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Abstract

Pump-probe experiments have suggested the possibility to control electronic correlations by driv-
ing infrared-active phonons with resonant midinfrared laser pulses. In this work we study two possi-
ble microscopic nonlinear electron-phonon interactions behind these observations, namely coupling
of the squared lattice displacement either to the electronic density or to the double occupancy. We
investigate whether photon-phonon coupling to quantized light in an optical cavity enables similar
control over electronic correlations. We first show that inside a dark cavity electronic interactions
increase, ruling out the possibility that T, in superconductors can be enhanced via effectively de-
creased electron-electron repulsion through nonlinear electron-phonon coupling in a cavity. We
further find that upon driving the cavity, electronic interactions decrease. Two different regimes
emerge: (i) a strong coupling regime where the phonons show a delayed response at a time propor-
tional to the inverse coupling strength, and (ii) an ultra-strong coupling regime where the response
is immediate when driving the phonon polaritons resonantly. We further identify a distinctive fea-
ture in the electronic spectral function when electrons couple to phonon polaritons involving an
infrared-active phonon mode, namely the splitting of the shake-off band into three bands. This

could potentially be observed by angle-resolved photoemission spectroscopy.

I. INTRODUCTION

The ultrafast optical control of nonthermal phases of matter in quantum materials is
a blossoming research field.""> Among the most intriguing experimental results are reports
that suggest the possibility to induce transient superconducting-like states through laser
driving.>'* This effect was observed in several classes of materials that share the common
feature of a superconducting ground state (GS), implying the interpretation that the laser
driving effectively raises the material’s critical temperature. In order to explain the observed
behaviour a number of different microscopic mechanisms were subsequently proposed.¢-!
However, to date no final and unifying conclusion could be drawn, neither on the nature of
the transient states nor on the mechanism behind them.

From a practical point of view, a drawback of the transient superconducting-like states
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is their relatively short life time, typically in the picosecond range, with a recent exten-
sion to the nanosecond regime in K3Cg.°> As an alternative route to control over material
properties, light-matter coupling in cavities has been suggested.”®°” In these setups, in-
stead of achieving strong modifications of material properties by strong driving, one focuses

on realizing strong coupling between light and matter, supported by recent experimental

advances.”® % This might enable the engineering of material properties already with few

photons®”%® or even inside a dark cavity, utilizing only the vacuum fluctuations of the light

field.%” Since in this case the material stays in its ground state or energetically close to it,

effects from detrimental heating are expected to be reduced and life times to be longer.

In general, photons couple to charged particles or excitations. Hence there are two main
pathways to manipulate electronic properties of a material: either by employing the direct
coupling of the light to the electrons; or by utilizing the coupling to other degrees of freedom
of the system — for example lattice vibrations — that in turn couple to the electrons. Along
the former path several studies have investigated cavity-induced phenomena both from a

theoretical and experimental point of view, including superconductivity in which the pho-

tons of a cavity provide the pairing glue for the electrons similar to a BCS description,™ "

68,74 75-84
k,

suppression of the Drude pea superradiance for which it remains an open question

85-90 91-98

whether it can be realized in equilibrium, coupling to magnetism and in particular

99-104

magnons, excitons'" ! forming exciton polaritons!%!'3

and the modification of topo-
logical states of matter.''* 117 Taking a complementary approach, the photons in a cavity also
couple to lattice vibrations forming hybrid light-matter excitations — namely phonon polari-

118,119

tons. Their potential for steering chemical reactions, inducing superconductivity,?"

7121 - achieving the redistribution of energy

influencing the ferroelectric phase-transition,
between otherwise non-resonant phonon modes'??, or influencing the electron-electron inter-

action mediated by phonons'?® has recently been investigated.

In this work we explore the possibility of replacing the laser drive for inducing transient
superconducting-like states by coupling a material to an optical cavity. Among the proposals
considered to explain the transient states is the suggestion that the laser effectively drives
infrared-active (IR-active) phonons in the system that in turn lead to an effective attractive
interaction between the electrons through one of two mechanisms put forward.”!%1%:2! These
mechanisms involve either a coupling of the phonon coordinate X to the electronic density

of the form X?n, or to the double occupation of the form X?nsn;. Such couplings are
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distinct from the paradigmatic BCS mechanism since the phonons involved are IR-active.
Therefore, a coupling to the electrons proportional to an odd power of the lattice displace-
ment, including a linear coupling as in the BCS mechanism, is in general forbidden by

19,124,125 4 inversion-symmetric crystals. In particular in Ref. 9 a superconducting

symmetry
response of the system was only observed when driving specific phonon modes in the charge-
transfer salt x-(BEDT-TTF),Cu|N(CN)q|Br, abbreviated as k-salt from here on out. Our
modelling therefore focuses on this k-salt but is kept sufficiently general to be applicable in a
broader sense. Since the considered mechanisms stem from an electron-phonon interaction,
we neglect a direct coupling of the electrons to the photons of the cavity. The remaining

coupling between the cavity and the phonons will naturally lead to the formation of phonon

polaritons.

After introducing our model we investigate the effect of coupling the phonons in the
system to the vacuum fluctuations of a cavity. For both considered electron-phonon coupling
mechanisms this yields an increase of electronic interactions. This rules out the possibility
to enhance T, in superconductors by reducing the electron-electron repulsion via vacuum
fluctuations through both proposed phonon mechanisms. Next we consider a weak drive of
the cavity, populating the cavity with few, O(1) photons. Similar to the case of classical
driving of the phonons, this decreases electronic interactions. We find that in the strong
coupling (SC) but not ultra-strong coupling (USC) regime an increase of the light-matter
coupling (LMC) does not necessarily lead to a more pronounced effect. Instead a LMC
that exceeds cavity losses is needed since it determines the time scale on which the photons
transfer their energy to the phonons. Complementary to this, when increasing the LMC to
become comparable to the bare cavity frequency hence entering the USC regime, we find
that driving the emerging phonon polaritons resonantly at their respective eigenfrequency
induces an immediate response in the electronic system. Thus in this USC regime a LMC
that outweighs cavity losses is not strictly required anymore. Finally, we consider the effects
of polariton formation on the electronic spectral function that is in principle observable in an
angle-resolved photoemission spectroscopy (ARPES) measurement. To this end we derive
an effective model which we show to capture the dynamics of the system well. We show a
distinctive feature of electrons coupling to polaritons that stem from an IR-active phonon.
The shake-off band'?® that is predicted to appear at a distance from the main spectral peak

that equals twice the phonon frequency'?” splits into three bands. We discuss the feasibility
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Figure 1. Model and effect of dark cavity on electron-electron interactions. a.) A
Hubbard dimer with electrons (blue arrows) coupled to infrared-active phonons (red springs), that
are in turn coupled to an optical cavity (black mirror plates). Parameters that appear in the
definition of the model in Eq. (1), Eq. (2), Eq. (3) and Eq. (4) are indicated. The frequencies of
the phonon-photon hybridized polariton modes w; and w_ are indicated. b.) Polariton frequencies
wy (green curve) and w_ (brown curve) for equal bare phonon and photon frequencies. c¢.) Double
occupancy Eq. (10) for different values of the light-matter coupling parametrized by wp inside a dark
cavity. For both coupling mechanisms g; = 0, go = —0.2J (X 2nTn 1, green curve) and g = 0.5J,
g2 = 0 (X2n, brown curve) an increase of the light-matter coupling leads to a decrease in double
occupancy that is associated with an increase in the effective electron-electron interaction. The
black line (¢ = 0) marks the value for the uncoupled Hubbard dimer for these parameters. We used
as a cutoff of the bosonic part of the Hilbert space Ng = 16. Other parameters are the same as in

the main text, Sec. II.

of experimentally measuring this feature.

II. MODEL

We orient our modelling on the s-salts discussed in Ref. 9 where they were described using
a Hubbard model. Other molecular compounds, such as ET-F>;TCNQ studied in Refs. 19
and 21, were also found to be described well by a Hubbard model.'?*'? We therefore also

consider a Hubbard model for the matter degrees of freedom, focusing on the two-site version



of this model — the Hubbard dimer. The Hamiltonian reads

N 1
b=t ¥ o0 ¥ (- (1) o

oe{t} je{1,2}

T

Here, ¢;, annihilates -; ¢; ; creates an electron at one of the two sites j € {1,2} with spin

o € {1,}}. J denotes the hopping integral, U the onsite repulsion of the electrons and we

sel Al
used 15, = ¢; ,Cjq
We couple each site to an optically active phonon for which the bare Hamiltonian is

expressed as
phon - prhon b b (2)

In this expression Bj annihilates -; IA); creates a phonon with frequency wphon at site j. Since
the molecules forming the studied solids are centrosymmetric, a coupling between elec-
trons and phonons that is linear in the phonon displacement )A(phon,j = m (b + bT)
is forbidden.!'?'?412> The most general term for the electron-phonon interaction where the

electrons couple to the quadratic displacement of the phonons reads
phon o Zgl ( j) ( N4 + n ) + g2 (bj + b;r) n?#n?li (3)

Here g; parametrizes the coupling of the phonons to the linear electronic density and g, that
of the phonons to the double occupancy. In previous works both a coupling that involves a

1921 a5 well as one that only incorporates a cou-

term proportional to the double occupancy
pling to the linear electronic density'® have been considered to understand the optical control
of electronic correlations. In this work we will investigate both mechanisms separately, hence

either setting g; # 0 and g» = 0 or vice versa.

We model the light degrees of freedom of the optical resonator by a single bosonic mode.
The photon of the cavity is coupled to the optically active phonon whereas its coupling to
the electrons is neglected. Thus we write the total Hamiltonian of the system, including

the photon-phonon interaction®" and the bare photon energy and collecting the previously



defined terms in Eq. (1), Eq. (2) and Eq. (3)
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Here, G annihilates -; a' creates a photon in the effective single cavity mode. wypne; denotes
the bare cavity frequency, wp the polariton frequency that parametrizes the phonon-photon
or light-matter coupling. The model is illustrated in Fig. 1 a.).

The coupling between phonons and photons will lead to the formation of hybrid light-
123

matter states, phonon polaritons. Their effective frequencies are calculated as'*® (see Ap-

pendix F)

1 2
wh = 2 (wf)hot +wi + wghon + \/ (wf)hot +wd + wghon) 4wphotwphon> . (5)

For identical phonon and photon frequency, the polariton frequencies are plotted as a func-
tion of the coupling wp in Fig. 1 b.). We call the polariton with the effectively higher
frequency w, the upper polariton and that with the effective lower frequency w_ the lower
polariton.

In what follows the hopping J defines the unit of energy. For the onsite repulsion U we
take an intermediate value of U = 5J that was found in first principles calculations for the

k-salts.” The C — C' breathing mode of the k-salts has an effective frequency of well = 2.J

phon
that is composed the bare phonon-frequency and contributions stemming from the coupling
to the electrons. In Ref. 19 it was shown for the molecular compound ET-F;TCNQ that
the contribution from the coupling to the electrons can be comparable to or even dominate
that from the bare phonon frequency. We therefore choose parameters such that the two
contributions are close to equal in the case of the coupling to the linear electronic density,

where we set

g1 =05J; g =0. (6)

We determine the bare phonon frequency wpnon such that the effective phonon frequency is

equal to the value previously determined for the k-salts w¢ == 2J. We find

phon

Wohon = (\/S - 1) T 104 (7)
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to fulfill this condition. The exact procedure how to obtain the bare phonon frequency is
outlined in Appendix A. In the case of coupling exclusively to the double occupancy, the
coupling constant g, is expected to be negative?! for the considered solids. We anticipate a
somewhat smaller absolute value |gs| < |g1| compared to the coupling to the linear electronic

density (see Eq. (6)) and thus choose
g1=0; go=—-0.2J. (8)

We note that the detailed values of these couplings do not fundamentally alter our conclu-

sions. Choosing the bare phonon frequency as
Wphon = 2.02.] (9)

creates a resonance of the phonons at frequency 2J (also see Appendix A). We couple the

phonons resonantly to the cavity and therefore set wphor = wg{fon =2J.

III. ELECTRON-ELECTRON INTERACTIONS INCREASE IN THE DARK CAV-
ITY

A classical drive of the phonons effectively decreases electron-electron interactions for
both electron-phonon coupling mechanisms.'%%?! Here, we investigate the effect that the
coupling of vacuum fluctuations of an optical cavity to an optical phonon have on the effective
electron-electron repulsion. As a measure for the repulsion we compute the electronic double
occupancy

D = <E> = (Dl + D2> = <ﬁ‘ilmil¢ + ﬁSITﬁglﬁ (10)

An increase in the double occupancy corresponds to a decrease in electronic interactions
according to the notion that electrons repel each other less and vice versa. We set the
temperature to 7' = 0 such that the expectation value in Eq. (10) is evaluated with respect
to the GS. We obtain the GS via exact diagonalization (ED) introducing a cutoff N in the
bosonic part of the Hilbert space. This is chosen as Ny = 16, and we have checked that all
results are converged with respect to this cutoff. A more detailed analysis of the convergence
in this parameter can be found in Appendix B.

The results for different values of wp are shown in Fig. 1 c¢.). Without a cavity (wp = 0)

the coupling to the phonons leads to a slight increase of the double occupancy for both
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Figure 2. Temperature dependence of cavity renormalized double occupancy. Thermal

average of the double occupancy according to Eq. (11) calculated for different temperatures. We

used J = 80meV and otherwise the same parameters as in Fig. 1c.). The upper curves are calculated

with the phonons coupled to the double occupancy of the electrons, while for the lower curves a

coupling to the linear electronic density was used, as indicated by the labels.

coupling types — even without a coherent driving. The coupling of the cavity, however,
reverses this effect and leads to a decrease of the double occupancy. From this observation
one can deduce that the presence of the vacuum fluctuations of the cavity increases electronic
interactions for both considered electron-phonon coupling mechanisms.

We also consider the effect of finite temperature on the cavity-induced increase in effective
electron-electron interactions discussed above. For this we calculate the thermal expectation

value of the double-occupancy in the canonical ensemble according to

<D>therm = % Z<wn|D|¢n>€_BEn7 (11)

n

where Z = 3 e PFn is the partition function, E,, is the n™ eigenenergy of the system, [t,,)
the corresponding eigenstate, and [ = kBLT the inverse temperature. To obtain concrete
temperature values we take J = 80meV, which is the value found in ab initio simulations for
the x-salts performed in Ref. 9. Since these were performed for a triangular-lattice Hubbard
model, this can only give a rough order-of-magnitude scale for the temperatures.

The result are presented in Fig. 2. Overall, higher temperatures result in a reduction of

the double-occupancy but the effect from the coupling to the cavity remains present.
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Figure 3. Driven cavity with coupling of squared phonon displacement to linear elec-
tronic density. Time evolution starting from the GS under a coherent drive of the cavity with
driving function F(t) (Eq. (13) shown at the bottom) for a coupling of the phonons to the linear
electronic density (g1 = 0.5J, g2 = 0 — see Eq. (3)). Plotted are the double occupancy of the

electrons according to Eq. (10), the total number of phonons in the system Nppon = D j IA);rIA)J and

the number of photons Npot = a'a. a.) Strong coupling regime with wp = w‘jfg’t (blue line) and

wp = w%%ot (yellow line). The photons of the cavity are driven resonantly at wprive = Wphot- We

observe the beginning of a beating motion between photons and phonons such that it takes the
photons a time of % = Tbeat to transfer their energy to the phonons. b.) Ultra-strong coupling
regime wp = 0.5wphot. The system is driven at three different frequencies: the bare cavity resonance
WDrive = Wphot (blue line) and the upper and lower polariton frequency wprive = w4 (yellow line)
and wprive = w— (green line), respectively. When driving the polaritons resonantly both photon
number Nppot = a'a and the phonon number Nphon = ) i lA);rlA)] increase instantaneously. The cutoff
of the bosonic Hilbert space is set to Ng = 10, and N; = 80 time points per driving period were

used.

IV. WEAK DRIVING OF THE CAVITY

In this part we apply a weak coherent drive to the cavity and investigate the dynamical

change of electronic interactions. Adding a coherent drive, the time-dependent Hamiltonian
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Figure 4. Driven cavity with coupling of squared phonon displacement to double occu-
pancy. The same setup and identical parameters as in Fig. 3 but with the phonons coupling to
the double occupancy of the electrons (g1 = 0, go = —0.2J — also see Eq. (3)) and the bare phonon
frequency adjusted such that the effective phonon frequency remains resonant with the cavity as
discussed in Sec. II. The displayed behaviour is qualitatively similar to the case of the phonons

coupling to the local electronic density shown in Fig. 3.

reads
H(t) = H + F(t) Appor. (12)

Here, H is the Hamiltonian of the undriven system Eq. (4), flphot = \/2— (aT + a) is the
Wphot

quantized cavity field and F(¢) is a pump pulse for which we choose a Gaussian envelope

Fit) = Fy—exp (10 Gin(wpme) (13)
= Fh—ex ————— | sin(Wpyivel).
We use tg = ﬁ, o= wj:m and \/ﬁ = 37‘] as parameters for the driving envelope. At

t = 0 the system is prepared in its GS and then evolved forward in time via a commutator-free
scheme according to Ref. 131. Details about the numerical scheme including a convergence
study in the finite time-step used as well as the cutoff of the bosonic part of the Hilbert
space can be found in Appendix C.

The coupling strength between light and matter inside a cavity is typically classified by
comparing it to two distinct quantities: once to the losses of the cavity, where strong coupling

(SC) refers to a situation in which the coupling exceeds the losses; and once by comparing the
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coupling to the bare cavity resonance. When the coupling reaches one tenth of the resonance
frequency one speaks of ultra-strong coupling (USC).>* We do not consider any losses of the
cavity, and since we modelled the solid within the cavity with the Hubbard dimer there are
no true heating effects either. We are therefore automatically in the SC regime since all
time scales are shorter than the (infinite) decay time of the cavity excitation. Effects from
including a finite cavity life time are discussed later in this section. Comparing the strength
of the LMC parametrized in our case by wp to the bare cavity resonance we consider two
Wphot Wphot .

different regimes: two values below USC of wp = T and wp = TR and one value within

the USC regime of wp = “2t.

The time evolution of the GS of the full coupled system for a coupling of the phonons to
the linear electronic density (g1 = 0.5.J and go = 0 — also see Eq. (3)) is shown in Fig. 3 and
that for the coupling of the phonons to the double occupancy (¢ = 0 and g, = —0.2J —
also see Eq. (3)) of the electrons in Fig. 4. Both coupling mechanisms display qualitatively
similar behaviour. In the case of strong, but not ultra-strong coupling, the pump drives the
cavity into an excited state with an increased photon number Ny = a'a within the time
duration of the pump. The strength of the drive is such that only few photons Nyp.t = O(1)
are created. The energy of the photon excitation is subsequently completely transferred
to the phonons on a time scale that is approximately ﬁ, as marked in the plot. When
considering even longer times the excitation of the cavity mode and the phonons oscillates

back and forth with a period Tpea: ~ ﬁ—;.

In the USC case wp = “%, driving the cavity at its bare resonance frequency wprive =
wphot ONly yields a weak response. However, when driving at an increased frequency of
Wprive = 2.56J = w, that coincides with the upper polariton frequency wy or a decreased
frequency of wprive = 1.56J = w_ coinciding with the lower polariton frequency w_ again a
sizeable response is obtained. In contrast to the SC regime, the phonon system reacts im-
mediately in the USC regime. No periodic oscillations between light and matter excitations

are observed in this case. Instead both the phonon number Nypon = > i lA);lA)] and the photon

number Nppot reach a plateau after the drive, with some oscillations on top.

The dynamics of the cavity mode and the phonons can be understood as that of two

coupled harmonic oscillators with coupling constant wp. To see this we first note that the

12



cavity only couples to the even superposition of the phonon modes on the two sites,

~ . A/ Wphon ~ N ~ ~ CUQ N N\ 2
thon—phot - ZWP—p (aT + CL) Z (b] - b;) + . (aT + CL)
2V2/phon ; At (14)
Wphon 7 7 z
:in—M(aT+a)\/§<bo—b$> + P (af +a)?,
22, /Wphot Wphot

where we have introduced the even combination of bosonic operators

R 1 /~ "
b = = (bgt) n bg)) 7 (15)

to which a complementary odd combination exists,

~ 1 ~ ~
() M _ i
i =— <b1 B ) . (16)

In the strong, but not ultra-strong, coupling regime the two oscillators are weakly coupled

when comparing with their bare frequency wp < wphot and wp < wpnon. The drive of the
cavity displaces one of the oscillators (the photons) such that in the subsequent coupled
motion one observes beats — a phenomenon well known from classical physics. The period
of these beats is classically expected to be Tyeat = i—’;, since wp equals the splitting of the
two eigenmodes of the system, such that one expects the first maximum in the phonon
occupation after a quarter period ™t = e This matches well with the observations in
Fig. 3 and Fig. 4.

In the USC regime light and matter excitations are completely hybridized forming phonon
polaritons: One upper polariton with an increased effective frequency of w, ~ 2.56.J; and one
lower polariton with a decreased effective frequency of w_ ~ 1.56.J according to Eq. (5). This
explains why only a small response is observed when driving the system at its bare resonance
frequency wphot = 2J — one simply drives the effective oscillators off-resonantly. When the
polaritons are driven at their true resonances instead, with wpyve = Wi OF Wprve = W_,
both phonon and photon degrees of freedom show an immediate response which is a direct
consequence of the hybridization of light and matter degrees of freedom.

In a more realistic setup the cavity-matter system experiences losses, either through

imperfect mirrors or heating of the material, that might be parametrized by an energy

Wphot
20

Wphot

"o~ the response of the

constant .. In the case of smaller LMC wp = and wp =
system is only triggered with a certain time delay & In a realistic setup, in order to get a

sizeable effect, one thus need a LMC of
WP > Yoss- (17)
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This is precisely the definition of the SC regime.”* '3

Only increasing the LMC compared
to the bare cavity frequency does not necessarily yield a larger effect as becomes apparent
both from Fig. 3 and Fig. 4. The comparison of the LMC to the cavity losses is therefore

the more relevant one in this regime.

In the USC regime the response is immediate. One therefore does not need wp > 755 but
the challenge lies in reaching a LMC that is of comparable size to the bare cavity frequency
(54,132

Wp A Wphot- Lhis is, in turn, precisely the definition of US , which is in particular not

a subset of SC.

Both electron-phonon coupling mechanisms display qualitatively similar dynamics. In
Appendix D we compare again both mechanisms also for classically driven phonons, finding

essentially similar behaviour.

V. SIGNATURES OF ELECTRON-POLARITON COUPLING IN SINGLE-PARTICLE
SPECTRA

To further understand the effects of the cavity on electronic properties, we investigate
the spectral function for single-particle excitations of the system. To this end, we focus
on the coupling to the quadratic density (g3 = 0, g2 # 0) since both coupling mechanisms
yield similar GS as well as dynamical properties (see Sec. III and Sec. IV). The model
including only the coupling to the quadratic density allows for a further simplification when
investigating changes induced through the presence of the cavity. The cavity only couples
to the even superposition of the two phonon modes, as already noted in Eq. (14). We thus
neglect the complementary bosonic mode that is given by the odd combination of phonon
excitations. In Appendix E we show that this leads to an effective model in which a single
boson couples to the total double occupancy of the electrons D Eq. (10) with decreased
strength g = 1/2¢go and the same coupling to the cavity mode @p = wp. The dynamics
induced through the cavity in this model is qualitatively the same as that in the full model
Eq. (4). Additionally, we restore the particle-hole symmetry of the system by writing the

electron-phonon coupling as

. RN 0 N[ 1
thon—ef = 3gs <b1 + b+> Z (n]}]‘ - 5) (n]}L - 5) . (18)
J
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Figure 5. Effects of polariton formation on spectral functions. Different spectra according
to Eq. (19). Only w < 0 is shown due to particle-hole symmetry. a.) The J = 0 limit without
cavity wp = 0. The spectrum of the bare Hubbard dimer is shown in gray. Two side peaks at
2wphon and 4wppen distance from the main peak are visible. b.) Same as a.) for intermediate
coupling U = 5J displaying the same phenomenology of 2wpnon side peaks. c.) Spectral function
in the strong coupling limit J = 0 for different values of the light-matter coupling wp. The red
lines indicate distances from the lower Hubbard band, 2w, , 2w_ and wy + w_. At wp = 0 the
spectrum coincides with that shown in a.) whereas upon turning on the light-matter coupling
wp > 0 the shake-off peak splits into three. The intensity scale is indicated on the right. d.) Same
as c.) just for intermediate coupling U = 5.J and the case wp = 0 coinciding with b.). We mark
distances from both peaks according to the same combinations of polariton frequencies, 2w, 2w_
and w4 + w_, from both bands — solid lines for distances to the higher lying main band and dashed
lines for distances to the lower lying main band. Otherwise the same phenomenology as in the

strong coupling case, namely the splitting of the shake-off states, is observed. Ny = 20 was used.
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The operator added in the coupling to the electrons in this way only acts like the identity on

the electronic part of the Hilbert space and is therefore expected to not change the dynamics.
We calculate the spectral function from the time-evolved states according to the general

formalism of time-resolved photoemission spectroscopy,'?
A(w, tg) = Re/dtldt2 et g o (to)

. ) (19)

[(W(ta)] ], Te P00 oy (1) + (00| &0, Te P02 6] w(e,))]

with 7 the time ordering operator.

The choice of a particular site or spin orientation does not matter due to symmetry. As

we strictly work at zero temperature the expectation value is calculated with the GS of the

system |tgs), which is determined via ED. Here sy, 4, -(t9) denotes a Gaussian probe pulse

defined as
St (to) = (27°/20) " exp(—(t1 — t0)*/(20%)) exp(—(t2 — to)?/207). (20)

In the following we take ¢ = 1.6/J and to = 5/J. As parameters for the model we set
J =1and U = 5J, take wpnot = 2J and an electron-phonon coupling of g, = —0.2J, unless
explicitly denoted otherwise.

The spectral functions for the Hubbard dimer coupled to the phonon mode without

cavity, %’

wp = 0, are shown in Fig. 5 a.) and b.). We first focus on the case without
hopping, J = 0, Fig. 5 a.). By construction the spectrum is particle-hole symmetric which
is why we only show the lower part. The spectrum of the uncoupled Hubbard dimer is
shown in gray exhibiting the well-known lower Hubbard band. When coupling the electrons

to the phonons two shake-off bands at distances 2wphon and 4wphon from the main peak

emerge. No side peaks at uneven multiples of the frequency wpnon are observed, which is a
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result of the non-linear coupling proportional to the squared phonon displacement X2, o,

This coupling essentially squeezes the phonon which leads to the response of the system at
twice the bare phonon frequency — a phenomenon that has previously been predicted and
measured.'*51%5 Additionally the bare value of U is slightly modified - the effect is however
quite small and can hardly be seen. The small wiggles in the spectrum are an artefact of
the Gaussian probe pulse.

The spectrum in the intermediate coupling 