

Note that, since all the Matsubara sums have been trans-
formed into FTs that can be done with FFTs and that an FFT
gives all N values of an N point transform at the same time,
we obtain the values of X})xl ;.(igqn) for all ig, exceptig, = 0 at
the same time when the last FFT is done.

We still need to do the FT over t in Eq. (C42) using cubic
splines. For that we need the derivatives of i(r;,7)V(r;,7) at
7 =0 and v = B. The derivatives of V(r;,7) have already
been used to compute the self-energy and are obtained
using Eq. (C16). For A(r;,7), the derivative is obtained from
definition (C39).

Next, we have to compute J(k, — 7). First, we define the
function

Q(k,ik,,):/dt ety e N n(r; TV (K1) (C45)

J

so that definition (C42) reads as J(K,ik,) =
G?(K,ik,)Q(K,ik,). The FT over t is done using the
method described in Appendix E. The asymptotic form of
0OK,ik,) is

1K) q2(k)
anf(k k ) lkn + (lkn)2 +

q3(k)

iy (€40

so that, using Eq. (C22) for Gfi} (k,ik,,), the asymptotic form
for J(K,ik,,) is,

1
1nf(k lk ) -
s s2(k) s3(k)
thy — & — (f t @ T <i3k,l)3>
a® @& gk
C47
X ( ik k2 k) P
and its FT is
4
Tnp(k, = 1) =Y ™ f(z;(k)

j=1

. 1Mz )1*+q2(k)z (k) +q3(K)

, (C48
[T 20— ()] (C48)

where the z;(K) are the roots of polynomial (C25). By analogy
with our previous calculations, the function J(k, — 7) is then
obtained from

J(k, —r)_TZl T[T (K, ik ) = Jinp (K, ik )] Jing (K, —T)
o (C49)

where Y means that the sum is done up to a cutoff frequency.

Once these results are substituted into the expression
for the MT term, Eq. (C44), we need the derivatives of
GPk,1)J(k, — 1) at T =0 and T = B. For GP(k, 1), they

085128-26



OPTICAL AND DC CONDUCTIVITY OF THE TWO- . ..

are given by Egs. (C28) and (C29). As for the deriva-
tives of J(k, —t), they are obtained by differentiating
Eq. (C49).

Finally, we need to evaluate separately the ¢, = 0 term for
T > 0. We have, from Eq. (C37),

1 oo 0€ )
folrr) = - 3 e R T Y e GV ik )’
k * ik,
1 ikr 0€ _ar df (k)
:NZekrf(k)e 6" (Tf( &) + A k)-
k X
(C50)
so that

k)G (K, iky,)

1 Bek
0 —2—
X]x]x( ) N zk: akx

ik

B . .
x/ dr Y e ™ fiy(r;, 1)V (x;,7). (CS1)
0 -
J
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Using our previous definition, Eq. (C31), for f,(k,), the
third term in Eq. (85) can be rewritten as

U (T\*
Xil g =~ (ﬁ) Zak )

ki,q1

xGV(ky + q1 +igqy)

1 1
(0, |
1- ”’ = xo(gq1) 1 — “” =Zxo(gq1 +iq,)

1 1
+ U )
1+ "’ xo(q1) 1+ "’ xo(q1 +iqy)

T
x5 2 ()G Vo +qi +ign) + Gk —gu)].

k2

(C52)

The sum over k, is the sum of two convolutions and can be
written as

- Z F)IG Vs + 1 +iga) + GV — q)] = Z(e“‘““f") T MGV

ka

— Z/ dt (eitI1~"je—i(qm+qn)t + e_iq"r"eiq’"t)fn(l‘j,‘t)G(])(—l‘j, —1)
. 0

B : . .
:/ dr (—e W HaT ity N " e £ (ry )G W(r;, — 1), (C53)
0

where we have used f,(—r;,7) =
have

= Z F)IGV ks + g1 +ig,) + GV — q1)]

ko

— fu(r;,7) and G(])(_l-j7 —7)=

J

G(r;, — 7). Using f,(r,7) = gu(v)h(r,7), Eq. (C38), we

/d‘l,' (_e—i(qm-wn)f + eiqu)gn(.r) Ze_iq"rfh(l‘j,‘[)G(l)(rj, —17)

J

= — [ dt (_e—iqmr 4 e @nta)T | pilantanT eiqmr)
ign
x Y e, G, - 1), (C54)
assuming g, # 0. Inserting this expression into Eq. (C52), we get
1 U (T «— de
=——|= Gk '
X/m( ign) = iq,, > <N> ]gak )Gk +q1 +iqn)
1,91
1 1 1 1
x| 3Uy, T T
1= %2 x0(q1) 1= 52 x0(q1 + i) "1y S xolqn) 1+ % xo(q1 + iqn)
X /d-[ (_e*iQmI 4 e @nta)T | pilgmtanT _ eiqu) Z eiiq"r’h(rj,‘[)G(l)(l'j, - 7). (C55)
J
Using the definitions
G, (ki +q1) = GV(ki + q1 +igy) (C56)
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and
1 1

PHYSICAL REVIEW B 84, 085128 (2011)

Hn(ql) = <3ngl _ U, U,

= xo(g) 1 — =Fxo0(q1 + ign)

1
Uch . )
1+ % x0(q1) 14 % xo(q1 +ign)

« /dr (€' @ntanT 4 =i antanT _ planT _ p=idnT) Ze‘iq"rfh(rj,r)G(l)(rj, - 1), (C57)
Eq. (C55) reads J
X9 = -5 k S k)G )GVl +ig,) X6+ avian
1 1
_ L UT 50 kDGPUNGPky +ign) Y e TGO H, (D), (C58)
1

ign 2 N 4 ok,

where the sum over g; was written as a FT. Unfortunately, since
this transform does not give a function of k; or k; + ig,, or a
sum of either, because the dependence on ig, in H,(q;) does
not factor out as a sum of exponentials, the sum over k; does
not have the form of a convolution or a sum of convolutions
and has to be done in the form of Eq. (C58) for each different
frequency ig,.
Now, some work remains to be done before one can do the
FT over 1 in Eq. (C58). First, G\V(r, 1) is explicitly given by
0 _ l ikr —ikyT 1
G = Xk:e TZe T —— (C59)

mn

so that by changing the summation variable above or using
Eq. (C23), we obtain
GV, 1) =" GV(r,1). (C60)

Equation (C58) thus becomes

1 UT aék
Y (ig)=——=— Y —(K)GP(K,ik,)GP(K,ik,+ig,
155,000 =75 Nk,ik,,,akx( )G (K, k)G (K, ik +igy)
x Z / drt e*Te i CntaT GOy _1)H, (r,T).
r

(C61)

There is, however, a problem if we directly use H,(r,7) in
Eq. (C61). From definition (C57), we notice that H,(q,ig,,) is
peaked at the frequency ¢,, = —g, because of the factor

1
[ . .
1 — = x0(q,iqm + iqn)

in the spin part. Therefore, H,(r,7) has oscillations in t at the
frequency g,, and it is necessary to refine the grid in T when
g increases. H,(q,ig,,) is also peaked at g,, = 0 because of
the factor

(C62)

1

—. (C63)
1— TXO(q’lQm)

Itis therefore not sufficient to express H,(r,t) using a function
shifted in frequency multiplied by an oscillating function. By
doing that we would reduce at most the oscillation frequency
by half. Instead, we express H,(r, ) as a sum of two functions,
one peaked at ¢,, = 0 and the other at g,, = —¢g,. Then we

will be able to apply a translation in frequency to the latter and
factor out the oscillating part. First, we write

1 1

— % o @igm +ign) 1 — L2 xo(Qigm)
1 x0(d,igm)
Usp

X0 gn) = X0(@uigm + i) 1 — L2 xo(q,igm)

1 XO(Qaiqm + i('In)

— . -
X0(Qsigm + iqn) = X0(@igm) 1 — %2 yo(qigm + ign)

(Co4)

If we define
D(@ign) = [ de (@ e

x Y e ;G ;. — 1), (C65)
J
the spin part of H,(q,ig,,) reads
_ D(q,lCIm) - D(q,iCIm + lQn)
X0(Qsigm) — X0(Q,igm + iqn)
D(q’lqm + lqn) - D(anCIm)
Xo(4sigm +ign) — Xo(d,igm)

Xsp(Asiqm)

Xsp(Qsiqm +iqn) .
(C66)

Note that, since D(q,iq,,) and xo(q,ig,,) are even functions,
the function

D(q,ign) — D(Q,igm + ign)

X0(Q,igm) — Xo(Qsigm + ign)
is undetermined when ¢g,, = —¢, /2, which happens when n
is even. However, we know that H,(q, — “) vanishes so that
one can assume an arbitrary value for Eq. (C67) at that point.
Numerically, it is better for that factor to be smooth. This is
achieved by using a simple interpolation to fix that value.

Now, if we define the function

(C67)

(C68)
D(q,ign) — D(Q,iqm +iqn)  Xo(Q.igm)
P X0(@iGm) = X0(igm +140) 1 — 2 x0(q,igy)
. D(q,ign) — D(Q,iqm +iqn)  Xo(Q.igm)
x0(4,igm) — x0(Q,igm +iqn) 1+ %XO(q,qu,) '

1(Q,iqm)

+ UC
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which is peaked at ¢,, = 0, we make explicit that H,(q,ig,,)
is peaked at two values of frequency

Hn(qaiqm) = _In(qaiQm) + In((L - IQm - l%) . (C69)

Using the bosonic Matsubara frequency representation for
I,(q,7) we obtain

Hy(q©)=TY e " Hy(qign)
iGm

=—L(q0)+ " (g, —1).  (C70)

To compute I,(q,t) from I,(q.ig,) we use the same
procedure as for the previous FT's over Matsubara frequencies.
Using

: d(q)
Din (quQm) = >
! (iqn)?
. c(q)
X0,in (qJ m) = T (C71)
OinfiHG (igm)*
the asymptotic form for 7,(q,ig,,) is
) d
I;,”f(q,i%n) = 3USP-2¢I)/V
(igm)* — SLc(q)
d
+U @ (C72)

ch~—— ~ 1. . .-
(ign)* + % c(q)

Using a complex plane integration and the residue theorem,
we get

inf d(q) .
Ilnf , — 3US —2Zs &s/)(q)f
2 (q,7) P T (@ (np(—z5p(Q))e
— np(2,p(q))e* ¥7)
d((I) . —izen(q)T
(@) (ns(—izen(q))e
— np(izean(q))e ™ @7) | (C73)
where ng(z) is the Bose—FEinstein distribution and
U
Zsp(q) = TPC(Q) ’
U,
(@) =/ @) (C74)
or, using ng(—z) = —efnp(z),
1'(q.7)
d(q) 8 B
—3U,, ———ng(z:,(q))e 2> @ cosh [(- — r> Zsp( )}
T 2 i
d )

2D za(@)e 5 cos [(é - r) qu)} .

lZch(q) 2
(C75)

Using that result we write, as before, the transform in such a
way that it converges quickly:

L@D =T e [L@ign) — 1" @ign)]

+ 1" (q,7). (C76)
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There is, however, one last difficulty. The asymptotic form,
Eq. (C72), approaches Eq. (C68) only when both ¢,, and g,, +
qn are large with respect to the bandwidth. Thus, the frequency
range of the finite sum in Eq. (C76) has to be chosen such that
this condition is satisfied. If g, is positive, the range of negative
g must therefore be extended to make sure that, at the cutoff,
qm + qn 1s large.

Coming back to expression (C58), using results (C60) and
(C70), the sum over 1 becomes

> TGO (=T)H,(T)
1

= Z/dr et T GW(r, — 1)
r
X [—1,(r,T) + €T I,(r, — 1)]
_ Z/dt eik're_ik"’r[—e_iq”rG(l)(I', _ ‘L’)In(l',f)
r

+ GO, — ), (r, — 7)]. (C77)

For g, = 0, expression (C52) vanishes, as explained at the
end of Appendix B.

To reach reasonably low temperatures without seeing any
finite size effect, we use a system of 512 x 512 sites and
8192 frequencies. If we were using a brute force approach to
compute Eq. (C52) we would have to sum [(8192(512%))° =
9.9 x 10?7] terms. Assuming we could sum 10° terms per
second, it would take about 300 billion years to calculate
X]sz (ign) for one value of g, and thus about 30 000 billion
years for a hundred values of g,,. Using the approach described
above, this calculation is done in less than 2 days.

APPENDIX D: CHOICE OF MATSUBARA FREQUENCIES

While all external frequencies are obtained at the same
time from the last FFT for the bubble and MT-like term in
Xj.j. (ign), this is not the case for the AL-like term, Eq. (C52),
even in the form of Eq. (C58) that makes maximal use of FFTs.
Hence, this term cannot be calculated for thousands of values
of g, or for the same number as that used in internal Matsubara
frequency sums. Therefore we have to compute Eq. (C58) for a
reasonable number of carefully chosen frequencies. Assuming
that most of the information is in the low frequencies and that as
their magnitude increases it becomes less important to include
all the high frequencies, we use the following nonuniform
Matsubara frequency index grid. That grid consists of subin-
tervals within which the Matsubara frequencies are equally
spaced, with larger space in between Matsubara frequencies at
large frequency. The spacing between frequencies in different
subintervals increases by powers of 2.

First we define

Ny = 2" : the last frequency index (cutoff), taken as a power
of 2 (r integer);

m: integer that determines how dense the grid is. A large m
gives a low density. 0 < m < r;

Ny = % : Ny + 1 is the number of adjacent frequencies
close ton = 0;

Ny = % : number of frequencies in each subinterval with
a fixed spacing between Matsubara frequencies;

N = N; + mN; + 1 : total number of frequencies.
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Then the indices of Matsubara frequencies on the grid are
given by the following algorithm
J j=0,...,N; — 1,
N1 +2/%mod(j — Ni,N2) + N2 = 1),
[ :ﬂoor(%), j=Ny,...,N—1.

n(j) = (D)

For example, taking Ny = 256, m = 5, so that N = 8§,
N, = 4 and a total number of frequencies N = 29, we obtain
the following indices: n =0, 1, 2, 3,4, 5, 6,7, 8, 10, 12, 14,
16, 20, 24, 28, 32, 40, 48, 56, 64, 80, 96, 112, 128, 160, 192,
224, 256.

With this kind of grid we greatly reduce the number of
frequencies for which we have to calculate X]Uf i with Eq. (C58)
while retaining the essential information. Note that this also
speeds up the analytical continuation with our maximum
entropy method described in Appendix F.

APPENDIX E: FOURIER TRANSFORM OF A CUBIC
SPLINE

Assume we have the following integral to do,

XN X
fk) = _/ dx g(x)e ™, (ED)

X0
but that we know only N + 1 discrete values of g(x;). Let
us approximate g(x) in the interval using a cubic spline S(x)
defined as

Si(x) Xp < X < X
SH(x) X1 <X <xy

S(x) = . , (E2)
Sy(x)  xy_1 <x <xy

where the S, (x) are cubic polynomials, with the conditions

Sp(xp—1) = g(-xn—l)’ Sp(xp) = g(xn)v

S/(xn 1) = ,/, 1(xn 1) n>1,
Sy (xu—1) = 81 (xn—1), n>1, (E3)
S1(x0) = g'(x0), Sylxn) = g'(xn),

defining the 4N equations necessary to determine the 4N
coefficients of the spline. The integral of Eq. (E1) becomes

Integrating by parts we obtain

N X,
fly~>" / dx S,(x)e . (E4)
n=1 Y -1
fk) = ——Z( *”“Snmx )

n=1 nt

+sz[xn lde’(x)e i

e~k 8 (xg) — e TR Sy (xy)
ik

" dx S/ (x)e~ (E5)

Xn—1

+lk2
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where we have used the continuity of the spline at the points x,,
to eliminate all the intermediate terms in the first sum. Now, if
we integrate by parts in the second term and use the continuity
of the derivatives S, (x) at the points x = x,,, we obtain

e k0§ (xg) — e 7RV Sy (xy)
ik
e kN 8l (xg) — e RN S (xy)

(ik)?

N
1 Xn .
— dx S"(x)e k. E6
+(ik)2 ,?:1 /M x S, (x)e (E6)

fk) =

+

Doing it one last time, using the fact that we also have the
continuity of the second derivatives S/ (x) at x,, we finally
obtain

e~ kN 8 (xg) — e FN Sy (xy)
ik
ek (xg) — e W S} (xy)
(ik)?
e_ikXOSi/(xO) _ e—ikxN S]/\,,()CN)
(ik)
1 — o—ikdx N-1

T 2 She (E7)
n=0

fk) =

+

+

where Ax = x,4+1 — X,,. The remaining discrete transform can
be done using an FFT. The result of this transform will be
periodic since it is discrete, but because of the factor 1/(ik)*
in front, it will have a relevant contribution only for small k.
This periodicity in the sum therefore produces only a very
small noise at high &, the remaining discretization noise, that
decreases with increasing k. Note that expression (E7) is valid
only for k # 0. For k = 0, the result is simply the sum, over
all subintervals, of integrals of cubic polynomials with their
respective coefficients.

Finally, note that we have chosen to fix the value of
the derivatives at the boundaries to complete the system
of equations (E3) defining the spline. But other interesting
choices are also possible. For example, if we know the
coefficients of the terms in 1/(k*) and 1/(k%), i.e., the
numerator in the second and third terms of Eq. (E7), fixing
those coefficients is a good alternative. In the case where k is
a frequency, this choice is convenient because we often know
the high-frequency expansion from sum rules.

APPENDIX F: ANALYTICAL CONTINUATION FOR
THE CONDUCTIVITY

Let us start by rewriting the spectral representation for the
Matsubara current-current correlation function x; ; (ig,),

, do X ; (@)
ijjx(lqn) = / _ L

T w—Iiqy
g do xj.;,(@) do @ xj; (@) FD)
" r g ) om0l
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Since x j’: j.(w)is odd,

"

Xivie(iGn) = / df Q:(Z’T’;)) (F2)

The real part of the optical conductivity is

"
o’ (w) = M, (F3)
1)
so that we obtain
: “dow o .

Xivis A qn) = 2/0 - a)z——l-q,%a (w), (F4)

using the fact that the integrand is even. This is our starting
point. The objective is to obtain the real part of the conductivity,
on the right-hand side, from the Matsubara expression for
the susceptibility on the left-hand side. Most analytical
continuation is done for imaginary-time data, but not in our
case.”

Suppose we could be satisfied with 0" (w) on a discrete set
of points w;. We can use a numerical integration method to
approximate the integral of Eq. (F4), which would then have
the form

Xiiign) = Y Kyjo?, (F5)
J

where 0; = o’ (w;) and K, is a Ny, x N,, matrix, N,, being
the size of the vector x; ; (ig,) and N, the size of the vector
o}.Now, o7 is the quantity we want to determine. If N, = N,
then o7 is completely determined by the linear system (F5).
However, the matrix K,,; is ill-conditioned so that a small noise
in x;, j, (ign) would result in a very noisy solution 6. Also, Ny,
is generally smaller than N,,, the number of real frequencies
for which we want to determine o’ (w). We therefore need to
include more information in the problem to find a unique 0.
The way to do this is to use a maximum entropy approach. In
this approach, we minimize the function

x*—as, (F6)

2
Xj (ZQn)_ZKnUr
2 JxJx J T
, _z( e,,

{ign}

:§:<M¢WM—XMﬁ%v2 .,

€
{igu} "

where

measures the deviation of j; ; (ig,) = Zj K,jo; withrespect
to x;. . (ign), €, being an estimate of the error of x; ; (ig,) with
respect to the “exact” function. S is the differential entropy
defined as

o’ (w)
m(w)’

where m(w) is called the default model. The value of « can
be chosen according to different criteria. As is often done, we
choose it such that x> &~ N,,, so that | x; ;. (ig) — X,.;.(iqn)|
is equal to €, on average.

Errors in the numerical evaluation of the integral of (F4),
i.e., in the definition of K,; in Eq. (F5), are equivalent to
having larger errors in the data x; ; (ig,). Therefore, when

S=— /OO dwo’ (w)In (F8)
0
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Eq. (F6) is minimized to find a solution o7, this could lead to
large errors in o with respect to the optimal solution because
the inversion of expression (F4) is an ill-conditioned problem.
It is thus clear that the error we make by replacing Eq. (F4)
by Eq. (F5) must be smaller than the estimated error €, on
the original data x; ; (ig,). That is why we need a very ac-
curate numerical integration technique to define K,,;. Because
we use the spectral representation in Matsubara frequencies,
the weight function w?/(@” + ¢2) in the integrand of Eq. (F4)
is simple and can be integrated analytically. Hence, if we use,
for example, a polynomial approximation for o (w) in a given
interval [w;_;,w;], the integral can also be done analytically
in the interval. If we use a good piecewise polynomial
approximation for o”(w), then we can evaluate the integral
of Eq. (F4) precisely.

Maybe the most efficient approach to integrate Eq. (F4)
in one dimension is Gaussian quadratures. However, in the
latter, both the weights and the grid points depend on the
weight function, which in our case depends on ¢,,. We would
therefore need a different grid in w for each frequency ig,.
This is not possible because we can search for only a unique
vector o defined on a unique grid w;. Another very efficient
way of doing the integrals of Eq. (F4) is to model 0" (w) using
a cubic spline. This approach allows us to use a fixed grid
and is very precise because cubic splines are very good to
approximate smooth functions, which is the case of o”(w). It
seems therefore the best approach for our problem. However,
to be able to perform the integral of Eq. (F4) over the whole
frequency range [0,00], and at the same time reduce the
number of frequencies in the grid, which helps speed up the
minimization of Eq. (F6), the spline we use is divided into
two parts, a low-frequency part that is a cubic spline in w and
a high-frequency part cubic in u = 1/w. Then, to make the
spline linear system well conditioned, we use a grid that is
uniform in @ in the low-frequency part and uniform in « in
the high-frequency part. Finally, integrating analytically in a
piecewise manner, keeping the weight function @?/(w? + g?2)
intact in the integrand is a great advantage as the temperature
decreases since this function then becomes sharper and sharper
and is thus increasingly difficult to integrate numerically. Of
course the conductivity " (w) itself becomes also sharper as T
decreases and we have to adjust the grid to resolve its structure.
But the numerical integration is still much easier and precise
with this approach. We describe below how the K,,; is defined
and also our choice of grid in w.

We start with the following representation for " (w),

1<j<N
N<j<N+M’

Sj(ci))’
$i(5), wjiSo<o;),

wj_| S0 wj,

o' (w) = { (F9)

where s;(x) = ajx3 + bj)c2 + ¢jx + d;, with the conditions

sjlwj—1) =0j_y,

si(wj) = a; s
si@j-1) = 5 (wj-1), (F10)
si(@j-1) = 57_(@j-1),

51(0) =0,
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for j < N, while
1 r
SN+1 a)_ =0y,
N
(Gm) =
SN+1 =ON41>
w
NT (F11)
Sh+1 (E) = sy (wn),
" 1 "
SN+1 a = sy (on),
and
1 r
S = 0. ,
J wjfl j—1
1 r
Sj (,(T = O'j,
J
() -(Gm) e
s =5;_ ,
J wij—1 =l [OF B
1 , 1
S}/ — ):s.’/._l< : ),
j—1 wj-1
ds4m ()
a1 =0,
35 w=00
forN +1 < j < N + M. All the derivatives noted with " and”

are taken with respect to w. The second condition for j =
N 4+ M and the last condition in Eq. (F12) make sure that
there is no constant and no 1/w terms in sy4(1/®) so that
the integral of the spline converges. Note that this spline is not
physically correct for @ — o0 since the moments of 0" (w) are
not defined. But this does not have any significant importance
in the numerical solution if wy4p—1 is chosen large enough.
The advantage of this spline is that it is very easy to implement.

Let us now define the kernel K,,; in Eq. (F5). For the low-
frequency part of Eq. (F4) we have

N dy @

If ,
T (ig,) =2 — 0
X! ) /0 ~— +q2 (@)
N
- ;Z o a)2+ 2 5j(@)
j=1
2 i/ a,~w5+b‘,~a)4—|—ci,‘a)3+d_,~a)2
I 0 w? + g2 ’

I¥
-

J J

(F13)

where wy = 0. For g, # 0, we obtain
N o
2 s 4 o, @]
XMX( qn) = HZ([Eln(q3+w2)_?w2+Z aj;
j=1
3q9;
3 @ 2 w
+ |:qn arctan (—) —q,o+ —i| b;
4n 3
Wj

2 2
+[w———1n(‘1n+w)] ¢j

w;j—1
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) @j
+ |:a)—qn arctan (—)i| dj>,
qn w;j—1

and, for g, = 0,

(F14)

<

N
2 w
= — d . 3 b 2 . d
X/xlx() 7{2/&)._] w(ajo” +bjw” +cjo +dj)

w2 — w2 |
+%Cj + (w;j —wj—l)dj) (F15)
The high-frequency part of Eq. (F4) is
®dw w? . 6
XNX(lC]n) =2 » o a)z——l-q,%a (). (F16)
Using
1 1
w=-, = dw= ——zdu, (F17)
u u
it becomes
2 [Um 1 A1
XMX( ign) = A du mﬁ — (F18)
where u ), = 1/wy. Now, with Eq. (F9), we have
2 [
i’ Gign) = - Z/;_il du msj(u)
j=1 J n
M .
_ 32/ AL +€j”2tzj” 0 (F19)
T j:1 Uj—1 u +I/l qn
where 1 < j < M, up =0, and we have used a different

notation for the coefficients to match their indices with those
of grid points in u, which are indexed in order of decreasing
w. For g, # 0, we obtain

M u,-
(i )—EZ Lln(l—i— 2u2) o
XJXJ,\ t4n T 26]2 qn J

j:1 n ujfl

o "
+ —arctan(qnu):| B;

n uj—1

_ | u
+ | In(u) — Eln (1 +q3u2)] Vi
L uj—1

uj

[ 1
+ | ———qn arctan(q,,u)] 8 j>, (F20)
u

L uj—1

and, for g, = 0,
M
Z,A
M
:;Z

j=1

Yi , §j
<aju+,3j+7+;>

EREN)

X/m( ) =

l/l

Mj—l),Bj

O‘J +(u; —
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Note that y; = 0 and §; = 0, so that this expression has no
problem with u = 0.

The spline coefficients for the complete spline are obtained
at the same time for both the low-frequency and high-
frequency parts using conditions (F10), (F11), and (F12).
Because the spline has two parts made of polynomials in
w and u = 1/w, one must define the spline linear system
for that particular case, but this is a rather straightforward
task. Note that, for the high-frequency part, the condition of
continuity of the first derivatives with respect to u or @ are
the same, but that is not true for the continuity of the second
derivatives. However, we do not observe any loss of accuracy
if the continuity of the second derivatives with respect to u
instead of w is used.

Conditions (F10), (F11), and (F12), put in matrix form,
are written as Av = &, where v is a vector containing the
spline coefficients and & is a vector containing the values o}
(that are repeated) and zeros otherwise. We want to obtain
the coefficients as linear forms of the vector o”. For that we
have to invert the matrix A and first obtain a linear form for
v. The first two lines of condition (F10) tell us that & contains
the elements o repeated twice each, except for oy, and the
other elements of & are zeros. So if we define the matrix Py,
that sums up the pairs of columns in A~! corresponding to the
same o and remove all columns that correspond to zeros in &
we get

vV = AilpA(,O'r

= Tyo'.

(F22)

Then the vectors formed with the coefficients are given by
expressions like

a=Pyv, b= Py,..., (F23)

where P, extracts a column formed of all the coefficients of
the cubic terms, P, are the coefficients of the quadratic terms,
etc. Now, expressions (F14) and (F15) have the matrix form

- 2 a L ob s e o
1. Gian) = ~(Ria+ Kb+ Kic + Kld).

which becomes, using Eqs. (F23) and (F22),

(F24)

2, _ _ _
X (ign) = Z (RSP, + ROP, + RSP+ RIPy)Tuoo”
d (F25)

Similarly, if we define the projectors for the vectors «, 3,
y, and 8, then Egs. (F20) and (F21) take the form

2, _ _ _
X Gig) = = (RSP, + KL Py + RY P, + RO P)T0”.
d (F26)
Summing Eqs. (F25) and (F26) we obtain
Xjoi(ign) = Kyo', (F27)

with
2 i} _ }
K,==(KiP,+K:P,+ RSP+ KIPy
T
+K2Py + KPPy + KY P, + K. P5)T,. (F28)

To conclude this section, a few other points must be
addressed. First, the form of expression (F14) becomes
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numerically unstable when ¢, /@ are large. For example, the
4
first two terms in the high g, /w expansion of % In(¢; + w?) in

K¢ cancel out the terms _'12in and %4. When ¢,/ increases,
the magnitude of those terms becomes much larger than K¢
itself so that if one computes numerically the three terms of
K¢ separately and then adds them, the finite precision error
becomes larger than the true result. To overcome this problem
one simply has to use the large ¢, /w expansion of K¢ starting
at a certain cutoff, instead of directly the form appearing in
Eq. (F14). The same kind of cancellation appears in the other
terms of Eq. (F14) so that the large g, /@ expansions must be
used for those terms as well. In the case of Eq. (F20) it is when
gnu is small that some simplifications occur when replacing
the expressions by their expansions, which will also improve
the accuracy of the numerical result.

Second, since we invert the spline matrix A to define T, in
Eq. (F22), it is preferable that this matrix be well conditioned.
For that purpose we define our grid to be uniform in w for
the low-frequency part of the spline and uniform in u for the
high-frequency part. The grid in u is

1 1 1
u=0, , ey —. (F29)
WON+M—1 WN+M-2 wN
If u; — uj_; is constant we have
WN+M—1
WN+M-2 = — 5>
2
WN+M—1 WN+M—1
w 3= —, ..., oy = —— (F30
N+M—3 3 N i (F30)
or
MC()N
w = —,
N+HL= T
M(,()N
WNy2 = M_2 on+m—1 = Moy . (F31)

Also, to have a density of points w; that varies contin-
uously when we change from high to low frequency, we
assume that wyi; — wy = wy — wy—;. Defining Aw;y =
wy — wy_1, we have

A]:I‘i’vl — oy = Awyy, (F32)
so that
— A‘:Zf +1, (F33)
and, if w; — w;_; is constant for j < N,
Awy = =X (F34)
N

so that M = N + 1. Note that when choosing wy and N, we
have to check that the last frequency wyi+y—1 = (N + Doy
is large enough while not so large that it would uselessly make
the calculation heavy. To further improve the conditioning of
the matrix A, we use normalized frequencies a); =w;/wy 0
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that ), = 1 and u, = 1. In the jth interval, if a}, b}, c;, and
d} are the coefficients in the normalized grid, we have

o' (w)) = aja)‘; —i—bja)? +cjw;+d;,

/ wi / wi / J /
=djr by ey (F39)
Wy Ty w
and therefore,
a; b; < d d F36
a; = -, = —5, C; = -, ;o=
J w?\/ J (,()%] J @y J ( )

Finally, for the high-frequency part of the spline, we have

o; =w,3\,oz;, ﬂ_izw%,ﬂ;, Vi =a)Ny}, §; =8}. (F37)

To end this section, we comment on the differential entropy
and the minimization procedure. For the differential entropy
of Eq. (F8), we use a default model that is almost flat in the
region where 0" (w) is expected to have its main structure, and
that decreases gradually to very small values for frequencies
much larger than the bandwidth. This ensures that the solution
that we find is as unbiased as possible. The minimization of
Eq. (F6) is performed using a Matlab routine called finincon,
which uses a trust-region-reflective algorithm that has been
proven quite efficient with not as much tendency to get
trapped into local minima as other optimization routines. Our
procedure is to start with a very large value of o such that

PHYSICAL REVIEW B 84, 085128 (2011)

the minimization process gives a solution very close to the
default model m(w) [the minimization of Eq. (F8) alone has in
fact a solution proportional to m(w)]. Then, « is decreased
and a new optimal solution is found, using the previous
solution as a starting point in the optimization routine. This
step is then repeated until x> ~ N, or x> does not decrease
anymore when « is reduced. Using an augmented lagrangian
method, we also include inequality constraints to restrict the
roughness of the solution ¢”(w;). This roughness appears
at some point in the procedure when we try to make K,o"
closer to x; j. (ig,). It is related to oscillations present in
K,; as a function of the frequency index j for a given n.
Those oscillations are in fact the price to pay to work with an
accurate numerical integration method since they are present in
all approximations more sophisticated than a piecewise linear
function for 0" (w) in the numerical integration (think about the
unequal weights in a Simpson 1/3 or in Gaussian quadratures).
In fact, the oscillations in our K,; have an extremely small
relative amplitude, but they appear greatly amplified in the
solution 6" (w;) when the relative distance | x;, j, (ign) — K, 0|
becomes very small. The link between oscillations in " (w;)
and oscillations in K,; for n fixed is clear because they are
correlated in the two functions. So they are not related to noise
inthe data x; ; (ig,). However, those inequality constraints are
not absolutely necessary to obtain good, quantitative results
with our approach. They just ensure that 6" (w;) is a smooth
function.
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