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Superconductivity has recently been discovered in several families of iron-based compounds, but despite intense research even
such basic electronic properties of these materials as Fermi surfaces, effective electron masses and orbital characters are still
subject to debate. Here, we address an issue that has not been considered before, namely the consequences of dynamical
screening of the Coulomb interactions between Fe d electrons.We demonstrate that dynamical screening effects are important
not only for higher-energy spectral features, such as correlation satellites seen in photoemission spectroscopy, but also for the
low-energy electronic structure. Our analysis indicates that BaFe2As2 is a strongly correlated compound with strongly doping-
and temperature-dependent properties. In the hole-overdoped regime an incoherent metal is found, whereas Fermi-liquid
behaviour is recovered in the undoped compound. At optimal doping, the self-energy exhibits an unusual square-root energy
dependence, which leads to strong band renormalizations near the Fermi level.

Known superconductors can be assigned to one of two
classes: for ‘weakly correlated’ materials such as MgB2 one-
electron theories describe the basic electronic properties

well and the superconducting pairing mechanism has been
understood in this framework in terms of the interaction between
electrons and quantum fluctuations of the lattice. Materials of the
second, ‘strongly correlated’ class exhibit sometimes spectacular
inconsistencies with the one-electron picture, leaving unclear
even the theoretical language in which a theory of the pairing
mechanism should be formulated. High-transition-temperature
(high-Tc) cuprate superconductors fall in this category. The role
of electronic correlations in the recently discovered iron-based
high-Tc superconductors1 apparently depends on the specific
family, as well as on doping, substitutions or pressure. In this
work, we address the prototypical compound of the so-called
122 family, BaFe2As2, which exhibits superconductivity under
pressure2,3 or under hole as well as electron doping4,5. Many
experimental probes, including angle-resolved and angle-integrated
photoemission spectroscopy6–12, optics and transport, Raman and
neutron scattering and nuclear magnetic resonance, have been
employed to characterize the electronic properties13. The Fermi
surface consists of two concentric hole pockets around the Brillouin
zone centre (� point), and elliptic electron pockets around the zone
face (M; ref. 14). Experimental estimates of the mass enhancements
vary substantially with doping; literature values range from about
1.4 to 5, at least for the orbital pointing towards the As sites15,16. The
orbital character of these pockets is still subject to debate, but there
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seems to emerge a consensus about stronger correlation effects for
holes than electrons.

Understanding the low-energy electronic structure, in particular
Fermi surface nesting, orbital character and mass enhancements,
is a prerequisite for assessing possible pairing mechanisms13,17–19.
The field of electronic structure calculations for correlatedmaterials
has made tremendous progress in recent years, most notably
thanks to the combination of electronic structure and many-
body techniques. The combined ‘DFT + DMFT’ scheme builds
on density functional theory (DFT) to construct realistic many-
body Hamiltonians, which are solved using dynamical mean-field
theory (DMFT; refs 20–22). Although a number of interesting
applications of this scheme to iron pnictides (see for example
refs 23–25) have emerged, it has become clear that one of the
bottlenecks is the determination of the Coulomb matrix elements
(‘Hubbard parameters’ U and J ), which parameterize the energetic
cost associated with the distribution of electrons among the
localized Fe d orbitals. Recent works try to extract these values
from constrained density functional calculations23, GW -inspired
methods26 or random-phase-approximation (RPA)-based schemes.
All these calculations result in interaction parameters that are
strongly reduced from the corresponding atomic values through
screening from other degrees of freedom in the solid. As is clearly
seen in the constrained RPA approach27, the screening implies
that the ‘Hubbard U ’ for the Fe d electrons acquires a frequency
dependence. However, the dynamical nature of the effective
Coulomb interactions has heretofore not been treated at the level
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Figure 1 | Frequency-dependent interaction for BaFe2As2 from constrained RPA. a, Real and imaginary parts of the average intra-orbital Coulomb
interaction as a function of frequency. V is the unscreened (bare) Coulomb interaction and U0 the static (partially screened) interaction. ImU(ω)/ω2,
plotted as a red line, features prominent peaks at 3.8 eV, 6.1 eV, 16 eV and 26 eV, and smaller humps at 10 eV and 12 eV. b, Spectral function of the bosonic
propagator B. The peaks of this function, inherited from the structures in ImU(ω)/ω2, determine the energies of satellite structures in the d-electron
density of states. c, A schematic plot illustrating the difference between a static-U (blue) and a dynamic-U (yellow) calculation. In a static-U calculation,
up-spin and down-spin electrons interact locally in time with the partially screened Coulomb interaction U0. In the dynamic-U calculation, the
instantaneous interaction is given by the bare V, whereas screening effects lead to an attractive retarded interaction Uretarded(τ ).

of the actual many-body calculation. In this paper we demonstrate
the importance of the frequency dependence for the low-energy
electronic structure, in particular quasiparticle mass enhancements
and lifetimes, as well as for the theoretical description of the
correlation satellites seen in photoemission spectroscopy.

Partially screened Coulomb interaction
The constrained RPA result for the average intra-orbital Coulomb
repulsion U of BaFe2As2 has been obtained as described in
Supplementary Information and is shown in Fig. 1a. U (ω)
represents a partially screened Coulomb interaction for the Fe
d states, which accounts for screening by all degrees of freedom
except the Fe d states themselves. The real part ranges from the static
value U0 ≡ReU (ω = 0)= 3.6 eV to the bare interaction V of about
20 eV at large ω, and the frequency dependence resembles typical
U (ω) in transition metals27,28. Screening does not arise from a
well-defined plasmon excitation. Instead, ImU (ω) is characterized
by a broad structure beginning from a peak at ∼ 26 eV and
extending down to a few eV, implying that any plasmon excitations
overlap strongly with the one-particle excitations, a reflection of the
semi-itinerant nature of the Fe 3d electrons. Fourier transformation
yields a time-dependentHubbard interaction term

∫∫
dτdτ ′N (τ )U

(τ − τ ′)N (τ ′), with U (τ ) = V δ(τ )+Uretarded(τ ), which describes
the local Coulomb interaction including retardation effects due
to quantum fluctuations that screen the bare V (Fig. 1c and
Methods section).

In a standard DFT+DMFT calculation without dynamical ef-
fects, the relatively small value we find for the interactionU0 would
result in a rather weakly correlated picture. This is demonstrated in
Fig. 2b, which presents the Fe d spectral function obtained by using
our computed U0 in a standard DFT+DMFT calculation. Interac-
tion effects lead to a moderate renormalization of the Fe d states,
with a mass enhancement of 1.6. A comparison with the DFT
density of states in Fig. 2a shows that the peaks at −3 eV and 1 eV
are weakly renormalized band states. NoHubbard satellites or other
correlation features appear, in agreementwith previous studies23,29.

The new aspect of our work, compared with previous simu-
lations, is the treatment of the full frequency dependence of the
interaction. In refs 30,31 it was shown in the context of simple
model calculations how a frequency-dependent interaction can be
incorporated efficiently into quantum Monte Carlo simulations
within the hybridization expansion impurity solver scheme32. Here,
we generalize this technique to multiorbital systems and realistic

materials. The effect of U (ω) is to dress the fermionic propagators
with a bosonic propagator

B(τ )= exp[−K (τ )] (1)

where K (τ ) is the twice-integrated retarded interaction. In terms
of ImU (ω) and a factor b(τ ,ω)= cosh[(τ − (β/2))ω]/sinh[βω/2]
with bosonic symmetry, we can write31

K (τ )=
∫ ∞

0

dω

π

ImU (ω)

ω2
[b(τ ,ω)−b(0,ω)] (2)

It is evident from equation (2) that, as far as structures in
the frequency-dependent interaction are concerned, the relevant
function to analyse is ImU (ω)/ω2. This function is plotted as the
red dashed line in Fig. 1a. In addition to a first peak at 3.8 eV, which
comes from the rapid decay of ImU (ω) at small frequencies, there
are prominent peaks at 6.1 eV, 16 eV and 26 eV, as well as smaller
features at 10 eV and 12 eV. We have traced the origin of the 6.1 eV
feature to transitions from occupied d states to states in the energy
window [6 eV :7 eV], which have predominantly Ba character.

Spectral functions and high-energy satellites
As explained in ref. 33 and in Supplementary Information, we
compute the electron spectral function as the convolution of the
spectral function ρB(ω) of the bosonic propagator B(τ ) defined in
equation (1) and the spectral functionρaux(ω) of the auxiliaryGreen
function Gauxiliary(τ )=G(τ )/B(τ ) (Supplementary Equation (S9)).
For systems with a single well-defined plasma frequency the effect
of this convolution would be to replicate the low-energy spectral
features ofρaux(ω), with exponentially decreasingweights, displaced
by multiples of the plasma frequency. These satellites correspond
to processes where in addition to the one-electron addition or
removal process a certain number of plasmons are emitted or
absorbed. In the present case, the bosonic spectrum, plotted in
Fig. 1b, is more complex than just a single plasmon delta-function,
because it inherits the structures of ImU (ω)/ω2. Nevertheless,
sharp features present in ρB(ω) lead to replications of the structure
of the low-energy spectral density and thus to dispersionless satellite
features in the photoemission spectrum.

The low-energy part of the d-electron spectral function from the
dynamic-U calculation is shown in Fig. 2b, and the total spectral
function (p and d contributions) in Fig. 2c. In the dynamic-U
calculation, spectral weight is shifted to high energies, which leads
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Figure 2 | Effect of U(ω) on the d-electron spectral function. a, Total LDA density of states for BaFe2As2 with the p- and d-electron contributions shaded in
red and blue, respectively. b, d-electron spectral function obtained from the DMFT calculation at T = 290 K and optimal hole doping (x = 0.2 per Fe), using
the static value U0 (red curve) and the full frequency-dependent U(ω) (black curve). The inset shows the high-energy tail of the d-electron spectral
function. Arrows indicate the positions of satellites predicted by the dynamic-U calculation. c, Total spectral function (p and d contributions) of optimally
doped BaFe2As2 obtained from DMFT.
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Figure 3 |NFL behaviour of the self-energy. a, Imaginary part of the self-energy (orbital average) on the Matsubara axis for optimal hole doping (x = 0.2
per Fe), for both the dynamic-U calculation (red circles) and the static-U calculation (blue triangles). Solid and dashed lines are fits of the low-frequency
behaviour to the function −Im�(iωn) = A(ωn)α . The inset shows the low-frequency behaviour of the dynamic-U result for different temperatures. As the
temperature is raised, the extrapolation ωn → 0 yields a non-zero intercept, which indicates that even excitations at the Fermi level exhibit a finite lifetime.
b, Low-energy behaviour of the self-energy as a function of doping. Fermi-liquid behaviour is found in the undoped and electron-doped compounds,
whereas a non-zero intercept appears in the overdoped case. c, Sketch of the phase diagram in the space of temperature and doping. The blue region
indicates Fermi-liquid behaviour, whereas yellow indicates a frequency dependence of the self-energy that is not compatible with Fermi-liquid theory. The
light green dashed line marks the boundary of the crossover region, where the exponent α starts to deviate from 1. The dark green solid line corresponds to
α = 0.5, which marks the ‘spin-freezing’ transition. To the right of this line, an incoherent metal phase with non-zero intercept of Im� is found. The
experimentally measured phase diagram with superconducting (SC) and spin-density-wave (SDW) ordered phases is indicated by black dotted lines. Full
substitution (KFe2As2) corresponds to x = 0.5.

to a reduction in weight at low energies, compared with the static-U
result.More importantly, we see that the structures arising from p–d
hybridization are shifted closer to the Fermi energy, and the peak
near ω = 0 is strongly renormalized. Thus, the explicit treatment of
the strong Coulomb repulsion at large frequencies has a substantial
effect, even on the low-energy properties of the system. The large
quantitative effect ofU (ω) is remarkable given the fact that the real
part of the frequency-dependent interaction (Fig. 1a) remains of the
order ofU0 or lower up to ω ∼ 15 eV.

The sharp low-energy peak in the d-electron spectral function
results in weak but well-defined satellites, as discussed above. The
inset of Fig. 2b shows the high-energy tail of the occupied part of
the spectrum, with arrows marking the most prominent satellites
at −6.1 eV, −12 eV and −16 eV. This physics is not contained
in a static-U calculation or any other previous theoretical work
on pnictides. The observation of satellites at −6.5 eV and −12 eV
was emphasized in the photoemission study of ref. 8. Whereas
ref. 34 confirms a hump in the d-electron spectral function around

−6.5 eV, these authors suggest that the feature at −12 eV is an
As 4s line. Our calculation suggests that a d feature, originating
from the structure in the frequency-dependent interaction, is
superimposed on the As 4s spectral contribution. The −16 eV
feature is probably not visible in experiments, because it overlaps
with Ba 5p states, whereas a satellite that we predict at −3.8 eV is
masked by structures arising from p–d hybridization.

Non-Fermi-liquid properties of themetallic phase
Our theoretical study predicts unusual non-Fermi-liquid (NFL)
properties of the metallic phase near optimal doping, which
lead to a sensitive doping and temperature dependence of the
low-energy electronic structure. In a Fermi liquid, the imaginary
part of the Matsubara axis self-energy exhibits a linear regime
at low energy, whose slope is directly related to the quasiparticle
mass enhancement. However, as shown in Fig. 3a, for optimally
doped BaFe2As2 (x = 0.2 hole doping per Fe), and at the
temperatures of our simulations, we do not observe this behaviour:
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Figure 4 |Orbitally resolved spectral functions for optimally doped BaFe2As2 at T= 145K. a, Spectral functions along the path �–X–M–�, comparing the
DMFT result with LDA calculations (dotted). The bands are strongly renormalized near the Fermi energy. b, Total p and d contributions to the spectral
function in a wide energy window. The p states hybridize with the d states mainly in the unoccupied part of the spectrum. This is because it is precisely this
hybridization that pushes the d states up in energy. c, Cut through the hole pocket near (kx,ky) = (0,0), for different values of kz from � to Z, and resolved
into x2 −y2 and xy+yz contributions. Dotted lines indicate the LDA bands.

the self-energy behaves as −Im�(iωn) = A(iωn)
α with α ≈ 0.56

at temperature T = 145K, whereas a frequency dependence of
the form −Im�(iωn) = C + A(iωn)

α , with non-zero intercept
(scattering rate)C is found atT =290K andT =580K.

A similar phenomenonhas recently been observed in themetallic
phase of a three-orbital model35, and has been dubbed a ‘spin-
freezing’ transition, because the intercept C is due to scattering
off static (but disordered) local moments. The exponent value
α = 0.5 (and simultaneous onset of an intercept C > 0) mark
the transition into the spin-frozen or incoherent metal regime.
Large deviations from Fermi-liquid behaviour thus appear in the
vicinity of this transition. The phenomena described in ref. 35 are a
generic property of the metallic phase in multiorbital systems with
large Hund coupling. Our results in Fig. 3a indicate that optimally
doped BaFe2As2 atT ≈150K is close to the spin-freezing transition,
and that increasing the temperature shifts the material across the
spin-freezing boundary into the incoherentmetal regime.

The sublinear frequency dependence of the self-energy means
that Landau quasiparticles and effective masses cannot be properly
defined and further implies that the bands very close to the Fermi
level aremuchmore strongly renormalized than those further away,
consistent with the behaviour seen in Fig. 2. This NFL property
may explain why different photoemission experiments arrive at
considerably different estimates for band renormalizations, and
why it has been so difficult to reach a consensus on the importance
of correlations in BaFe2As2 (and, possibly, other pnictides).

Whereas Fermi-liquid properties may eventually be recovered in
simulations at low enough temperature (Fig. 3c), such behaviour is
cut off in real materials by the onset of the spin-density-wave or
superconducting phase. Thus the NFL and incoherent metal regime
dominates the physics in the whole temperature range of relevance

to this study. We also note that NFL behaviour has been proposed
for LaFeAsO and FeSe, on the basis of static-U calculations36–38.
Figure 3a shows the self-energy obtained by using a static U with
a value equal to the zero-frequency screened U . Comparison with
the dynamic-U calculations shows that the static-U approximation
underestimates the departures from Fermi-liquid behaviour: fitting
the self-energy to Im�(iωn) = A(iωn)

α yields α ≈ 0.75, which is
much closer to Fermi-liquid behaviour. Properly including the
frequency dependence of U leads to a substantially enhanced
self-energy, and a much larger frequency range over which the NFL
exponent describes the self-energy. In this sense, the dynamic-U
calculation, by increasing the interaction effects, shifts the material
closer to the spin-freezing transition, and the proximity to this
transition line results in a sensitive dependence on parameters such
as temperature and doping level.

Figure 3b shows the low-energy part of the self-energy of
BaFe2As2 at T = 145K for different dopings. Increasing the
hole doping leads to a large scattering rate whereas reducing
the doping leads to a coherent Fermi-liquid state with modest
mass enhancement and minimal many-body scattering. For
undoped and 20% electron-doped materials we find a Fermi-liquid
behaviour at the lowest temperatures, with orbitally averaged mass
renormalization factors 2.6 and 1.8 respectively. In the hole-doped
regime the proximity to the spin-freezing transition means that the
renormalization of the bands depends on the distance from the
Fermi energy, and only an approximate ‘mass enhancement’ can be
computed. Using the usual estimate based on the derivative of Im�

evaluated at the lowest Matsubara frequency, we find at optimal
doping (x = 0.2) the values 4.35 at T = 145K or 3.95 at T = 290K,
in quite good agreement with the mass enhancement of about 5
deduced from specific-heat measurements39.
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Figure 5 |Doping and temperature dependence of the low-energy spectral functions, and comparison with photoemission experiments.
a,b, Renormalized band structure at optimal doping (x = 0.2) and comparison with photoemission data taken from ref. 8 (green symbols). We plot the
result for two temperatures, T = 145 K (a) and T = 290 K (b), to illustrate the smearing of the bands at elevated temperature. c,d, Doping dependence of
the renormalized band structure. The undoped compound is in the moderately correlated Fermi-liquid regime, whereas the overdoped compound (x = 0.4)
is in the incoherent metal regime, where the scattering off static moments washes out the bands. e,f, Simulation results for the undoped compound at
T = 145 K, and comparison with photoemission data from ref. 16 (green symbols) and the LDA band structure (lines).

Our results on the NFL behaviour are summarized in Fig. 3c,
which sketches the phase diagram in the space of temperature
and doping. The incoherent metal regime is shown in yellow, and
the Fermi-liquid region in blue. The solid green line is defined
by the power-law exponent α = 0.5 (with simultaneous onset of
static magnetic moments) and represents the boundary of the
spin-frozen region in the sense of ref. 35. The dashed green line
marks the temperature and doping level below which Fermi-liquid
behaviour is recovered.

Momentum-resolved spectral functions
Spectral functions for optimally doped BaFe2As2 are shown in
Fig. 4. The orbitally resolved d-electron spectral functions along
the path �–X–M–� are plotted in a narrow energy range in
Fig. 4a. A comparison with the original local density approximation
(LDA) band structure (dotted lines) shows the strong band
renormalization at low energies, a consequence of the ‘square root’
behaviour of the self-energy near the spin-freezing transition. We
also see that the z2 orbital has no weight at the Fermi energy,
which at first sight might suggest a simpler model for BaFe2As2,
involving fewer d orbitals. However, owing to the sensitive doping
dependence of the spin-freezing phenomenon, such models may
have properties that are very different from those of our five-orbital
model (in a half-filled four-orbital model, spin freezing occurs only
in the vicinity of theMott insulating phase).

Figure 4b plots the total p and d contributions to the spectral
function along the �–X–M–� path. Remarkably, the p bands
(energy range [−5 eV:−2 eV]) hybridize with the d bands (energy
range [−2 eV:2 eV])mainly in the unoccupied part of the spectrum.
This property, which can already be seen at the LDA level40, is ampli-
fied in the DMFT description, because the empty d states are much
better defined than the filled states, whose spectra are smeared out
by the self-energy effects described above. It may lead to a further

asymmetry between electron and hole doping, beyond the strong
doping asymmetry implied by the spin-freezing phenomenon.

A close-up view of the hole pocket near � is shown for several
values of kz in Fig. 4c. Dotted lines again indicate the LDA bands.
Although the renormalization of these bands is very large, the
kz dispersion of the Fermi surface is found to be weak in the DMFT
description. The outer Fermi surface has predominantly x2 − y2

character and the inner Fermi surface xz+yz character.
A comparison of low-energy momentum-resolved spectra with

photoemission data is presented in Fig. 5. Figure 5a,b shows the
spectral function along the path �–X–M–�, for optimal hole
doping x = 0.2, T = 145K (Fig. 5a) and T = 290K (Fig. 5b).
Angle-resolved photoemission data from ref. 8 are indicated by
green symbols. (The photoemission spectra were measured at
T = 50K and T = 145K, respectively.) The agreement near the �,
X and M points is remarkably good, which shows that the very
strong low-energy renormalization implied by the NFL self-energy
is consistent with experiment. Increasing the temperature leads to
a smearing of the bands, a result of the temperature-dependent
intercept of Im� shown in the inset of Fig. 3a. Figure 5c,d illustrates
the strong doping dependence of the spectra. In Fig. 5c, we show
the result for the undoped compound at T = 145K, which is in
the Fermi-liquid region of the schematic phase diagram (Fig. 3c).
Indeed, our calculation produces well-defined bands with a modest
renormalization consistent with the factor 2.6 extracted from the
slope of the Matsubara axis self-energy. In Fig. 5d, we plot the
spectral function of the overdoped sample (x=0.4), which falls into
the incoherent metal phase characterized by a non-zero intercept of
Im�. As a result, the bands are smeared out. We also note that the
electron pocket at M has disappeared. These theoretical predictions
are consistent with measurements on the end member of the series,
KFe2As2, reported in refs 41,42. Figure 5e,f compares the low-
energy band structure in the undoped compound at T = 145K to
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photoemission data taken from ref. 16 (green symbols) and the LDA
bands (black lines). In this case, our calculation underestimates
the band renormalization somewhat. However, given the large
differences in the band renormalizations between the optimally
doped and undoped compounds, we consider the agreement with
the theoretical calculation satisfactory.Wenote that the discrepancy
with the experiment is less than 0.05 eV, and thusmuch smaller than
in any previous theoretical work.

The spin–spin correlation function is known to exhibit an
unusually slow (imaginary time) decay near the spin-freezing tran-
sition, whereas there is no particular anomaly in the orbital cor-
relation functions35. Whether and how these properties are related
to our observation that the maximum superconducting transition
temperature in BaFe2As2 is reached in the vicinity of the spin-
freezing transition is an interesting topic for future investigations.

Methods
Our scheme can be viewed as an extension of the combined DFT+DMFT
method21,22 to dynamical interactions, or as promoting extended DMFT43,44 to a
realistic scheme by combining it with input from electronic-structure calculations
within the density functional and constrained RPA frameworks. Alternatively, our
method can be considered as an approximation to a fullGW +DMFT calculation45.
The present scheme simplifies the general formulation in so far as only a local
self-energy is calculated (as in DMFT) and two-particle quantities are calculated at
a non-self-consistent level. Thereby practical calculations become feasible even for
complexmultiband systems such as the iron pnictide compounds.

In a Hamiltonian formulation, we can write the multiorbital model with
dynamically screened interactions as

H =
∑
{imσ }

(H LDA
im,i′m′ −H

double counting
im,i′m′ )a

†
imσ ai′m′σ

+ 1

2

∑
imm′σ

(correl. orb.)

Vmm′nimσnim′−σ + 1

2

∑
im�=m′σ

(correl. orb.)

(Vmm′ − Jmm′ )nimσnim′σ

+
∑
i

∫
dω

[
λiω(b

†
iω +biω)

∑
mσ

nimσ +ωb
†
iωbiω

]
(3)

It consists of a multiorbital Hamiltonian with Slater–Koster interaction parameters
V and J , which depend on orbital indices m, m′ and are defined as in ref. 22,
albeit with the bare Coulomb interaction V entering the Hubbard terms, and a
further bosonic Hamiltonian with bosonic modes coupling to the total electronic
occupations of the atomic sites. Here, a

†
imσ creates an electron on atom i in orbitalm

with spin σ and nimσ is the number operator for such electrons. For computational
reasons, we have restricted ourselves to density–density interactions. The bosonic
part of the Hamiltonian describes the coupling of the electronic degrees of freedom
(through the total charge Ni = ∑

mσ nimσ on site i and some coupling constant λiω)
to bosonic modes. These bosonic modes represent the screening (through both
plasmonic and single-particle excitations of the non-d electrons) of the charge
fluctuations on the Fe d sites.

We solve the multiorbital lattice problem using DMFT (ref. 20), which maps
it to a self-consistent solution of a five-orbital quantum impurity model. This local
approximation, and the integration over the bosonic degrees of freedom, leads to
an action of the form

Simp =
∫ ∫

dτdτ ′ ∑
mm′σ

(correl. orb.)

a†
mσ (τ )G −1

0mm′σ (ττ ′)am′σ (τ
′)

+ 1

2

∫
dτ

∑
mm′σ

(correl. orb.)

Vmm′nmσ (τ )nm′−σ (τ )

+ 1

2

∫
dτ

∑
m�=m′σ

(correl. orb.)

(Vmm′ − Jmm′ )nmσ (τ )nm′σ (τ )

+ 1

2

∫
dτdτ ′N (τ )Uretarded(τ −τ ′)N (τ ′) (4)

with dynamical ‘Weiss fields’ G −1
0mm′σ , −ImUretarded(ω)= πλ2ω , and the partially

screened interactionU0 =V −2
∫
dω(λ2ω/ω).

The frequency-dependent (or retarded) U can be viewed as a systematically
downfolded interaction, stemming from a static Hamiltonian including all—even
high-energy—degrees of freedom, in the sense of ref. 27. In practice, we
calculate it from the constrained RPA method as described in Supplementary
Information. The impurity model (with frequency-dependent interactions) is
solved using a Monte Carlo method based on a stochastic expansion of the
partition function in the impurity-bath hybridization31,32. Details can be found in
Supplementary Information.
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