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Abstract

We calculate the low-temperature spectral function of the symmetric single impurity An-
derson model using a recently proposed dynamical exchange-correlation (xc) field for-
malism. The xc field, coupled to the one-particle Green’s function, is obtained through
analytic analysis and numerical extrapolation based on finite clusters. In the Kondo
regime, the xc field consists of a complex constant term and a main quasiparticle-like
oscillation term. The constant term represents the Hubbard side-band contribution, con-
taining a bath-induced broadening effect, while the quasiparticle-like term is related to
the Kondo resonance peak at low-temperature. We illustrate these features in terms of
analytical and numerical calculations for small and medium-size finite clusters, and in
the thermodynamic limit. The results indicate that the xc field formalism provides a
good trade-off between accuracy and complexity in solving impurity problems. Conse-
quently, it can significantly reduce the complexity of the many-body problem faced by
first-principles approaches to strongly correlated materials.
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1 Introduction

Quantum impurity models (QIMs), where one impurity (with a small number of discrete lev-
els) is coupled to a noninteracting bath (with continuous degrees of freedom), have been
extensively studied during the past decades. Originally proposed to study the Kondo ef-
fect [1] (where a localized spin is screened by conducting electrons due to many-body cor-
relations), QIMs remain to this date the focus of vast interest for their applicability to different
topical areas, such as quantum transport through nanoscale devices [2-4], tunneling spec-
troscopy [5-7], and many-body entanglement [8,9]. Moreover, the single-impurity Anderson
model (SIAM) [10], one of the basic QIMs variants, is used as an auxiliary problem for dy-
namical mean-field theory (DMFT) [11], a tool in first-principles studies of strongly correlated
systems in- and out-of equilibrium [12-14].

Because of this important usage, several types of quantum impurity solvers for the SIAM
have been developed. The thermodynamic properties of the SIAM can be exactly solved by
the numerical renormalization group (NRG) [15], the continuous-time quantum Monte Carlo
(QMC) algorithm [16] and Bethe-ansatz based analytic approaches [17-19]. However, the
direct application of these solvers to the spectral properties of the SIAM is restricted by factors
such as the high computational cost of the original NRG, and the dynamical sign problem or
artifacts introduced by the analytic continuation in QMC. Hence advanced solvers arise with
sophisticated numerical methods, including generalized NRG [20-23], functional renormal-
ization group [24,25], configuration interaction approximations [26], distributional exact di-
agonalization (ED) [27,28], steady state density functional theory (DFT) [29-31], expansion
QMC [32-34], and non-wave-function-based tensor network approaches [35,36].

Nonetheless, in spite of these significant advances, there remains a demand for a theoretical
treatment of the SIAM which can i) capture spectral weights and energy scales of the Kondo
peak and the Hubbard bands in a conceptually and physically transparent way, and ii) be
computationally inexpensive (in order to make significantly numerically affordable those ab
initio treatments that use SIAM as an auxiliary problem).

Recently, a Green’s function-based dynamical exchange-correlation (xc) field formalism
[37] was proposed. Given the key quantity in the framework, the dynamical xc field (Vxc),
the single-particle Green’s function (and thus the spectral function) can be solved by a direct in-
tegral in the time domain. The Vxc has been calculated exactly for one-dimensional (1D) finite
lattice models [38,39] and within the random-phase approximation for the homogeneous elec-
tron gas [40]. For those systems, the temporal behavior of the Vxc, V¥¢(t) ~ Vo+Y,, Aje~i@nt,
can be seen as the sum of a constant term (complex for the homogeneous electron gas) plus
a small number of oscillating terms accounting for quasiparticle-like excitations. Accordingly,
the spectral weight is mainly distributed among a sharp peak (from the constant term V)
and continuous satellite bands that emerge from the oscillating terms in Vxc. Thus, a central
task in the approach is to determine the parameters defining Vxc, which naturally implies the
introduction of approximate estimates. For example, when applied to 1D half-filled Hubbard

lattice and spin-5 antiferromagnetic Heisenberg lattice at zero temperature, the formalism
approximates the exact lattice Vxc using finite clusters [38,39]. Consequently, the spectral
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functions are calculated with a good trade-off between accuracy and computational cost. The
quasiparticle-like excitations in the Vxc and the favourable spectral results may be explained
by a dynamical screening effect: at zero-temperature, exchange potential and many-body cor-
relations together suppress many degrees of freedom and lead to only few (if not only one)
dominant excitations w,,.

In the local moment regime, some central features of the SIAM local spectral function have
an immediate interpretation in terms of the Vxc language. Namely, the Hubbard band and the
sharp Kondo resonance peak may be recognised as coming from a ‘constant’ term and several
‘quasiparticle-like’ excitation energies. However, the width of the Kondo peak, which is related
to the Kondo temperature Ty, is exponentially small in the Coulomb interaction U, which is
different from the Dirac-6 peak brought by a constant V. Moreover, in the mixed valence
regime, the lack of sharp peak seems to contrast with previous Vxc results from homogeneous
lattice models [38,39]. Therefore, in this paper, we perform a systematic study of the symmet-
ric SIAM from the perspective of the Vxc formalism. Our purpose is two-fold: i) by studying
the Vxc of a QIM at finite temperature (T), we examine how the low-T thermal excitation and
the inhomogeneous setup of the system are reflected in Vxc; ii) we expect to shed new light
on the SIAM by investigating the real-time response of the impurity, which is not always easily
accessed in conventional self-energy-based approaches. By working directly in real time, it
avoids the problem of analytic continuation associated with imaginary-time approaches.

This paper is organized as follows. In Sec. 2, we extend the Vxc formalism, originally
proposed for zero-temperature (zero-T) systems [37], to finite-temperatures (finite-T), for a
temperature range of the order of the Kondo temperature Tg. This is followed by an applica-
tion of the developed description to the symmetric SIAM at half-filling in Sec. 2.1. In Sec. 3, we
first calculate the Vxc analitically on a dimer and numerically on a finite cluster. Based on that,
we propose an ansatz for the SIAM Vxc, from which the local spectral function is obtained.
Quantities such as the Kondo temperature and thermal capacity are re-interpreted within the
Vxc framework. Finally, we provide our conclusive remarks and an outlook in Sec. 4.

2 Theory

We first derive the general finite-T Vxc formalism. After that, we apply it to a discrete cluster
at thermal equilibrium which represents an impurity coupled with a bath. The low-T Vxc is
obtained by taking the limit T — 0. We will use atomic units throughout this paper.

For a system with chemical potential w at finite temperature T = 1/f, the generalized
time-independent Hamiltonian is

K=H—uN. 1)

With r = (r, o) the space-spin variable, 1/3(1‘) the field operator and p (r) the density operator,
we have

H= J dra T (r)he(rip(r) + % f drdr’Pp (eI (r W (r, r' W W (r), 2)

where the single-particle term ho(r) = —%Vz + VeXt(r) is a sum of kinetic energy and the ex-
ternal field VX, v(r,r’) = IrTlr’l is the Coulomb interaction, and the particle-number operator
reads

N= f drpt(r)(r) =Jdrﬁ(r) 3)

The Vxc formalism is based on the finite-T time-ordered single-particle Green’s function
[41]
iG(rt,r't’):= ((Y(rt); P (r't")) = Te{pe TIP(r ) (r't")]} )

3
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9o where 7 is the real-time time-ordering symbol, g¢ = Zgle_’“( the statistical operator, Zg = Tr[e FK]

100 the grand canonical partition function, and ¥ (rt) = eik tiﬁ(r)e_ik t and its conjugate 9T are
101 the Heisenberg-picture field operators. The ({..}) symbol denotes the thermal ensemble aver-
102 age of the time-ordered operators. The equation of motion of the Green’s function in the Vxc
103 scheme is

[id, —h(r)IG(rt,r't")—=V*(rt,r't)G(rt,r't"Y=6(t —t")o(r — 1), (5)

104 where h(rt) = hy(r)+VH(r)—uwcontains the Hartree field VH(r) = f dr'v(r,r’)Te{pcp(r’)}.
105 The Vxc is defined to according to:

V¥(re, r't)iG(rt,r't’) = [dr"v(r,r")(p(r"t)P(rt);pT(r't))))
—VH(r)iG(rt,r’t"). (6)

106 A correlator g can be defined to factorize the high-order term ((8(r”t)p(rt); ¥ (r’t")))
w7 [37]: .
(B t)p(re); ' (r't)) =iG(rt,r'tNg(r,r',r";t,t)p(r"), 7)

108 where p(r’”) = Tr{ Pcp(r” )} is the ensemble average of the electron density. We can define
100 a dynamical xc hole

pX(r, v’ r"st, t)=[g(r,r',r";t,t)=1]p(r"), (8)

110 which fulfills a sum rule when the number of electrons is conserved (the derivation essentially
111 follows that of the zero-T case [37] except that ground-state expectation value is replaced by
112 thermal average)

dr” p*(r,r’,r"”;t,t")=—0(t' —1t). 9

113 Substituting the high-order term in Eq. (6) with the xc hole, the xc potential can be essentially
114 Written as

V¥(rt,r't)) = J dr”’v(r,r")p*(r,r’,r";t,t"), (10)

115 which indicates that the finite-T xc field can be interpreted as the Coulomb potential of a
116 finite-T xc hole. Furthermore, the xc hole fulfills an exact constraint

pX(r,r’,r" =r;t,t")=—p(r). 11)

117 Here we may see an advantage of the Vxc-Framework: the definition of finite-T Vxc introduced
us here is a natural extension from the zero-T formalism, with ground state expectation values
110 replaced by thermal ensemble averages. The sum rule and the exact constraint which the
120 xc hole fulfills take the same form as the T = 0 case. Moreover, the time-dependence of the
121 external field can be included in a formally straightforward way (h(r) — h(rt) in Eq. (5), thus
122 VH(rt) and p(rt) depends on time). In practice, however, Vxc can have a more complicated
123 behavior when the system is driven by a time-dependent potential from its ground state or
124 thermal equilibrium state. The low-T properties of the equilibrium SIAM Vxc is shown in the
125 following section.

126 2.1 Vxc formalism for the SIAM

127 The SIAM Hamiltonian reads

I:\ISIAM = 6f(flfT + ﬁfl) + UﬁfTTAlfl + Z [ekézaéka + (ka:;’:éka' + HC)] (12)
ko

4
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Here fT ( fg) creates (annihilates) an electron with spin o on the impurity site, i, = f"f fa
is the corresponding number operator, c (Cro) creates (annihilates) a bath electron with
energy €. Furthermore, v, is the hybr1d1zat1on amplitude, and €; and U are the impurity
on-site energy and Coulomb interaction, respectively. We consider a symmetric SIAM at half-
filling, which means U +2¢€; = 0, and the ensemble average ns, = Tr{f¢fifs} = 0.5. We also
choose the number of fermionic sites (impurity + bath) L even. The local spectral function
can be obtained from the impurity Green’s function

iGrro(t,p)= ((f(); £1(0)))
o un, € PEme i EnEnE | | )
e Pin

Zmn_ e_ﬁEmei(En__Em)t|<n—|f’\a|m)|
2 e_ﬁEm
m
where we set t’ = 0 since the system is in equilibrium, 0 is the Heaviside step function, and
m,n, and n_ label eigenstates with L, L + 1 and L — 1 electrons, respectively. The system has
particle-hole symmetry, therefore we focus on the positive time, namely the particle part,

Em e PEn 2n+ an+,me_lwn+’mt

~P —
iG, (t>0,p)= ST , (14)

= o(t)

2

I ) s 2, .
where wu+ m = E,, — Ep, are the excitation energies and @+, = |(n+| f;lm)l their corre-
sponding weight. The equation of motion of the Green’s function reads

[i6, —e; — VI —VX(t, B)]Gsfo (t, B) = (1), (15)

where the Hartree term V¥ = Uny; is proportional to the density of impurity electron with
opposite spin & # o. Here, we emphasis that the Vxc is a result of the Coulomb interac-
tion and can be interpreted as the Coulomb potential of the xc hole, which can be seen from
Eq. (6). However, for the SIAM, the hybridization between the impurity and the bath is also
a crucial factor influencing the spectral properties. A dynamical hybridization field, also di-
rectly coupled to the Green’s function in the equation of motion, can be defined within the
Vxc-Framework. We incorporate the hybridization field into the Vxc so that the equation of
motion has a simpler form, and with the given Vxc, the Green’s function can be directly solved.
To investigate the hybridization effect, we consider the noninteracting case (U = 0in Eq. (12)).
At zero-T, the impurity Green’s function G¢  can be analytically solved as

Grfo(w) = ;, (16)
’ w—¢€r—A(w)
where v 2
A(w) = ; o (17)

is the hybridization function. A(w) can be calculated analytically by modeling the continuous
bath as a tight-binding ring with N, sites and hopping strength t;, and the impurity site couples
to one site with strength V (see Fig. 1). In this model, the SIAM parameters are given by

€ = 2ty cos(k) and v, =

limit (WBL), thus the hybrldlzatlon function can be treated as a constant for |w| < 2|ty],

V2
A(w)=il'= ln— (18)
4ty
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Accordingly, we can solve the hybridization field:

(t)=iro(—t). (19)

nonmt WBL

The physical picture is as follows: the infinitely wide bath band leads to a broadening of
the impurity level €5, which is represented by a purely imaginary hybridization field. This
hybridization effect exists also for non-WBL or interacting cases.

m@@@ _____________ ()

Figure 1: The 1D tight-binding system used to model an impurity coupled to a con-
tinuous bath. When periodic boundary conditions are used for the N, noninteract-
ing sites (f, = t), we have the effective SIAM parameters €, = 2t cos(k) and

%
/N

Vi = When £,=0, the model approaches the SIAM setup in the large N, limit.

2.2 The SIAM Vxc at low-temperature

The Vxc coupled to Gp o can be obtained from the equation of motion. For the symmetric
SIAM at half-filling, € + VH =0, thus

XC zm e PEn zn*' An+,m wn+’me—iwn+’mt
Vo (t,B) = — . (20)
’ Zm e~ PEm 2n+ An+,me tontm

We focus on the low-temperature case (referred to as low-T) such that e #Em is negligible
except for the lowest two eigenstates m = 1, 2. The Vxc can be written as (the derivation is in
Appendix A)

Vi, (8, B) = Vi, (t, T = 0) + V(t)e PF2F), 21)

which is the zero temperature VXC (t, T = 0) plus a correction from a time-oscillating term
Vp’g(t) and an exponentially small factor. Both the zero-T V*¢ and the oscillating term V are
determined by the interaction on the impurity site and the hybridization between the impurity
and the bath. In the next section, we i) calculate analytically the low-T Vxc of a dimer where
the interaction is nonzero on one site and ii) present the Vxc of an SIAM on a finite cluster
determined numerically. Our aim is to investigate the influence of the interaction U and the
hybridization V on the Vxc, for the dimer and the cluster, respectively. We will after that
propose an ansatz for the finite-T SIAM Vxc and relate the ansatz parameters to the Kondo
physics in the thermodynamic limit.
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3 Results

3.1 Analytic insights from a dimer

We use a dimer with interaction U only on one site and hopping V between the sites to derive
the analytic Vxc:

I:\Idimer = Gf(ﬁfT + flfl) + Uﬁffflfl + VZ(f;éo- +H.c.), (22)
o
where we fix € = —% and the dimer at half-filling. We consider the T = 0 case first. In the

Kondo regime (U > V), the particle part of Vxc has an approximate form (for the derivation,
see Appendix B)

Vi (6, T =0) ~ w, — A0e'™, (23)

U2 U2 36V2 U2 ..
where wp = \/E +4V2+ \/E +V2, A~ T and Q = \/ - + 4V2, Eq. (23) indicates that
the dimer Vxc, similar to the cases mentioned in Sec. 1, can be seen as a sum of a constant term
and a quasiparticle-like exponential term. Given the Vxc, the corresponding Green’s function
can be obtained by solving the equation of motion,

(0*,T = O)e—i(vH+wp)teifO‘ AeifdF

AP — AP
fo’a(t,T—O) fo’g

gt [(1—A)eTiEVIrept | emitersVituot ], (24

2 -
where wg = w, —Q ~ VF, gt = G}’ f0(0+, T = 0). For the symmetric model at half-filling,
g+ =—0.5i and €7 + V" = 0. The zero-T spectral function can be obtained with particle-hole

symmetry,
1—2 Y A 1—2
Agimer(0, T =0) = T5(w +w,)+ E5(co + wg) + E&(w— wo) + TS(«)— wp,). (25)

Despite the obvious difference in complexity between the dimer and the SIAM, some physics
of the SIAM can be outlined from the analytic expression of the dimer Vxc: for large U, two
peaks (w = +w,) of the spectral function are present, which correspond to impurity levels
€5, €¢+U. The excitation with energy (2 creates two central peaks at w = +wq ~ 0. However,

. . 2 1% . .
for the dimer the spectral weights of the central peaks, 5 ~ ()2, vanish as U increase. The
lack of Kondo resonance can be naturally understood as the impurity site is coupled to a single
site instead of a continuous bath. This is directly reflected by the Vxc: as U increases, the

2
exponential term (with amplitude AQ ~ VF) becomes negligible.
For low-T, the time-oscillating term in Eq. (21) can be written as

V(t)
Vi, (t, T = 0)

0

~ l’em't _ }L"em”t, (26)

2 2
where A/, A" ~ %, Q' ~ U and 2/ ~ VF (see full expressions in Egs. (B.27),(B.28), and

(B.29) in Appendix B). The Vxc is then

Vi (t, B) ~ w, — AQel 4 B0 wp(l’em/t — A"ty (27)
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V2 . . .
where Ay ~ . Note that we require low temperature condition e P20 < 1. The particle
part spectral function is

” 2‘/
1—A—eP2w, (57— o) )
~ lar — o
Adimer(w>0:ﬁ) = > 5(w—wp)+§5(w—w0)
e PBRoe % e PBhog —i
+——L 5 (w0 — @) — "L (w—dg),  (28)

2

where & = w,—Q" and &, = w,—Q". The first two terms on the RHS of Eq. (28) correspond
to the zero-T peaks, while the last two terms, with weights proportional to e #4¢  are two small
peaks (referred to as thermal peaks in the text below) close to the zero-T peaks, respectively.
The mixture of a zero-T peak and a thermal peak with close frequencies can be seen as a
broadening of the zero-T peak. Thus the temperature-induced broadening of the SIAM spectral
peaks may be explained in the Vxc picture: at low-T, thermal fluctuations induce peaks close to
the zero-T peaks. The energy difference between the zero-T peak and the thermal peak gives
effectively the width of the finite-T spectral peak.

3.2 Including hybridization with a finite cluster at zero-T

To investigate the combined effects of the interaction U and the hybridization V, we numeri-
cally solve the Vxc on a finite cluster (corresponding to the £, = O case in Fig. 1)

N.—1
I:Icluster = ef(ﬁfT + ﬁfl) + UﬁfTTAlfl + VZ(f;éla +H.c)+ Z (thézaéi+l,a +H.c.), (29)
o i,o

where N, is the number of noninteracting sites. In the limit N, — oo, we reproduce the
/VITC in Eq. (12)). We use the ITensor

library [42,43] to perform the time-dependent variational principle (TDVP) [44,45] algorithm
on a symmetric cluster with L = N, + 1 = 50 sites at zero-T (the algorithm performs better in
system with open boundary conditions, hence we use a chain setup instead of a periodic one).
We show in Fig. 2 ReV*¢(t) with different V values. Also, we plot ReV**(w) to analyze the
excitation terms contained in the Vxc. For fixed model parameters €; = —2.5,U =5, t; = —1,
ReV*¢(t) with different V can be seen to have three main features. i) It oscillates around

continuous bath (equivalent to €, = 2t cos(k), v, =

some constant values close to # The constant terms increase with V and correspond to the
sharp peaks of ReV*¢(w) at w = 0. ii) The local maxima of ReV*¢(t) are approximately equally
separated (e.g. for V = 1, the time intervals between local maximums are almost 1.85), which
may be described by a factor Ae™i“rt . The excitation energy w,, corresponds to the peaks of
ReV*¢(w) at w ~ —3. Both the amplitude .4 and the energy |w,| decrease as V turns smaller,
as shown in the inset of Fig. 2 (right panel). iii) For V = 1, the local maximum of ReV**(t)
around t = 1 is much larger than other local maximal values. Correspondingly, ReV*¢(w)
exhibits non-Lorentzian structures for @ < —5. Similar larger local maximum at small time
also exists for V = 0.5, 0.2. As shown in the inset of Fig. 2 ( left panel), for V = 0.5, the local
maximum at t ~ 2 is nearly twice as large as the local maximum at t ~ 4. This drop in local
maxima suggests that w, may contain an imaginary part.

Features i) and ii) can be already found in the analytic expression of the dimer Vxc. How-
ever, feature iii) emerges only when the impurity is coupled to a large number of noninteracting
sites. Therefore, we attribute feature iii) to the hybridization effect. As mentioned in Sec. 2.1,
the Vxc here incorporates the hybridization field, which is a purely imaginary constant for the
noninteracting case in the WBL. We note that the constant term of the cluster Vxc has a very

. . . i U .
small imaginary part. As a result, the spectral function exhibits sharp peaks at w ~ 7, instead

2
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3.0 } ‘ / | / — v=1 301
10.01 V=0.5 20- 0+ v
= 2.5 A==t =
= s — v=02 | 3 //Jf
X D ' £ 101 — i
> 0.0 25 5.0 < 5c 0 =35 00
2 MM | o=
2.5{ oo X ’ | —10;
0 5 10 15 20 25 -15 -10 -5 0 5
t w

Figure 2: The Vxc of a 50-site cluster at half-filling, with parameters
€f = —2.5,U =5,t, = —1,T = 0. Left: real part of V*(t). Right: real part of
V*¢(w), calculated with broadening factor n = 0.1.

of proper Hubbard side-bands. This can be attributed to the qualitative difference between
the Anderson-type chain with 50 sites and the SIAM where the bath has continuous degrees
of freedom.

To summarize the finite-cluster results, ReV*¢(t) exhibits an oscillating behavior, which
suggests that the Vxc can still take the form V*¢(t) = Aei» 4+C. However, the hybridization
between the impurity and the bath requires a complex C, so that ReC and ImC determine the
peak location and the width of the Hubbard band, respectively. Moreover, the local maxima
of ReV*¢(t) change in time, suggesting a complex w,,.

3.3 Ansatz of the symmetric SIAM Vxc

Based on the analytic and numerical results above, we propose an ansatz for the particle part
Vxc of the symmetic STAM at low-T:

VE(t, B) = Awpe Pt +C, (30)

where the parameters are generally temperature-dependent. A is real, and w, and C are
complex. The local Green’s function is then approximately (see the derivation in Appendix C)

~P — _i _ —iCt —i(C+wp)t
G". (t,p)= 2&1 A)eICt 4 peTiCHan) ], 31

and the spectral function is

1—2 |tm[C]| 2 |Im[C + w,, ]|

A O = e Co—RelCD? + (mICD? * 27 (w— el + w17 + (ImlC + 0, 17

(32)

Before determining the ansatz parameters numerically, we use the ansatz to interpret the
Kondo spectral function. The two peaks in the spectral function can be recognized as a Hub-
bard side-band located at w = Re[C] with broadening Im[C], and a Kondo peak located at
® = Re[C + w,] with width Im[C + w,]. The spectral weights of the two peaks are deter-
mined by A. The two peaks have distinct origins. The peak location and the width of the
Hubbard side-band are controlled by the constant term of the Vxc, which accounts for the fact
that the impurity level is affected by the interaction and broadened by the continuous bath. On
the other hand, at low-T, quasiparticle-like energy w, creates a sharp resonance peak close
to w = 0, whose width and height can be described by the Fermi-liquid treatment [46].
Having in mind the physical meaning of the parameters, we discuss the extrapolation pro-
cedure, i.e., how the ansatz quantities (4, w,,C) can be calculated with a given symmetric

9
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SIAM with model parameters (U, V, ty, ). Here, to compare with NRG results in the litera-
ture (e.g., from Refs. [28] and [47]), we also use the WBL. We consider first the T = 0 limit,
and assume that the first (second) term on the RHS of Eq. (32) contributes to the Hubbard
(Kondo) peak. In this case, A can be determined from the height of the Kondo peak:

A 1

—_—=— 33
nTx nr (33)
The peak location of the Hubbard side-band can be directly calculated, which means
U

The Kondo resonance peak is at @& = 0 and its width is given by the Kondo temperature

(Ty) [47]. Thus,
Uur aU | «l
C+w,~—iTy =—i\‘ 7e‘ﬁ*ﬁ. (35)

The last unknown parameter is the imaginary part of C, which corresponds to the width of the
Hubbard side-band. We use the Anderson-type finite-size chain spectral function to estimate
Im[C]. Note that a finite chain cannot reproduce the proper broadening caused by an infinitely
wide band. However, the relative weight between the Hubbard peak and the Kondo peak,

22 |mc]|
can provide information of Im[C]. We extrapolate the value of R by increasing the number of
sites in the chain. We calculate the spectral function using the chain setup with an increas-
ing number of noninteracting sites N.. From the spectral functions (as plotted in Fig. 3a),
we determine the relative weight R, which is then plotted against the total number of sites
L =N, + 1. For a given T', R increases with L (we use L = 4,8,20,30 and 40), as shown by
the scattered data points in Fig. 3b. Noticing the nearly linear increase of R at small L and
expecting a converging R at large L, we fit the R — L data using an hyperbolic-tangent func-
tional form for the fitting function (see the curves in Fig. 3b). Consequently, R(L = oo) can
be estimated using the fitting results.

In Fig. 4, we show the local spectral function of a symmetric SIAM in the WBL with
U =3,t, =50,T = 0. We choose the parameters (I' = 0.2,0.5, and 0.9) to compare with
NRG results in the WBL (see Fig. 3 in Ref. [28]). The spectral function show satisfactory
agreements to the NRG results. We attribute this to the fact that the Vxc as an effective field
captures the intrinsic physics of an impurity problem. A complex excitation w, dominates the

temporal behavior of the Vxc. Specifically, Re[w,] = —% creates the Kondo resonance peak
which requires no energy transfer, and Im[w,, ] contains the Kondo temperature. At zero-T and
in the WBL, most of the ansatz parameters can naturally be determined based on some well-
known results of the SIAM. Only one parameter requires a numerical extrapolation. Moreover,
the cluster spectral function used in the extrapolation (obtained via ED or TDVP) is actually
distinct from the SIAM spectral function: for cluster results, the Kondo peak position is not at
w = 0, and the Hubbard band is too sharp. As already noted close to the end of section 3.2,
the discrepancy can be attributed to the essential differences between a finite cluster with tens
of sites and a continuous bath. However, the Vxc scheme produces favourable spectral func-
tions using these finite cluster results. This indicates that the Vxc formalism, originating from
very fundamental physics and using established knowledge of the target system as a reference,
is able to capture the key features of the impurity problem.

10
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a) o K — L=20 | b)
<1 =y H L=8
; s 0.15
0 : — , . ,
Ki
<1 r=os AJL JJH . 010
i
0 : = , = :
< 0.051 e =02
<1 r=0.9 ° r=0.5
" e =09
01 = 0.00+ : : : :
-15 -10 -5 0 5 10 15 0 100 200 300 400
w L
Figure 3: a) The zero-T spectral function of L-site clusters. We use U = 3, t;, = 50 to
approach the WBL, and different V values to reach T' = 0.2,0.5 and 0.9. The results
are from ED for L = 4, 8 and from TDVP for L = 20. The Kondo peaks and Hubbard
peaks are highlighted by arrows. b) The relative weight R between the Hubbard peak
and the Kondo peak, as a function of the total number of sites L. TDVP is used for
L = 20,30 and 40. For each value of T, the data are fitted using R = R, tanh(aL),
where R, is the converged value and a is a parameter determining the converging
speed. The fitted values are Ro, = 0.165,0.151, and 0.107 for I' = 0.2,0.5, and
0.9, respectively.
0.41
1.51 I=0.2
0.61
R=0.165 0.3
1.01 ]
N 04 0.2
0.51 ]
0.2 0.1
0. o _—A A O . 0 ]

-3.0-15 0.0 1.5 3.0
w

-3.0-15 0.0 1.5 3.0
w

0.0— : . , ;
-3.0-15 0.0 1.5 3.0
w

Figure 4: The zero-T spectral function of a symmetric SIAM. We use U = 3, t;, = 50
to approach the WBL, and different V values to realize desired T values. From the
extrapolation, we get Im[C] = —0.6,—1.3 and —1.7, respectively, for I' = 0.2,0.5

and 0.9.

Lastly, we discuss the spectral function at finite temperatures, and in the range T € (0, Tx).
In the Vxc formalism, we can see from the dimer result that thermal excitation leads to the
broadening of both the Kondo peak and the Hubbard side-band peak. In the WBL, this thermal
broadening can be effectively described by the temperature-dependence of the imaginary part
of the excitation energy w,, while keeping other parameters temperature-independent:

w,(T)=w,(T =0)+ifr,

(37)

where Q7 is much smaller than Im[C]. Effectively, the Hubbard side-band stays almost un-
changed with the increasing T. We perform ED on an eight-site cluster with t;, = 500,U =1
and T' = 0.04 to calculate the spectral function at T/Tx = 0.01,0.1, 1. Q7 is estimated using
the position of the thermal peak nearest to the Kondo peak. Other parameters are estimated
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using the zero-T TDVP approach. The low-T spectral function results are shown in Fig 5.
Compared with NRG results (see page 3.15 of Ref. [47]), the finite-T Vxc result captures the
correct trend of the Kondo peak width: at T < Tk, the contribution of Q7 is negligible, leading
to a width dominated by the Kondo temperature. As T approaches Ty, |Qr| increases .

1.00] e | 100] ~
_ 0.75/ — 1072 | 975,
E — 1071
Q
5050] —1 0.50-
< 0.25- 0.25/
0.00- A 0.001_. , | . ‘
0 0.25 0.5 0.75 1 10-© 104 1072 100 102
wiU W/Tk

Figure 5: The spectral function of a symmetric SIAM with t; = 500,U = 2 and
I' =0.04, at T = 0.01Tk,0.1T¢ and Tx. Left: The frequency is in unit of U. Right:
The frequency is in unit of Ty and in logarithmic scale to highlight the width of the
Kondo resonance peak.

4 Conclusions and outlook

In this work, we applied the exchange-correlation (xc) field formalism to the symmetric single
impurity Anderson model (SIAM) at low temperatures. The formalism introduces a dynami-
cal xc field (Vxc), which can be interpreted as the Coulomb potential of the xc hole. For the
SIAM, the Vxc also incorporates the hybridization effect between the impurity and the bath.
We proposed an ansatz for the SIAM Vxc, which includes a complex constant term, C, and a
complex quasiparticle-like excitation, w,. The real and imaginary parts of C correspond to
the peak location and the width of the Hubbard side-band, respectively. More importantly,
Im[w, ] accounts for the Kondo temperature. At zero-T in the WBL, most parameters of the
ansatz can be calculated from the model parameters using Fermi-liquid theory. The only un-
known parameter can be estimated by an extrapolation procedure. For low temperatures, the
temperature-dependence of the ansatz parameters is primarily through Im[w, ], which again
needs to be approximated numerically, guided by the insights from the auxiliary analytically
dimer Vxc. Overall, the spectral function calculated from the Vxc shows satisfactory agreement
with the NRG results. The extrapolation procedures involved are of low computational cost.
We understand the favourable performance of the xc field formalism as follows: the screening
effect underlying the SIAM is essential for the Kondo effect, and the xc field provides a suitable
description for quasiparticle-like excitations. Hence, the parameters in the ansatz have clear
physical meaning and can be related in a novel perspective to key well-understood features of
the spectral function. The fact that only a few parameters require numerical treatment leads
to a good trade-off between accuracy and computational effort.

As an outlook, QIMs beyond the symmetric SIAM at half-filling can also be interpreted
from the perspective of the xc field formalism. We have already noted that the narrow band
SIAM Vxc requires a different extrapolation scheme. Additionally, when an external magnetic
field is included, the spectral function becomes spin-dependent, and the Kondo resonance can
be suppressed with increasing field. In future work, we plan to investigate how the magnetic
field affects the Vxc. Moreover, quantities such as the dynamical spin susceptibility, the specific
heat, and the size of the Kondo cloud are related to spin correlators. We expect the spin xc
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field formalism can be applied to these problems.

Finally, we stress a significant feature of the xc field formalism: it manages to reduce a
complicated many-body problem to an extrapolation procedure. The extrapolation is usually
done with a (numerically) solvable finite cluster or a homogeneous system as a reference.
When the target system and the reference system exhibit explicit similarities, the extrapolation
can be done straightforwardly. In practice, the connection between the reference system and
the complex target is often less obvious. An example is the SIAM presented in this paper, where
the finite cluster spectral function differs qualitatively from the SIAM. Despite this, the xc field
formalism successfully captures the implicit correspondence, specifically the relative weight
between the Hubbard peak and the Kondo peak at T = 0. Hence, we believe that the xc field
formalism, based on the quasiparticle picture, is a viable and powerful approach for modeling
correlated many-body system and holds great potential for first-principles calculations.
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A Low temperature approximation of the Vxc

From Eq. (20) and e PEm & 1 for m > 2, the Vxc can be written as

C +eP2pD
ve (t,p)=—, Al
ro P = o has A1
where
Ao = E2_E13 (AZ)
A = A+ e Ontat, (A.3)
B = A+ getOntat) (A.4)
c = Zan+,lwn+,1e_i“’"+’lt, (A.5)
nt+
D = Zan+,2wn+,2e_i‘°"+’2t. (A.6)
nt
An expansion
1 1_e—ﬁAo§
x (A.7)
A+ePrB A
leads to
¢ D BC
VX (t,B) = — +[———]e P2, A8
oo (ts B) A[A — (A.8)
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where C /A is just the zero-T Vxc, and all terms of order O(e™#2) where A > A, are neglected
for low-T. The time-oscillating term in the main text is then

nn=2-22 -2 5 (A.9)
T A A2 AC A '

B Analytic Vxc of an impurity-free-electron dimer

We use a dimer consisting of an interacting site (f) and a noninteracting site (c) to calculate
the analytic Vxc for the f site. Here we repeat the Hamiltonian in the main text:

I:\Idimer = Gf(ﬁfT + T'\lfl) + Uﬁffflfl + VZ(fAJéO- +H.c.), (B.1)
o

where € = —%, V is the hopping strength and the dimer is at half-filling. With variables
depending on U,V

v (B.2)
u = — .
2V

u u
= — 1+ (—)2 3
x 4+\ +(4) (B.3)
u u
— —)2
5 +‘/1+(2) 5 (B.4)

and the same low-T assumption, the particle part of the Green’s function can be written as

Yy

ié})fg(t) — Z_l[[al’le_i“’“t +a2’le—i0)2,1t]+eﬁu[al’2e—iw1,2t +a2’2e—iw2)2t]](B.5)

where the partition function is

Z =1+3eP=2V (B.6)
the spectral weights are
x +y)>?
a1 = ( y) (B7)
’ 2(1 +x2)(1+y2)
1—xy)?
a,; = ( Y) (B.8)
’ 2(1+x2)(1+y2)
3
a = — B.9
YT 2(1+y2) ®2
3y2
gy = —0——, B.10
T 20+y2) (510
and the excitation energies are
w11 = (2x —y)V (B].l)
w1 = (2x+y—u)v (B.12)
wiy = (—y+u)v (B.13)
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Following the notations in Appendix A, the zero-T Vxc is
a; 1w e 0t 4 a, qw,y e 021t
Vi, (t, T = 0) = ———— n 2 (B.15)
2 al,le_lwl’lt +a2’le_lw2’1t
We note that in the Kondo regime (u > 1),
u 2 1
x = —+—4+0(—) (B.16)
2 u us3
1 1
y = u+—-+0(=), (B.17)
u u3
thus
aa 9 1
Ai=——=—+4+0(=)L1. (B.18)
a, u? us3
The expansion of Vxc to the first order in A gives
Vi (t, T =0) ~ wy; —ARe™, (B.19)
where
Q= 0)2’1 —wi1 = Yu?2+4v. (BZO)
For low-T, following Eq. (A.9), we have
V(t) al,zwl,ze_iw”t + az,zwz,ze_iwz’zt al,ze_iwl’zt + az,ze_iw”t
— — (B.21)

XC — - . . ) . .
Vp,O'(t’ T = 0) al’lwl’le Lot + az,la)z’le Lot al,le togat + az’le Lwgt

Noting that for u > 1,

a o 3 1
—= = = +0(=),
asz, u?2 us3
az’z 4 1
—= = 301+ —2)+0(=),
asz, u2 us3
w11 3 1
—= = —+0(=),
wz’l u2 u3
w12 1 1
—= = ——+0(=),
wz’l u2 u3
w32 4 1
— = 1-=+0(=),
wz’l llz u3
we get
V(t) _ 24 e 12
V;fa(t, T=0) u?
where

u? u
Q= wy—wa=( T+4+Vu2+4—§)V

u2 u
Q" = wy1—wyy=(\—+4—2)V.

4 2
The temperature factor

e—PAo — g—B2x—u)

need to be small in order for the approximation Eq. (A.7) holds.
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C Solving the Green’s function from the ansatz of the Vxc

For the SIAM, the equation of motion of the particle Green’s function reads
[i0, —e; =V = V35, (¢, B)IGY,  (t,8) =0, (C.1)

where e, +VH =0and g* = G_;f a(t = 0%, ) = —0.5i for the symmetric SIAM. Accordingly,
the Green’s function is

5P — gte—ifo Vi (E.B)AE
Grro(t:B)=8"¢ fo (C.2)
The Vxc is
Vol ) = Aeope tr 4 ©3)
where A is real, wp and C are complex. We have
et fot Vi (£.p)dt e—iCtel(e—i“’p‘_l)
e_iCt[]. + l(e_iwpt _ l)], (C4)

where we assume a small A in the last line to get a simpler expression. The Green’s function
is then

~P — ot _ —iCt —i(C+w,)t
G". (t,p)=g [(1—2)e7C 4 aei(Cren)t ], (C.5)

References

[1] A. C. Hewson, The Kondo Problem to Heavy Fermions, Cambridge Studies in Magnetism.
Cambridge University Press (1993).

[2] Y. Meir, N. S. Wingreen and P A. Lee, Low-temperature transport through a quan-
tum dot: The anderson model out of equilibrium, Phys. Rev. Lett. 70, 2601 (1993),
doi:10.1103/PhysRevLett.70.2601.

[3] D. Goldhaber-Gordon, H. Shtrikman, D. Mahalu, D. Abusch-Magder, U. Meirav and
M. A. Kastner, Kondo effect in a single-electron transistor, Nature 391, 156 (1998),
doi:10.1038/34373.

[4] S. M. Cronenwett, T. H. Oosterkamp and L. P Kouwenhoven, A Tunable Kondo Effect in
Quantum Dots, Science 281(5376), 540 (1998), doi:10.1126/science.281.5376.540,
https://www.science.org/doi/pdf/10.1126/science.281.5376.540.

[5] V. Madhavan, W. Chen, T. Jamneala, M. E Crommie and N. S. Wingreen, Tunneling into a
Single Magnetic Atom: Spectroscopic Evidence of the Kondo Resonance, Science 280(5363),
567 (1998), doi:10.1126/science.280.5363.567, https://www.science.org/doi/pdf/10.
1126/science.280.5363.567.

[6] J. Li, W.-D. Schneider, R. Berndt and B. Delley, Kondo Scattering Observed at a Single
Magnetic Impurity, Phys. Rev. Lett. 80, 2893 (1998), doi:10.1103/PhysRevLett.80.2893.

[7] O. Ujsaghy, J. Kroha, L. Szunyogh and A. Zawadowski, Theory of the Fano Resonance in
the STM Tunneling Density of States due to a Single Kondo Impurity, Phys. Rev. Lett. 85,
2557 (2000), doi:10.1103/PhysRevLett.85.2557.

16


https://doi.org/10.1103/PhysRevLett.70.2601
https://doi.org/10.1038/34373
https://doi.org/10.1126/science.281.5376.540
https://www.science.org/doi/pdf/10.1126/science.281.5376.540
https://doi.org/10.1126/science.280.5363.567
https://www.science.org/doi/pdf/10.1126/science.280.5363.567
https://www.science.org/doi/pdf/10.1126/science.280.5363.567
https://www.science.org/doi/pdf/10.1126/science.280.5363.567
https://doi.org/10.1103/PhysRevLett.80.2893
https://doi.org/10.1103/PhysRevLett.85.2557

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

SciPost Physics Submission

[8] L. Amico, R. Fazio, A. Osterloh and V. Vedral, Entanglement in many-body systems, Rev.
Mod. Phys. 80, 517 (2008), doi:10.1103/RevModPhys.80.517.

[9] P Samuelsson and C. Verdozzi, Two-particle spin entanglement in magnetic anderson nan-
oclusters, Phys. Rev. B 75, 132405 (2007), doi:10.1103/PhysRevB.75.132405.

[10] P W. Anderson, Localized Magnetic States in Metals, Phys. Rev. 124, 41 (1961),
doi:10.1103/PhysRev.124.41.

[11] A. Georges, G. Kotliar, W. Krauth and M. J. Rozenberg, Dynamical mean-field theory of
strongly correlated fermion systems and the limit of infinite dimensions, Rev. Mod. Phys.
68, 13 (1996), doi:10.1103/RevModPhys.68.13.

[12] S. Biermann, FE Aryasetiawan and A. Georges, First-Principles Approach to the
Electronic Structure of Strongly Correlated Systems: Combining the GW Approxi-
mation and Dynamical Mean-Field Theory, Phys. Rev. Lett. 90, 086402 (2003),
doi:10.1103/PhysRevLett.90.086402.

[13] G. Kotliar, S. Y. Savrasov, K. Haule, V. S. Oudovenko, O. Parcollet and C. A. Marianetti,
Electronic structure calculations with dynamical mean-field theory, Rev. Mod. Phys. 78,
865 (2006), doi:10.1103/RevModPhys.78.865.

[14] H. Aoki, N. Tsuji, M. Eckstein, M. Kollar, T. Oka and P Werner, Nonequilibrium
dynamical mean-field theory and its applications, Rev. Mod. Phys. 86, 779 (2014),
doi:10.1103/RevModPhys.86.779.

[15] K. G. Wilson, The renormalization group: Critical phenomena and the Kondo problem, Rev.
Mod. Phys. 47, 773 (1975), doi:10.1103/RevModPhys.47.773.

[16] E. Gull, A. J. Millis, A. I. Lichtenstein, A. N. Rubtsov, M. Troyer and P Werner, Continuous-
time Monte Carlo methods for quantum impurity models, Rev. Mod. Phys. 83, 349 (2011),
doi:10.1103/RevModPhys.83.349.

[17] N. Andrei, K. Furuya and J. H. Lowenstein, Solution of the Kondo problem, Rev. Mod.
Phys. 55, 331 (1983), do0i:10.1103/RevModPhys.55.331.

[18] P B. Wiegmann and A. M. Tsvelick, Exact solution of the Anderson model: I, J. Phys. C:
Solid State Phys. 16(12), 2281 (1983), doi:10.1088/0022-3719/16/12/017.

[19] A. M. Tsvelick and P B. Wiegmann, Exact solution of the Anderson model. II. Thermody-
namic properties at finite temperatures, J. Phys. C: Solid State Phys. 16(12), 2321 (1983),
doi:10.1088,/0022-3719/16/12/018.

[20] W. Hofstetter, Generalized Numerical Renormalization Group for Dynamical Quantities,
Phys. Rev. Lett. 85, 1508 (2000), doi:10.1103/PhysRevLett.85.1508.

[21] R. Peters, T. Pruschke and E B. Anders, Numerical renormalization group approach
to green’s functions for quantum impurity models, Phys. Rev. B 74, 245114 (2006),
doi:10.1103/PhysRevB.74.245114.

[22] A. Weichselbaum and J. von Delft, Sum-Rule Conserving Spectral Functions from
the Numerical Renormalization Group, Phys. Rev. Lett. 99, 076402 (2007),
doi:10.1103/PhysRevLett.99.076402.

[23] i. c. v. Osolin and R. Zitko, Padé approximant approach for obtaining finite-temperature
spectral functions of quantum impurity models using the numerical renormalization group
technique, Phys. Rev. B 87, 245135 (2013), doi:10.1103/PhysRevB.87.245135.

17


https://doi.org/10.1103/RevModPhys.80.517
https://doi.org/10.1103/PhysRevB.75.132405
https://doi.org/10.1103/PhysRev.124.41
https://doi.org/10.1103/RevModPhys.68.13
https://doi.org/10.1103/PhysRevLett.90.086402
https://doi.org/10.1103/RevModPhys.78.865
https://doi.org/10.1103/RevModPhys.86.779
https://doi.org/10.1103/RevModPhys.47.773
https://doi.org/10.1103/RevModPhys.83.349
https://doi.org/10.1103/RevModPhys.55.331
https://doi.org/10.1088/0022-3719/16/12/017
https://doi.org/10.1088/0022-3719/16/12/018
https://doi.org/10.1103/PhysRevLett.85.1508
https://doi.org/10.1103/PhysRevB.74.245114
https://doi.org/10.1103/PhysRevLett.99.076402
https://doi.org/10.1103/PhysRevB.87.245135

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

SciPost Physics Submission

[24] A. Isidori, D. Roosen, L. Bartosch, W. Hofstetter and P Kopietz, Spectral function of
the Anderson impurity model at finite temperatures, Phys. Rev. B 81, 235120 (2010),
doi:10.1103/PhysRevB.81.235120.

[25] A. Ge, N. Ritz, E. Walter, S. Aguirre, J. von Delft and E. B. Kugler, Real-frequency quantum
field theory applied to the single-impurity Anderson model, Phys. Rev. B 109, 115128
(2024), doi:10.1103/PhysRevB.109.115128.

[26] D. Zgid, E. Gull and G. K.-L. Chan, Truncated configuration interaction expansions as
solvers for correlated quantum impurity models and dynamical mean-field theory, Phys.
Rev. B 86, 165128 (2012), doi:10.1103/PhysRevB.86.165128.

[27] M. Granath and H. U. R. Strand, Distributional exact diagonalization for-
malism for quantum impurity models, Phys. Rev. B 86, 115111 (2012),
doi:10.1103/PhysRevB.86.115111.

[28] S. Motahari, R. Requist and D. Jacob, Kondo physics of the Anderson impurity
model by distributional exact diagonalization, Phys. Rev. B 94, 235133 (2016),
doi:10.1103/PhysRevB.94.235133.

[29] G. Stefanucci and S. Kurth, Steady-State Density Functional Theory for Finite Bias Conduc-
tances, Nano Letters 15(12), 8020 (2015), doi:10.1021/acs.nanolett.5b03294, PMID:
26571349, https://doi.org/10.1021/acs.nanolett.5b03294.

[30] S. Kurth and G. Stefanucci, Nonequilibrium Anderson model made simple with density
functional theory, Phys. Rev. B 94, 241103 (2016), doi:10.1103/PhysRevB.94.241103.

[31] D.Jacob and S. Kurth, Many-Body Spectral Functions from Steady State Density Functional
Theory, Nano Letters 18(3), 2086 (2018), doi:10.1021/acs.nanolett.8b00255, PMID:
29437404, https://doi.org/10.1021/acs.nanolett.8b00255.

[32] P Kubiczek, A. N. Rubtsov and A. I. Lichtenstein, Exact real-time dynamics of single-
impurity Anderson model from a single-spin hybridization-expansion, SciPost Phys. 7, 016
(2019), doi:10.21468/SciPostPhys.7.2.016.

[33] A. J. Kim, J. Li, M. Eckstein and P Werner, Pseudoparticle vertex solver for quantum
impurity models, Phys. Rev. B 106, 085124 (2022), doi:10.1103/PhysRevB.106.085124.

[34] D. Werner, J. Lotze and E. Arrigoni, Configuration interaction based nonequi-
librium steady state impurity solver, Phys. Rev. B 107, 075119 (2023),
doi:10.1103/PhysRevB.107.075119.

[35] N. Ng, G. Park, A. J. Millis, G. K.-L. Chan and D. R. Reichman, Real-time evolution of
Anderson impurity models via tensor network influence functionals, Phys. Rev. B 107,
125103 (2023), doi:10.1103/PhysRevB.107.125103.

[36] B. Kloss, J. Thoenniss, M. Sonner, A. Lerose, M. T. Fishman, E. M. Stoudenmire, O. Par-
collet, A. Georges and D. A. Abanin, Equilibrium quantum impurity problems via ma-
trix product state encoding of the retarded action, Phys. Rev. B 108, 205110 (2023),
doi:10.1103/PhysRevB.108.205110.

[37] E Aryasetiawan, Time-dependent exchange-correlation potential in lieu of self-energy, Phys.
Rev. B 105, 075106 (2022), do0i:10.1103/PhysRevB.105.075106.

18


https://doi.org/10.1103/PhysRevB.81.235120
https://doi.org/10.1103/PhysRevB.109.115128
https://doi.org/10.1103/PhysRevB.86.165128
https://doi.org/10.1103/PhysRevB.86.115111
https://doi.org/10.1103/PhysRevB.94.235133
https://doi.org/10.1021/acs.nanolett.5b03294
https://doi.org/10.1021/acs.nanolett.5b03294
https://doi.org/10.1103/PhysRevB.94.241103
https://doi.org/10.1021/acs.nanolett.8b00255
https://doi.org/10.1021/acs.nanolett.8b00255
https://doi.org/10.21468/SciPostPhys.7.2.016
https://doi.org/10.1103/PhysRevB.106.085124
https://doi.org/10.1103/PhysRevB.107.075119
https://doi.org/10.1103/PhysRevB.107.125103
https://doi.org/10.1103/PhysRevB.108.205110
https://doi.org/10.1103/PhysRevB.105.075106

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

SciPost Physics Submission

[38] E Aryasetiawan and T. Sjostrand, Spectral functions of the half-filled one-dimensional
Hubbard chain within the exchange-correlation potential formalism, Phys. Rev. B 106,
045123 (2022), do0i:10.1103/PhysRevB.106.045123.

[39] Z. Zhao, C. Verdozzi and E Aryasetiawan, Dynamical exchange-correlation potential for-

malism for spin-% Heisenberg and Hubbard chains: The antiferromagnetic/half-filled case,
Phys. Rev. B 108, 235132 (2023), doi:10.1103/PhysRevB.108.235132.

[40] K. Karlsson and E Aryasetiawan, Time-dependent exchange-correlation hole
and potential of the electron gas, Phys. Rev. B 107, 115172 (2023),
doi:10.1103/PhysRevB.107.115172.

[41] A. L. Fetter and J. D. Walecka, Quantum Theory of Many-Particle Systems, Courier Cor-
poration (2012).

[42] M. Fishman, S. R. White and E. M. Stoudenmire, The ITensor Software Li-
brary for Tensor Network Calculations, SciPost Phys. Codebases p. 4 (2022),
doi:10.21468/SciPostPhysCodeb.4.

[43] M. Fishman, S. R. White and E. M. Stoudenmire, Codebase release 0.3 for ITensor, SciPost
Phys. Codebases pp. 4-r0.3 (2022), doi:10.21468/SciPostPhysCodeb.4-r0.3.

[44] J. Haegeman, J. I. Cirac, T. J. Osborne, 1. Pizorn, H. Verschelde and E Verstraete, Time-
Dependent Variational Principle for Quantum Lattices, Phys. Rev. Lett. 107, 070601
(2011), doi:10.1103/PhysRevLett.107.070601.

[45] M. Yang and S. R. White, Time-dependent variational principle with ancillary Krylov sub-
space, Phys. Rev. B 102, 094315 (2020), doi:10.1103/PhysRevB.102.094315.

[46] P Nozieres, A “fermi-liquid" description of the Kondo problem at low temperatures, J. Low
Temp. Phys. 17 (1974), doi:10.1007/BF00654541.

[47] E. Pavarini, E. Koch, A. Lichtenstein and D. Vollhardt, eds., Dynamical Mean-Field Theory
of Correlated Electrons: Modeling and Simulation, Verlag des Forschungszentrum Jiilich,
ISBN ISBN 978-3-95806-619-9 (2022).

19


https://doi.org/10.1103/PhysRevB.106.045123
https://doi.org/10.1103/PhysRevB.108.235132
https://doi.org/10.1103/PhysRevB.107.115172
https://doi.org/10.21468/SciPostPhysCodeb.4
https://doi.org/10.21468/SciPostPhysCodeb.4-r0.3
https://doi.org/10.1103/PhysRevLett.107.070601
https://doi.org/10.1103/PhysRevB.102.094315
https://doi.org/10.1007/BF00654541

	Introduction
	Theory
	Vxc formalism for the SIAM
	The SIAM Vxc at low-temperature

	Results
	Analytic insights from a dimer
	Including hybridization with a finite cluster at zero-T
	Ansatz of the symmetric SIAM Vxc

	Conclusions and outlook
	Low temperature approximation of the Vxc
	Analytic Vxc of an impurity-free-electron dimer
	Solving the Green's function from the ansatz of the Vxc
	References

