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A description of long-lived photo-doped states in Mott insulators is challenging, as it needs to
address exponentially separated timescales. We demonstrate how properties of such states can be
computed using numerically exact steady state techniques, in particular Quantum Monte Carlo, by
using a time-local ansatz for the distribution function with separate Fermi functions for the electron
and hole quasiparticles. The simulations show that the Mott gap remains robust to large photo-
doping, and the photo-doped state has hole and electron quasiparticles with strongly renormalized
properties.

Introduction — Short light pulses provide intriguing
avenues to manipulate material properties on ultrafast
timescales [1–3]. Mott insulators are particularly inter-
esting in this regard [4], because a zoo of complex orders
can emerge from a perturbed Mott phase. A versatile
route toward the generation of non-thermal phases in-
volves photo-doping, i.e., the creation of charge carriers
such as doublons (doubly occupied sites) and holes in a
single-orbital Mott insulator. With increasing gap, car-
rier recombination becomes exponentially slow [5–7], so
that doublon and hole densities are approximately con-
served over extended periods. Energy dissipation into
the spin and phonon background eventually yields a cold
state akin to electron-hole liquids in semiconductors [8].
Such cold photo-doped phases in correlated electron sys-
tems may undergo metal insulator transitions and band
reconstruction [9–14], and potentially even manifest su-
perconducting instabilities [15–18].

Dynamical Mean Field Theory (DMFT) [19] and its ex-
tensions [20, 21] are a powerful approach to study Mott
materials. The main challenge in extending these meth-
ods to the time domain is the solution of a quantum im-
purity model. Real-time nonequilibrium DMFT simula-
tions [22, 23] based on numerically exact QuantumMonte
Carlo (QMC) [24–26] or matrix-product states [27, 28]
have been limited to short times, hindering the study
of cold photo-doped states. Presently, state-of-the-art
methods to study photo-doped Mott insulators are per-
turbative variants of the strong-coupling expansion [29–
31], notably the Non-Crossing Approximation (NCA),
which unfortunately is least reliable in the most relevant
metallic regime. For example, in equilibrium, NCA simu-
lations is know to overestimate the Mott gap. This raises
skepticism regarding predictions concerning photo-doped
phases, which hinge on the assumption that the Mott gap

is resilient to photo-doping. Conversely, significant ad-
vance has been made with non-perturbative techniques
aimed at the nonequilibrium steady state, through the
auxiliary master equation formalism (AMEA) [32], and
more recently the steady state variant [33] of the inch-
worm QMC algorithm [34], a high-order stochastic eval-
uation of the self-consistent strong-coupling expansion.

In this letter, we aim to use such potentially numer-
ically exact steady state solvers to investigate slowly
evolving (quasi-steady) photo-doped states. Previously,
quasi-steady photo-doped states have been modeled as an
equilibrium state of an approximate large-U Hamiltonian
which exactly conserves the doublon and hole densities
[17], and, following ideas introduced in [35], by main-
taining the nearly conserved doublon and hole densities
by external charge reservoirs [36, 37]. Here we intro-
duce an approach that is not restricted to large U and
does not alter the system by additional reservoirs. As in
quantum kinetic equations [38, 39], we take the distri-
bution function F (ω, t) to be a dynamical variable. The
non-perturbative steady state solvers mentioned above
can be used to solve the many-body problem with any
given distribution function Fsteady(ω). The equilibrium
state is a special case where fluctuation-dissipation re-
lations guarantee that Fsteady(ω) is equal to the Fermi
function f(ω). One can therefore introduce a time-local-
F ansatz (TLFA), taking the steady state solution with
F (ω, t) = Fsteady(ω) as an approximate description of
the slowly evolving state around time t. Below, we val-
idate the accuracy of the TLFA through real-time sim-
ulations, and use the ansatz to simulate complex photo-
doped phases with non-perturbative techniques.
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FIG. 1. Time evolution of the photoexcited state, initially
prepared at Ti = 2.0. (a) Expectation value of the double
occupancy d(t) (left axis) an kinetic energy K(t) (right axis).
(b) Spectral function A(ω, t) (solid line) and occupied density
of states A<(ω, t) (shaded area) for different representative
times. (c) Distribution function F (ω, t) at different times.
Dashed lines in (b) show the spectra obtained from the TLFA,
with the corresponding distribution function taken from (c).

Model — We consider the one-band Hubbard model
at half filling, with Hamiltonian

H = −t̃0
∑
σ⟨i,j⟩

c†σicσj + U
∑
i

ni↑ni↓ −
U

2

∑
σi

niσ. (1)

Here, c
(†)
σi are electronic annihilation (creation) operators

at site i and spin σ, niσ = c†σicσi, U is the Coulomb re-
pulsion, and t̃0 the hopping amplitude between nearest-
neighbor sites ⟨i, j⟩. We solve this system by means of
nonequilibrium DMFT [22] on the Bethe lattice with co-
ordination number z → ∞ and hopping t̃0 = t0/

√
z. We

use a hopping t0 =
√
2 (bandwidth 8) and ℏ = 1, i.e.,

all energies are measured in t0/
√
2 and times are mea-

sured in units of
√
2/t0. To describe the energy dissipa-

tion, we include an external bosonic bath via a phonon
self-energy Σph(t, t

′) = g2G(t, t′)Dbath(t, t
′), with cou-

pling strength g2 = 0.5 and a linear density of states
Dbath(ω) =

ω
ω2

c
e−

ω
ωc [40, 41]. The cutoff ωc = 0.2 ≪ U is

chosen such that only kinetic energy relaxation of dou-
blons and holes is possible, while direct recombination
via phonon emission is not.

TLFA — For validating the TLFA, we solve the model
in Eq. (1) in real-time in a setting similar to Ref. [42], us-
ing DMFT + NCA within the NESSi simulation package
[43]. We start from the Mott phase (U = 8) at a high
initial temperature Ti = 2 and monitor the evolution as

energy is dissipated to the bosonic bath at lower temper-
ature Tbath = 1/12.5. Such a temperature quench is con-
venient to initiate the dynamics with a given density of
doublons and holes, but an analogous long-time dynamics
is expected if the initial state population is generated by
a short pulse [42]. The doublon-hole recombination after
the quench is evident in Fig. 1(a) through the slow decay
of the double occupancy d(t) = ⟨n↑(t)n↓(t)⟩. The kinetic
energy K(t) shows a much faster initial drop, which re-
flects the initial intra-band relaxation process due to the
phonon bath and a slower increase associated to doublon-
holon recombination. This temporal separation is more
pronounced for larger gaps [44].

To analyze spectral and distribution functions, we per-
form a partial Fourier transformation (Wigner trans-
form) of the real-time Green’s functions GR,<(ω, t) =∫
ds eiωsGR,<(t + s/2, t − s/2) at average time t, us-

ing a fixed window |s| ≤ 150 for the relative time
s. The spectral function and distribution function are
then given by A(ω, t) = − 1

π Im{GR(ω, t)} and F (ω, t) =
− 1

2 Im{G<(ω, t)}/Im{GR(ω, t)}, respectively. The spec-
tral function [Fig. 1(b)] starts from two Hubbard bands
with a partially filled gap due to the high initial tem-
perature. As the kinetic energy of the doublons relaxes
within a few tens of inverse hoppings, the occupied den-
sity of states A<(ω, t) ≡ F (ω, t)A(ω, t) concentrates at
the lower band edge of the upper Hubbard band. At the
same time, two peaks emerge in the spectrum at the edges
of the Mott gap, which indicate the simultaneous pres-
ence of doublon and hole quasiparticles [18, 40, 42]. Cor-
respondingly, the distribution function develops two sep-
arate quasiparticle chemical potentials for the hole and
doublon charge carriers [Fig. 1(c)]. These spectral char-
acteristics slowly relax back to equilibrium as doublons
and holes recombine.

To implement the TLFA, we extract the function
F (ω, t) at a particular time t and determine a nonequi-
librium steady state solution with distribution func-
tion Fsteady(ω) = F (ω, t). In practice, we solve the
DMFT impurity model with a time-translationally in-
variant hybridization function whose spectral (retarded)
component ∆R(ω) is determined through the DMFT self-
consistency, while the lesser component is determined by
the given distribution function Fsteady(ω), i.e., ∆

<(ω) =
− 1

2Fsteady(ω)Im∆R(ω). The resulting spectral functions
ATLFA(ω) are shown by dashed lines in Fig. 1(b). They
almost perfectly reproduce the real-time spectra, i.e., the
distribution function F (ω, t) characterizes the system at
time t, without further dependence on the history.

Nonequilibrium steady state spectral functions in the
photo-doped system — The above validation motivates
us to use the TLFA to obtain the spectral function of
photo-doped systems using the numerically exact steady
state inchworm QMC algorithm. Fig. 1(c) suggests to
adopt an ansatz for the distribution function, which in-
terpolates between Fermi functions f(ω ∓ µex, T ) with
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FIG. 2. (a) Comparison of the spectral function A(ω) for
given nex, obtained by inchworm QMC (solid lines) and by
NCA (transparent lines), at temperature T∆ = 1/12.5. (b)
Comparison as in (a) with AMEA spectra using 6 (dashed
gray line) and 8 bath sites (solid grey line), for nex = 0.06.
(c) The Mott gap ∆g for all three approaches. The gap is
defined by the spectral weight reaching 0.057, which is half of
the maximum of the equilibrium spectrum. For a visualiza-
tion of the inchworm QMC error, the mean of five inchworm
DMFT iterations is plotted together with the standard devi-
ation (shaded region).

generalized chemical potentials ±µex for the electron-
like (ω > 0) and hole-like (ω < 0) side, respec-
tively. More precisely, FT,µex

(ω) = Θα(ω)f(ω+µex, T )+
(1 − Θα(ω))f(ω − µex, T ), with a smooth step-function
Θα(ω) = 0.5

(
1− tanh(ωα/2)

)
. This ansatz also well de-

scribes the distribution function observed in earlier simu-
lations [36, 42]. The interpolation affects FT,µex

(ω) only
within the gap, so that results are largely independent of
the parameter α [44]; below we choose α = β. We then
fix a given photo-doping density,

nex(T, µex) = − 1

π

∫ ∞

0

dω FT,µex
(ω)Im{∆R(ω)}, (2)

by adapting µex. At half filling, spectra and quasipar-
ticle properties are symmetric with respect to hole and
doublon excitations.

The inchworm QMC algorithm computes the time-
translationally invariant Green’s functions GR,<(t − t′)
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FIG. 3. (a) Spectral function A(ω) at nex = 0.45, ob-
tained with inchworm QMC (solid lines) and NCA (trans-
parent lines), at temperature T∆ = 1/12.5. The colored ar-
eas denote the occupied spectrum A<(ω). (b) Comparison of
the inchworm QMC (solid lines) and NCA (transparent lines)
distribution function F (ω) at nex = 0.45 and temperature
T∆ = 1/12.5. The mean of five inchworm DMFT iterations is
plotted together with the standard deviation (shaded region).

from the real-time hybridization function ∆R,<(t − t′).
In each DMFT iteration, we transform GR(t − t′) to
obtain GR(ω), determine the self-consistent ∆R(ω), set
∆<(ω) = − 1

2 Im∆R(ω)FT,µex(ω), where µex is deter-
mined to match condition (2) for a given nex, obtain
∆R(t) and ∆<(t) from the inverse Fourier transform, and
perform the Monte Carlo evaluation of G. For details of
the inchworm QMC implementation we refer to [33]. The
convergence of the inchworm QMC data with the DMFT
iteration and with the diagrammatic order is analyzed in
the supplemental material [44]. We note that the DMFT
iteration based on the TLFA is easier to converge com-
pared to a conventional steady state setup, where the
solution depends on external reservoirs [36, 37]. In the
latter case, both ∆R(ω) and ∆<(ω) would be determined
from independent self-consistency conditions, and the ad-
ditional Monte Carlo noise in ∆<(ω) slows convergence.

In Fig. 2(a), we compare the spectral function A(ω)
obtained for NCA and the numerically exact inchworm
QMC. The main characteristics of the cold photo-doped
state, which is the simultaneous hole and electron quasi-
particle peak, is thereby validated by the numerically ex-
act data. From the spectra we can extract the gap ∆g,
see Fig. 2(c). Here, NCA overestimates the gap ∆g in
the photo-doped state, consistent with its behavior in
equilibrium [45]. Suppressing higher-order diagrams es-
sentially increases the effective interaction strength and
leads to a larger gap. Nevertheless, one finds that the gap
remains robust at large photo-doping nex even in the nu-
merically exact solution, which is an important finding
supporting the stability of photo-doped orders.

We also compute NCA and inchworm QMC spectra
for a photo-doping close to population inversion, see
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FIG. 4. (a) Distribution function F (ω) at nex = 0.06, ob-
tained with inchworm QMC (solid lines) and NCA (transpar-
ent lines), at temperature T∆ = 1/12.5. (b) Effective tem-
perature TG,NCA/T∆ (left axis) and TG,inch/T∆ (right axis) of
the quasi-particle excitations using the two methods in rela-
tion to T∆. For a visualization of the Monte Carlo error, the
mean of five inchworm DMFT iterations is plotted together
with the standard deviation (shaded region).

Fig. 3(a). Also in this extreme case, the inchworm code
validates the photo-doped state and shows characteristic
quasi-particle peaks at the outer edges of the Hubbard
band as well as a superposition of two separate Fermi
functions in the distribution function F (ω) in Fig. 3(b).
This supports the stability of states with large photo-
doping, which have also been observed in DMFT+NCA
simulations of the Hubbard model using other doping
protocols [15, 46].

The TLFA can also be evaluated with the AMEA,
which approximates the impurity problem with hy-
bridization function ∆R(ω) and ∆<(ω) in terms of a fi-
nite open system described by Nb bath orbitals with ad-
ditional Lindblad dissipators. For a detailed description
of the bath fitting procedure, see Ref. [47, 48]. Relatively
inexpensive simulations are possible with up to Nb = 8
sites within a configuration interaction expansion [49].
While one can see in Fig. 2(b) that these data are not
yet converged as a function of Nb, the difference between
Nb = 6 to 8 sites indicates the correct trend. Even sim-
ulations with only Nb = 6 sites provide a significant im-
provement over the NCA simulation regarding the size of
the gap, and accurately capture the high-energy behavior
of the spectra.

For the results presented here, we used an universal
ansatz for Fsteady(ω), whose form is motivated by previ-
ous real-time simulations. An interesting question is if

one can validate that this ansatz corresponds to an ac-
tual long lived state. To answer this question, one could
compute the time-evolution of this state using quantum
Boltzmann equations (QBE) [38]. The latter can be for-
mulated as an evolution equation ∂tF (ω, t) = I[F (ω, t)]
for F , where the scattering integral I[F ] is determined in
terms of the self-energy ΣTLFA[F ] obtained from a TLFA.
An infinitely long-lived state would correspond to a case
in which the distribution functions of all quantities (G, ∆,
Σ) coincide, and the dynamics within the QBE is driven
by the difference in distribution functions. While solving
the QBE with AMEA or inchworm QMC is beyond the
scope of the present work, a useful quantity to analyze
is therefore the difference between F∆ and F , which is
obtained from the computed Green’s function.

In Fig. 4(a), we show an example of the distribution F .
To quantify how it differs from F∆, we extract a temper-
ature TG from linear fits of the form −(ω − µex,G)/TG

to the function log
{
F (ω)/

(
1 − F (ω)

)}
in the vicinity

of the quasiparticle peak. Figure 4(b) shows that TG

is consistently larger than T∆. The difference is larger
in the inchworm results (but still comparable in magni-
tude), which is expected as the smaller gap would imply
a faster dynamics, so that the state found by the TLFA
has a shorter lifetime and eventually thermalizes.

Conclusion — Optically excited Mott insulators
exhibit slowly evolving quasi-steady photo-doped states,
that are challenging to describe theoretically. In this
work, we have demonstrated how properties of these
long-lived photo-doped states can be accessed with
numerically exact techniques, by using a time-local
ansatz for the electronic distribution function. We have
validated the consistency of this ansatz upon comparison
with real-time simulations in a quenched Hubbard
model. Employing a universal form of the distribution
function we directly calculate photo-doped Mott spectra
for various photo-excitation levels using steady state
NCA, inchworm QMC, and AMEA, providing a direct
comparison of the methods and novel insights about the
validity and reliability of the approximations made in
the NCA method. The resulting photo-doped spectra
can be converged in a wide range of doping densities, and
the Mott gap remains robust up to large photo-dopings
for all of the methods. While NCA overestimates the
gap, AMEA shows a trend towards the direction of the
numerically exact inchworm QMC method. Inchworm
QMC is highly accurate at all energies, and produces
sharp quasiparticle peaks as well as a clean gap. In com-
parison, AMEA is computationally much less expensive,
while providing reasonably accurate values for the gap
size, peak positions and high energy behavior. However,
it introduces a spurious broadening that makes the gap
and the peaks less sharp. These findings indicate that
nonequilibrium steady state formalisms can be used to
directly access quasi-stable photo-doped states in Mott
insulators, allowing a numerically exact exploration of
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photo-doping at previously inaccessible experimentally
relevant timescales. Furthermore, by integrating the
steady state ansatz with QBE schemes, they open up
new avenues for characterizing the slow dynamics of
Mott insulators. This approach has the potential to
extend into time scales far beyond the capabilities of
existing real-time simulations.
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