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Abstract

Light can interact with matter in a variety of ways. When the
electromagnetic field is confined in a cavity, larger light-matter coupling
strengths can be achieved, which opens the possibility to discover
unconventional phenomena that are usually impossible to observe.
When the coupling strength is comparable to the frequency of the
electromagnetic field, the so-called ultrastrong coupling (USC) regime
is reached. In this regime, the rotating wave approximation (RWA)
is no longer valid, and the interaction between light and matter must
be treated in a non-perturbative way. Moreover, the number of
total particles is no longer conserved, meaning that several processes
(or virtual transitions behind them) can create particles (or virtual
particles) from the vacuum. Nevertheless, in this regime, several
theoretical issues arise. For example, the number of photons in the
ground state acquires a non-negligible value, which means that, in
principle, the cavity can emit photons even in the lowest energy
state, which is unphysical. A breakdown of gauge invariance also
occurs, suggesting that the standard approach must be treated properly.
Furthermore, the standard way to describe open quantum systems in
Markovian baths must be revised, since the subsystems in this regime
are strongly correlated.

In this Thesis, we explore the context of light-matter interaction,
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Abstract

showing how these issues can be interpreted and fixed. We start
by defining the basics of light-matter interaction. Starting from a
Lagrangian approach, we derive the most two common gauges in cavity
QED: the Coulomb gauge and the multipolar gauge (also known as
dipole gauge in the case of a constant vector potential). We then pass
in the Hamiltonian framework, deriving a full quantum treatment of
light-matter interaction.

Compared to the quantum harmonic oscillator, which has a linear
energy spectrum, matter systems usually present non-linear energy
spectra. Thus, a truncation of the Hilbert space to the lowest energy
levels can simplify the treatment of the system, leading to the quantum
Rabi model in the case of a two-level atom in interaction with a
single-mode cavity field. However, this truncation process leads to
the breakdown of gauge invariance. Specifically, the Coulomb gauge
reproduces different results concerning those in the dipole gauge or
even in the non-truncated system Hamiltonian. We show that this
breakdown is due to the non-locality that the matter potential acquires
when performing the projection into the lowest energy states. To
overcome this issue, the correct Coulomb gauge can be obtained through
a generalized minimal coupling replacement, which is introduced after
the truncation and not before.

The dipole gauge, however, is not always well defined. Indeed,
in this frame, the minimal coupling replacement is performed in the
photonic part of the Hamiltonian rather than in the matter part. Thus,
the conjugate momentum of the vector potential is different from the
standard one and contains the polarization vector of the matter system.
Everything related to the electric field must be redefined in this gauge
because the electric field is no longer the conjugate momentum of the
vector potential. This includes photodetection, the interaction with an
external environment, pure dephasing effects, and photon condensation.

In this Thesis, we will focus on all these topics. First, we will show
how to define the photodetection. Specifically, following Glauber’s
theory, it is defined as the product of the negative and positive frequency
parts of the electric field. In the absence of any interaction with
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the matter, the negative and positive frequency parts correspond to
the creation and destruction operator, respectively. However, when
the interaction becomes relevant, this is no longer true. Moreover,
we will derive a generalized master equation, which, compared to
the standard one, is derived with a minimal amount of assumptions:
the Born and Markov approximations. Using the standard master
equation in the USC regime leads to a finite number of photons at
the steady state, even at zero temperature, and with the correct
photodetection operators. We then apply this solid approach to an
incoherent pumping process, showing how thermal excitations of the
atom can be detected from an emission spectrum of the electromagnetic
field. We apply this framework also to coherent pumping, showing the
peculiar effect of spontaneous scattering of Raman photons without
vibrational degrees of freedom. As mentioned above, this process can
be observed only when the number of particles is not conserved (i.e.,
the USC regime). We then study the effect of pure dephasing in
the USC regime, showing a gauge-invariant treatment of this process,
demonstrating also here that the standard approach is no longer valid
when the light-matter coupling strength is comparable to the frequency
of the electromagnetic field. Finally, we study the phenomenon of
photon condensation (or superradiant phase transition), where the
ground state acquires a macroscopic number of coherent photons. We
prove that this phenomenon can not be achieved in the absence of a
magnetic field, showing that previous works that claim the existence
of this phenomenon used gauge-dependent approaches.
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CHAPTER 1

The basics of light-matter
interaction

It is well-known that light and matter interact with each other. We
know that a charged particle immersed in an electric field is subject
to a force F = ¢E, where ¢ is the charge of the particle and E is the
electric field. The same particle also interacts with a magnetic field
with a force F = ¢(v x B), where v and B are the velocity of the
particles and the magnetic field, respectively.

Although we have already identified more or less what is called
“matter”, someone lacking knowledge in physics could encounter
difficulty in identifying the representation of light described above.
This definition will be explained later.

The task of this chapter is to give some elementary information
about light-matter interaction and to introduce also some problems
that might emerge with a wrong theoretical description.



1. The basics of light-matter interaction

1.1 What is matter?

If we ask someone what matter is, he may answer that it is anything
that has mass and occupies space'. In other words: a table, a book,
a glass, a hydrogen atom, an electron. All these objects are classified
as matter, and, following Newton’s second law, all of them obey the
formula F = ma, where a is the acceleration of the object.

This intuitive idea of matter, of elementary particles or compounds
of them, is in part modified by quantum mechanics, where any material
system behaves like a wave. They obey certain wave equations, e.g.,
the Schrédinger equation

h2

“2m

0
iho(r,t) = V2 (r,t) + V(r)y(r, 1), (1.1)
where & is the reduced Planck constant, V' (r) is the potential, and ¢ (r, t)
is the system wavefunction. The solutions of this differential equation
are called eigenstates of the system and depend on the potential V(r).

The right-hand side of Eq. (1.1) is the result of the application
of the system Hamiltonian to the wavefunction, in other words,
ih 0/0t ¥(r,t) = Hi(r,t), where

A R,
H=—-——V*+V(r). (1.2)

2m

If the system is assumed to oscillate as e ¥t where E is the system
energy, we can solve the time-independent part of the Schrédinger

equation ﬁh/} = E.

1.1.1  The quantum harmonic oscillator

As an example, here we consider the quantum harmonic oscillator.
Classically, the harmonic oscillator is defined as a system subject to

We may continue to explain what are mass and space, but we limit ourselves
to leave the reader with the standard and intuitive idea he already has.



1.1. What is matter?

the force F = —kr, where k is the elastic constant. In other words, the
force is proportional to the displacement from a stable point (in this
case the origin).

Following the relation F = —VV(r), we can say that the
corresponding potential is V (r) = k/2 r?. Inserting it inside Eq. (1.1),
and considering only the one-dimensional case, we obtain the following
eigenstates

nla) = e (7:;;)/ et (/2%).  as)

where w = \/k/m is the resonance frequency of the oscillator and H,
is the n-th Hermite polynomial.

A useful way to describe the quantum harmonic oscillator is by
using the ladder operators

mw 1
a = — |z +i—7p 1.4
¢ 2h <x+lmwp) (14a)
o mw (o1 ) 1.4
a o (ZL‘ i—P), (1.4b)

note that the position & and conjugate momentum p are operators too.
If we now write the eigenstates in Eq. (1.3) in the bra-ket notation
(1, — |n)), the ladder operators allow us to move from one eigenstate
to the next or previous one:

aln)y = nn—1) (1.5a)
atln) = Vn+liln+1), (1.5b)

and it is straightforward to recognize the creation (a') and annihilation
(a) operators. In this framework the system Hamiltonian in Eq. (1.2)
of the quantum harmonic oscillator becomes

A 1
A= o <aTa + 2) . (1.6)



1. The basics of light-matter interaction

Figure 1.1: First eigenstates of one-dimensional the quantum harmonic oscillator,
each of them vertically shifted by the corresponding eigenvalue. The grey-filled
curve corresponds to a coherent state with @ = —v/2. The used parameter are
m=1,w=1,and h = 1.

It is worth introducing the coherent state |a) of the harmonic
oscillator, defined as the eigenstate of the destroy operator, with
eigenvalue «, in other words, d|a) = a|a). It can be expressed
analytically in terms of the eigenstates of the quantum harmonic
oscillator

1| ‘2 s a™

a) =e 2@ —n 1.7
) pob 108 (17)
and it can be seen as the most classic-like state since it has the minimum
uncertainty AzAp = h/2.

Figure 1.1 shows the first eigenstates of the quantum harmonic
oscillator, each of them vertically shifted by the respective energy,
while the grey-filled curve is a coherent state with a = —v/2. The
black dashed curve is the potential, choosing k =1, m =1, and h = 1.

4



1.1. What is matter?

It is worth noting that also the groundstate |0) has a nonzero energy
(Eo = hw/2). This figure and most of other figures in this Thesis are
obtained by using the Julia code, and a dedicated GitHub repository
is available [11].

Although the quantum harmonic oscillator analogues can be seen in
various scenarios (see, e.g., the quantum behavior of the electromagnetic
field in Section 1.2), matter is often described by different Hamiltonians
(e.g., that of the hydrogen atom) which may present nonlinear behaviors
and energies not exactly equally spaced. Indeed, in this Thesis we will
deal mostly with this kind of systems, which allow us to concentrate
only to a few energy states (two o three) due to the high nonlinearity.

1.1.2 The double-well potential

One of the most intuitive systems that can be described by a nonlinear
Hamiltonian is the double-well potential. Indeed, under certain
parameters, the two lowest energy states of the system correspond to
the symmetric and the antisymmetric superposition of the left and
right side of the potential, making an ideal two-level system (TLS).

The potential of the one-dimensional double-well system is

Vie) = —Fa? 4 2t (1.8)
2 4

where p, A > 0 are the parameters of the potential. The potential and
the first eigenstates for m = 1, p = 150 and A = 300 are depicted in
Figure 1.2. The black dashed line represents the potential V(x), while
the first three eigenstates of the system are represented by the colored
lines, each one being vertically offset by its corresponding eigenvalue.
It’s evident that the energy difference between the first two states [1)g)
and |11) is significantly less than that between the second and third
states, indicating a high degree of anharmonicity.

It is often useful to reduce the Hamiltonian of the double-well
system to a two-level system, which is a system with only two energy
levels. Indeed, by performing the projection P = [to)vo| + |11 )eb1],
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Figure 1.2: Double-well potential for m = 1, u = 150 and A = 300. The black
dashed curve is the potential V(z), the colored lines are the first three eigenstates
of the system, each vertically shifted by the corresponding eigenvalue. As can be
seen, the difference in energy between the first two states is much smaller than the
difference between the second and the third one, showing an high anharmonicity.

the Hamiltonian of the double-well system reduces to

N ~ | H2 ~ hw
Hpp =P [ﬁn + V(@] P="2s,, (1.9)

where w9 = w1 — wp is the frequency difference between the first two

energy levels, and 6, = |1 )(¢1] — [o)¢o| is the Pauli matrix. The
eigenstates of the Hamiltonian in Eq. (1.9) are the symmetric and
antisymmetric superposition of the left and right side of the potential,
respectively

L () + [on)) (1.108)

(I¥L) = |vr)) - (1.10b)

o) = 5

Sl

) = —

S
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1.2. What is light?

1.2 What is light?

A person lacking knowledge in physics might be more confused than
before in understanding the concept of matter, probably due to the
wave behavior introduced by quantum mechanics. Here, instead, we
clarify what physicists usually call “light”, which should be much easier
to understand. We start by introducing the classical view, defining
the relationships between the electric and magnetic fields, which are
expressed by the Maxwell equations. We then introduce the quantum
point of view of light, showing that it can be seen as an infinite amount
of quantum harmonic oscillators.

1.2.1 The classical concept of light

Classically, light is an electromagnetic wave, that can travel in the
vacuum at the speed of ¢ = 299792458 m/s. The wave nature of light
comes from the Maxwell equations

0B

oD
VxH- o= (1.11b)
V-D=p (1.11c)
V-B=0, (1.11d)

where J and p are the density current and the density of charge,
respectively. In the empty space both J and p are null, while D = ¢gE
and B = uoH, with g the electric permittivity and pg the magnetic
permeability in the vacuum.

The Maxwell equations written above are still valid if we express
the fields in terms of a vector potential A(r,t) and a scalar potential

¢(r, 1)

oA
E=-"_— 1.12
5~ V9 (1.12a)
B=VxA, (1.12Db)



1. The basics of light-matter interaction

and Egs. (1.1l1a) to (1.11d) remain unchanged under a gauge
transformation

0
A=A+VX, ¢ =0- 5 (1.13)

with x = x(r,t) any scalar function. As a result, we can choose ¢ =0
and V- A = 0, known as the Coulomb gauge. Substituting Eq. (1.12a)
and (1.12b) into Eq. (1.11b), and taking advantage of the Coulomb
gauge conditions and the vector identity V x Vx A = V(V-A —V?A),
we obtain

5 102

which is the well-known wave equation of light. Here ¢ = (ugeg) ~1/? =
299792458 m/s is the speed of light in the vacuum. The vector potential
A(r,t), which intrinsically contains both the electric and magnetic
field, oscillates in space and time. Thus, as stated previously, light is
an electromagnetic wave.

1.2.2 The quantum concept of light

We now promote light to a quantum object by simply placing a
small cap over the symbols E — E, B » Band A — A. Joking
aside, quantization of the electromagnetic field is a relatively intuitive
procedure, since waves, by their nature, have a connection to the
properties of the harmonic oscillator. We start by writing the total
energy stored in the electromagnetic field

E= 1/ d’r <50E2 + 1B2> : (1.15)
2 Jy Ho

where the spatial integration is performed in the volume V in which

the field is considered. It can be the whole space or a finite volume of

a specific geometry. Here we consider the field within a cubic volume

of side L with periodic boundary conditions. If we write A(r,t) as



1.2. What is light?

a product of a spatial and a temporal part, the spatial part of the
solution of Eq. (1.14) is a plane wave of the form e*™*T where k is
the wavevector, and the temporal part is ¥ where w = c|k| is the
angular frequency. The spatial part is periodic in the volume V', and
the temporal part is periodic in the time interval T'= 27 /w. Because
of the boundary conditions, the allowed values of k are restricted to
ky = 2mng/L, ky = 2mn, /L, and k, = 2mn,/L, where n,, n,, and n,
are integers. To account for the vector character of A we introduce
the unitary polarization vector ey ), which has to be orthogonal to k
to satisfy V- A = 0. Here, the index A refers to the polarization of the
wave. Now the vector potential can be written as

A1) = Y [ A Ouna®) + A @Ouiam] . (116)
kA
where the spatial functions are of the form uy )(r) = ey, 1e®T and
they are mutually orthogonal
1
V/ dgl‘ uk’)\(r) . ukxy)\/(r) = 5k,k’5/\,/\’ . (117)
v

while the temporal functions must satisfy the differential equation
A A () + i Aia(t) =0, (1.18)

with wy = c|k| the angular frequency of the wave. The solution of this
equation is of the form Ay \(t) = A) e ™!, where A , is a complex
constant. Following the relations of the electric and mégnetic field in
Egs. (1.12a) and (1.12b), we can write the electric and magnetic field
operators as

B(r,t) =i [wicdioa)men(r) — wcdion(Oua ] (1.19a)
kA

A

B(r,t) =i Yk x [Aix(Huen(r) + Af s (Ougar)] . (1.19b)
kA
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Using the expansion of A in Eq. (1.16) and the orthogonality of
the spatial functions in Eq. (1.17), we can write the energy stored in
the electromagnetic field in Eq. (1.15) as

2
Y Y

. (1.20)

By writing A%)\ = \/%ak)\, we can write the energy in Eq. (1.20)
as
E = Zhwk (aky)\al*(’/\ + aii7)\ak7)\) R (1.21)
kA
and, by performing a change of variables from ay )\ and its complex
conjugate to the real variables gy and py x, where

h *
B ) = | Yo (ak,A + ak,)\) (1.22a)
. hw N
Dk = —Z\/? (ak,,\ — ak7,\) ) (1.22b)

the electromagnetic energy becomes

E=0 Y (dateidn) (1.23)
k)

which resembles the Hamiltonian of a quantum harmonic oscillator

with unitary mass and frequency wy, with g x and py » the position

and momentum operators, respectively.

Up to now we have manipulated the classical equations of light to
reach Eq. (1.23), which is a sum of uncoupled harmonic oscillators. The
quantization of the electromagnetic field is performed by promoting
the position and momentum to quantum operators gy — Gk, and
Pk, x — Pk, Which satisfy the commutation relations

(G x, P ] = thokwOa v, (G, G x] = [Prons D] = 0. (1.24)

10
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Furthermore, also the classical coefficients ay ) are automatically
promoted to quantum operators ak x, because of the relations in
Egs. (1.22a) and (1.22b). The resulting operators ax » and &LA are
the annihilation and creation operators of the electromagnetié field,
respectively. Using the commutation relations in Eq. (1.24), we obtain
the usual commutation relations of the ladder operators

[ | = daedrn s [aon ao ] = [af .k, =0, (1.25)

and the total Hamiltonian of the electromagnetic field finally becomes

N 1
A=Y hog (aL Ao + ) : (1.26)
' 2
kA
As ironically stated at the beginning of this section, we have
quantized the electromagnetic field by simply placing a small cap
over the symbols E — E, B — B and A — A. Thus, we finally have

Z 2€0V ek A (&k )\ei(kr—wkt) + h.C.) (1.27&)

A _ i(kr—wit)
= z% 26 V ay, /\6 k h.C.) (1.27b)

)

kxek,\ ak)\e iker— wkt)—i-hc) . (1.27C)

)
% 2¢e 0 Vwk

)

1.2.3 Field quantization in a cavity

The prototypical example of confined electromagnetic field is the one-
dimensional cavity, which is a region of space enclosed by perfectly
reflecting walls. As in the previous section, the solution of the spatial
part of the Maxwell equation in Eqgs. (1.11a) to (1.11d) under this
boundary conditions leads to an infinite and discrete set of solutions.

As sketched in Fig. 1.3, in the case of linear polarization of the
electromagnetic field, their spatial part is of the form E(r,t) =

11
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x

L

Y

Figure 1.3: First three modes of the electromagnetic field A(r) in a cavity. The
blue, red and green curves represent the first, second and third mode, respectively.

e, F(z,t), B(r,t) =k x e,B(2,t) = e,B(2,t), and A(r,t) = e, A(z,1),
where e, and e, are the unitary vectors along the z and y axis,
respectively. Imposing the boundary conditions F(0,t) = E(L,t) =0
that the electric field vanishes at the walls, we can write the spatial
solution of the form sin(k,z), with k, = nn/L and n =1,2,..., and
each spatial solution has the frequency w, = ck,. The quantized fields
become

=4/ soan e, sin( an + &L) (1.28a)
hwn
1/ »sin(kn2) (@ — af,) (1.28b)
1 [hwy,
== 80Vey cos(knz) an + dil) . (1.28c¢)

When the electromagnetic field inside a cavity interacts with a two-level
system with resonance frequency wey, we can assume that only one
mode of the cavity is near resonance with the two-level system. In
this conditions we can consider only one mode of the electromagnetic
field, and the Hamiltonian becomes that of a single quantum harmonic
oscillator

R 1
H, = hw, (a;an + 2) . (1.29)

It is worth noting the dependence of the amplitude of the
electromagnetic field in Eqgs. (1.28a) to (1.28¢) on the volume V' of the

12



1.3. The interaction between light and matter

cavity. Reducing the volume of the cavity will increase the amplitude of
the field, and this will be useful for achieving large light-matter coupling
and the ultrastrong coupling regime, as we will see in Section 1.4.2.

1.3 The interaction between light and matter

The physics behind the Maxwell equation expressed in Eqs. (1.11a)
to (1.11d) can be described, in the case of a single particle interacting
with the electromagnetic field, by the following Lagrangian [12, 13]

Lia 4 A &) = ymd + [ Z(a.aAE).AR). o) %, (130)

where the first term is the kinetic energy of the particle, and the second
term inside the integral is the Lagrangian density of the electromagnetic
field

2(a.4, A1), A), o) =7 | (A+ V)" - (v x A

+J(r) - A(r) = p(r)o(r).

Here m is the particle mass, q and ¢ are the position and velocity of
the particle, respectively, while J(r) and p(r) are the density current
and the density of charge, respectively.

It is worth noting that the Lagrangian written above is in an
arbitrary gauge, considering the electric and magnetic fields as in
Egs. (1.12a) and (1.12b). This automatically ensures that Eqs. (1.11a)
and (1.11d) are satisfied. In the case of a single electron, with a fixed
proton at the origin (hydrogen atom), we have

(1.31)

J(r) = —eqd(r —q), p(r)=qé(r—q)+ei(r), (1.32)

where —e is the charge of the electron. They clearly satisfy the
continuity equation
V-J+p=0. (1.33)

13



1. The basics of light-matter interaction

The Maxwell equation in Eq. (1.11b) can be obtained from the
Euler-Lagrange equation with respect to A, which is

d 0L 0L
— 2 = 1.34
dtoA 0OA (1.34)
Indeed, we obtain
CZV(V-A)—c2v2A+v¢+A—i:o, (1.35)

€0

which is identical to Eq. (1.11b). The fourth and final Maxwell equation
in Eq. (1.11c) follows upon taking the divergence of Eq. (1.33) and
using the definition of J and p in Eq. (1.32).

For the particle motion, the Lorentz force is derived from the
Euler-Lagrange equation with respect to q, which leads to

mg=—e(E+qxB). (1.36)

As can be seen in the definition of the Lagrangian in Eq. (1.30),
q and A are the only independent dynamical variables, with ¢
determinable via them by the equations of motion. The momenta
conjugate to q and A are

p= 74 =mq — eA(q) (1.37a)
II(r) = gi = —gE(r), (1.37b)

and the canonical procedure yields the Hamiltonian

H:p-q+/d3r 1) - A)] - L, (1.38)
14
which leads to
1 s 1 5 (M2 B?
H=— (p+eA)+ = L= 1.
(e )+2/vdr<€o+uo (1:39)

14
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In the equation written above, there is an extra term equal to

JREIGR: EM

1%

but, it is clear from Eqs. (1.11¢) and (1.37b) that this term is identically
Z€r0.

1.3.1 General gauge transformation

As previously stated in Eq. (1.13), we can perform a gauge transforma-
tion of the form

Al(r) = A(r) = Vx(r), ¢'(r)=o(r) +x(), (1.40)

leaving the fields and particle equations of motion unchanged. Here
x(r) is an arbitrary scalar function, called generating function. It is
moreover useful to introduce a gauge density x such that

— /V ' g(r, v, {A(r)}), (1.41)

which will be written in the shorthand form y(r,r’) in the subsequent
equations.

The Lagrangian density .’ in the new gauge is given by Eq. (1.31)
but with the old potentials replaced by the new ones

&' =2(q,4,A'(r),A'(r), ¢/ (r))
= Z(a,q,A(r) = Vx(r), A(r) = VX(r), ¢(r) + X(r)).
Thus from Egs. (1.30) and (1.31) we have
=L - / d3r[J - Vyx +px] , (1.42)
v

and, since Yy depends on the time through A, we have

L'=L+eq-Vx(q /d3rp /dg,axrr CA(r)

=L+eq-Vx(q /d3rA /Vd3 ’agg(r))p(r’).

(1.43)

15



1. The basics of light-matter interaction

We now continue to take q and A as the canonical variables, while
the conjugate momenta become

a /
p = 9 =mq—eA(q) +eVx(q) (1.44a)
oL’ .
() — — _
I'(r) = 2 = e [A(r) + Vo(r)] - P(r), (1.44b)
where we have introduced the polarization density
ox(r,r’)
— 3. TAN S /
P(r) = /Vd ¥ oan 1) (1.45)

By comparison with the original conjugate momenta p and II(r) of
the old Lagrangian L in Eqgs. (1.37a) and (1.37b), the new momenta
are related to the old ones by

p =p+eVx(q) (1.46a)
IT'(r) = II(r) — P(r). (1.46b)

The new Hamiltonian H’ is obtained from the same procedure as in
Eq. (1.38), and it is given by

1 1 I’ +P)2 B?
H’:—(p’—l—eA—eVX)Q—i—f/ d3r g—i—— , (1.47)
2m 2 Jv €0 1o

and it is straightforward to verify that the equations of motion for q
and A are unchanged.

The vector potential can be separated by a longitudinal and
transverse part

A=Alr)+At(), (1.48)
where, by using the longitudinal and transverse delta functions, we
have

A|| / d’r’ Aj( 5” (r—r') (1.49a)

Z / e’ Ay ()05 (r — 1) (1.49b)

16



1.3. The interaction between light and matter

The two parts satisfy the relations

vV x All(r) =
V- Al(r)

0 (1.50a)
0. (1.50b)

Thus, it is clear that the general gauge transformation in Eq. (1.40)
changes only the longitudinal component All of the vector potential,
while the transverse component A~ remains unchanged. In the next
discussion below, we will explicitly derive the form of y for two of the
most used gauges, namely the Coulomb gauge and the Power-Zienau-
Woolley (P.Z.W.) gauge.

1.3.2 Coulomb gauge

The Coulomb gauge corresponds to a frame in which the particle
momentum p is coupled to only the transverse part of the vector
potential AL, The generating function y is given by

Vxe(r) = Al(r), (1.51)
and the transformed vector potential has
Alry=0, V- Ag@r) =0. (1.52)

The required generator of the Coulomb gauge is therefore [13]

_i 3. A (W 1
xc(r) = g %:/Vd v’ A;(r )vr_ Tk (1.53)

and the polarization in the Coulomb gauge becomes

1

1
P _ . 34/ N - 1.54
3(6) = =9 [ ple) (154)

and thus
Po(r) = —5El(r), (1.55)

17
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which satisfies the relation
V -Po(r) = —p(r). (1.56)

The momentum conjugate to A¢ is obtained from Eqs. (1.44b)
and (1.55) and it is given by

I (r) = —goE(r) + eoEl(r) = —goE* (r), (1.57)

which gives the transverse electric field.

The Hamiltonian can be written in the Coulomb gauge by using
Eqs. (1.47), (1.55) and (1.57). Moreover, by expanding the integral
involving Ilo and P¢, and considering that the contribution of their
dot product is zero since they are a transverse vector and a longitudinal
vector, respectively, we obtain

1 2 1 I12 B?
ch—(p+eAl) —i-f/d?’r —C¢ 4 =<
2m 2 Jv 0 Ho (1.58)

1
+—/ d’rP%,
2e0 Jv

To derive the exact form of the last term in the equation written above,
we can use the charge density considered in Eq. (1.32) and the relation
in Eq. (1.54), which leads to

e 1 1
Poj(r)=——V; | —— — — 1.59
00 =15 (= 1) (159)
and the last term of Eq. (1.58) represents the Coulomb energies of the
charged particles

2

1
— / dPrPZ = — % | infinite electron self energy. (1.60)
2e0 Jv dmeo|q|

Note that the Coulomb potential between the two charged particles
(where the proton was considered fixed at the origin) was not introduced

18
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in the initial Lagrangian, but it emerged through the interaction with
the electromagnetic field.

To promote these fields to quantum operators, we can use the same
procedure as in Section 1.2.2 for the quantization of the electromagnetic
field. By promoting q, p, A¢ and Il to operators, we obtain the
following commutation relations

i, Pc 5] = ihdyj {Ai(r)v ﬁCj(I‘/)} = ihéj;(r —1'), (1.61)

1.3.3 Power-Zienau-Woolley gauge

The Power-Zienau-Woolley (P.Z.W.) is sometimes called the multipolar
gauge [14]. Let’s consider the following polarization vector

1
Pas(r) = —6/0 dAQS(r — Aq) | (1.62)
and we can see that [13]
V- -Puy(r) =ed(r—q) —ed(r) = —p(r). (1.63)

By explicitly introducing the dependence of the polarization vector
on the position of the particle q, P/(r, q), the gauge generator density
Xm of the P.Z.W. gauge can be derived from Egs. (1.45) and (1.62)
and the charge density in Eq. (1.32), and it is given by

(e, x) = %A(r’) Pulrr). (1.64)

The gauge generator xjs is then obtained from Egs. (1.41) and (1.64)
and it is given by

1
xm(r) = —/ d3r’/ dAANA(Y) - ré(r’ — Ar), (1.65)
%4 0
and the respective gradient is
1
Va(r) = Alr) - - / & o(r',r) x B(r'), (1.66)
\%4
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where

1
o(r',q) = —e/o dAAqé(r' — A\q) . (1.67)

Using Eqs. (1.13) and (1.66), the vector potential in the P.Z.W.
gauge is given by

A(r) = i/vd:sr'ﬂ(r',r) < B(r), (1.68)

which, in the special case where B = 0, Ay/(r) = 0. However, in
general we have that the divergence is not zero V- Ap/(r) # 0, in
contrary to the Coulomb gauge case.

The conjugate momentum to A,y is obtained from Eq. (1.44Db)

Iy (r) = —2oB(r) — Pas(r) = —D(x), (1.69)

where D(r) is the electric displacement field. The Hamiltonian in
the P.Z.W. gauge can be once again derived from the canonical
transformation in Eq. (1.47), and it is given by

1 I3, B3
Hyy p—l—eAM)Q-i-i/VdBr (M-i-M)

o o Ho (1.70)

1 1
—i——/ dgrP?w—i——/ BrPy -y, .
2e0 Jv o Jv

For the quantization procedure, we have the same commutation
relations as in Eq. (1.61)

(@i, P 5] = ihdgj {Ai(r)aﬁMj(r/)} = ihd;(r —1'). (1.71)

Indeed, the vector potential A remains arbitrary, but its longitudinal
part dows not affect the commutation relations because of the
transversality of II;. Thus, despite Al is not zero, it does not affect
the dynamics.

20



1.3. The interaction between light and matter

1.3.4 Gauge transformations in quantum mechanics

In quantum mechanics, the gauge transformations are performed by
a unitary transformation directly acting on the Hamiltonian and
the wave function. It is simple to understand why, since the gauge
transformations leave the Maxwell equations (and so the dynamics
behind them) unchanged, such transformations should not affect
the physical observables (expectation values of the operators), the
Schrodinger equation and the probability density. The Schrédinger
equation says that, for the Hamiltonian in Eq. (1.39) and a quantum
state [¢), the time evolution of the state is given by

o N
tho, [¥) = H i) . (1.72)

Consider now a unitary transformation which leads to a new Hamilto-
nian Hy and a new state [¢);; given by

Hy=UHUT, |);=Ul), (1.73)
any expectation value of an operator O is unchanged
W|O) = @| U0 ) = Wly Ov )y - (L.74)

We now show that, when U = exp(—iA) where A = —exc(q)/h or
A = —exn(@)/h, we obtain the Hamiltonian in the Coulomb gauge
in Eq. (1.58) and the Hamiltonian in the P.Z.W. gauge in Eq. (1.70),
respectively. We first note that A depends only on q and A but not on
their conjugate momenta p and II. Thus, this unitary transformation
changes only the momenta and not the coordinates

=UH(q,p, A, INUT

(1.75)
— H(q,UpU", A, UTIUY) = H(4, pv, A, TIyy) .
By taking for example A = —exm(q)/h, we have for p
2
~ A A S ~ NN [ N B
pU:UpUT:p—z{A,p}%—E[A, [A,p”—k... (1.76)
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where we have used the Baker-Campbell-Hausdorff formula
exp(A) Bexp(—A) = B+ [A,B] + 4[A,[A,B]] + ... and Eq. (1.71)
for the commutator [A, p]. In Eq. (1.76), the terms with higher order
in A are zero because A depends only on . Thus, we have that
pu =D + eVxu(q), which is the momentum in the P.Z.W. gauge in
Eq. (1.46a). Similarly, we can show that I, =11 — f’M(f), which is
the momentum in the P.Z.W. gauge in Eq. (1.46b).

1.4 The interaction of light with a two-level atom

In this section we consider an electron in a one-dimensional double-well
potential, like in Section 1.1.2, and we couple it to a single mode of the
electromagnetic field (e.g., a cavity mode as in Section 1.2.3). We start
by writing the Hamiltonian in the Coulomb gauge, as in Eq. (1.58)

Ao = QL b+ ed,]” + V(@) + hwata, (1.77)
m

where A, = Ag(a + af) with Ay = /i/(e0Vwe)sin(ky20) is the x
component of the vector potential expressed in Eq. (1.28a), which is
evaluated at the position of the electron zy (since we are assuming that
it can only move in the x direction). Moreover, w, is the resonance
frequency of the electromagnetic field, and V (z) = —u/22% + \/42? is
the double-well potential as in Eq. (1.8).

Under these conditions, the vector potential is constant with respect
to the electron, meaning we are under the dipole approximation®. In
this case, we can write the Hamiltonian in the P.Z.W. gauge through
the unitary transformation Hp = TﬁCTT, where

T = exp <z;£flx> , (1.78)

2In this case this is trivial, since we are limited to only one dimension and the
field varies in another dimension (z in this case).
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1.4. The interaction of light with a two-level atom

obtaining

. 1
Hp :27132 + V(&) + hwea'a
m (1.79)

242
+iewedo (a—at) &+ ¢ Agwe 5o
In the case of constant vector potential, the P.Z.W. gauge is usually
called the dipole gauge [12, 15]. Now, as in Section 1.1.2, we assume
that the double-well potential is such that the bounded electron has
the first two energy levels (|g) and |e)) well separated from the others,
allowing to perform the two levels approximation through the projection
operator P = |g)(g|+|e)e|, and we obtain the Hamiltonian in the dipole
gauge projected

Hp =PHpP

_ hweg

242, 1.2 1.80
e Asw.r ( )
= o*Z—l—hwch&—ith(&—dT)&m—i—io <

eg
3 )

where gp = —ew.AgTeq/h (With z.g = (e|Z|g)) is the dipole coupling
constant, and wey = (E. — Ey)/h is the transition frequency between
the two levels. The last term in Eq. (1.80) is a constant energy shift,
since P#2P = 22, (lg)(g] + |e)e|) for the parity symmetry of the system
V(z) = V(—=x), and it can be neglected.

1.4.1 The Jaynes-Cummings model

The Hamiltonian in Eq. (1.80) describes the quantum Rabi model
(QRM), which is the full quantum treatment of the semiclassical model
of a two-level system interacting with an oscillating classical field [16].
However, when the coupling strength ¢ is much smaller than the energy
separation between the two levels (¢ < weq), we can perform the
rotating wave approximation (RWA) by neglecting the counter-rotating
terms a5_ and a'6 ., obtaining the well-known Jaynes-Cummings (JC)
model [17]
. hweg

Hoo = =526, + hweala+ hg (a5 +als_) . (181)
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1. The basics of light-matter interaction

where we performed a unitary transformation @ — ia. Withing this
approximation, the eigenstates can be found analytically [18]. Indeed,
the JC Hamiltonian can be block-diagonalized, obtaining the following
set of eigenstates

In, +) —cos(a2 ) In, e>+sm< ) In+1,9)

|n, —) —sm(O; ) In,e) —cos( ) In+1,9) ,

where «,, = arctan[2gy/n+1/(weg — we)].  The corresponding
eigenvalues are

(1.82)

1
En,:t = hwc(n + *)

1
i AT 2
5 + zﬁ\/(weg we)?+4g%(n+1). (1.83)

The Jaynes-Cummings model in Eq. (1.81) conserves the total
number of particles ([, ata + 6,6 ] = 0) and the parity of the
system ([Hyc, (¢)] = 0), where [I(¢) = exp {igb(&Td + 6+6,)} is the
parity operator and ¢ is an arbitrary phase [19].

The dynamics of the Jaynes-Cummings Hamiltonian is quite simple
to understand. If we consider the resonance condition w. = wey and we
start with the state |n,e), the system will oscillate between |n, e) and
|n + 1, g) with a frequency gy/n + 1. This means that the probability to
find the atom in the excited state oscillates like P.(t) = cos?(gv/n + 1t),
which is the so-called Rabi oscillation. The vacuum Rabi oscillation is
a coherent oscillation between the two states, and it is a consequence
of the coherent coupling between the two levels.

The main antagonist of this coherent oscillation is the dissipation,
which is always present when considering the interaction with an
environment. If we call v the dissipation rate of the system, we can
set a scale regime as a function of the ratio g/. When this ratio is
smaller than one we are the the so called weak coupling regime, while
when it is larger than one we are in the strong coupling regime. The
Rabi oscillations can be seen only in the strong coupling regime, since
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1.4. The interaction of light with a two-level atom
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Figure 1.4: Scale of regimes of light-matter interaction, comparing the coupling
strength g to the dissipation rates 7, k of the cavity and the atom, respectively.
(a) Weak coupling: experimental demonstration of full control of the spontaneous-
emission dynamics of single quantum dots (QDs) interacting with a photonic-crystal
nanocavity [20]. The plot shows the micro-photoluminescence of InGaAs QDs in
different situations: when they match the cavity frequency, when they don’t, and
when there is no cavity at all. Compared with the case without any cavity, the QDs
decay more quickly in a resonant cavity and more slowly in an off-resonant cavity.
This is an example of the Purcell effect. (b) Strong coupling: vacuum (n = 0) Rabi
oscillations of Rydberg atoms coupled to a superconducting microwave cavity [21].
The plot shows the probability of finding the atom in the excited state as a function
of time. The oscillations are a consequence of the coherent coupling between the
two systems, and the damping is due to the dissipation.

in the weak coupling regime the dissipation is too strong to allow
the coherent oscillation between the two systems. In 1983 Haroche
and co-workers were able to observe the Rabi oscillation for the first
time, using a collection of Rydberg atoms in a microwave cavity [22].
The strong coupling was soon also achieved in several experimental

25



1. The basics of light-matter interaction

architectures, involving single atoms interacting with microwave and
optical cavities [21, 23, 24], quasi-2D electronic excitations (Wannier
excitons) [25], quantum dots [26] and superconducting circuits [27].
Although the weak coupling regime might be considered less interesting,
it can give rise to a rich collection of interesting phenomena, such as
the Purcell effect, which is the enhancement or the suppression of
the spontaneous emission of an atom in a cavity [28, 29]. Indeed, as
shown in Fig. 1.4 (a), the spontaneous emission of a quantum dot can
be enhanced or suppressed by placing it in a resonant or off-resonant
cavity, respectively [20]. Compared with the case without any cavity,
the QDs decay more quickly in a resonant cavity (which enhances the
density of states that the QDs can decay to) and more slowly in an
off-resonant cavity (which shields the QD from the environment). This
is an example of the Purcell effect. On the other hand, in the strong
coupling regime, the coherent coupling between the two systems gives
rise to the so-called vacuum Rabi oscillations, as shown in Fig. 1.4 (b).
The oscillations are a consequence of the coherent coupling between
the two systems, and the damping is due to the dissipation.

If in one hand the ratio g/v between the coupling strength and
the dissipation rate is important to let the coherences observable, it
is not a good scale for describing the relative strength. Indeed, in all
the experimental observations we cited up to now, the largest value of
coupling strength was three orders of magnitude smaller than the bare
energies of the system. For this reason, the ratio n = g/w can give us
more information about the system itself. Indeed, we have already seen
that the RWA is a valid valid approximation when the coupling strength
is much smaller than the energy separation between the two levels.
But when this condition does not hold anymore, and we have g ~ w,
the properties of the interacting system can change dramatically. For
instance, by using the quantum Rabi Hamiltonian in Eq. (1.80), which
still contains the counter rotating terms, we can see that the number of
total excitations is no longer conserved [Hp,afa+6,6_] # 0. Allowing
the system to present several peculiar phenomena, involving virtual
photons, creation of particles from the vacuum, and so on. This is
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1.4. The interaction of light with a two-level atom

only an anticipation of what we will see in the next sections, where we
will concentrate on two other regimes of light-matter interaction: the
ultrastrong coupling regime (USC) and the deep strong coupling regime
(DSC), which are characterized by n ~ 1/10 and 1 > 1, respectively.

1.4.2 The ultrastrong coupling regime

In the previous discussion, we anticipated the concept of ultrastrong
and deep strong coupling regimes. Although reaching this regimes is not
eagy, in the last decades there was an increasing interest in achieving
larger n values [30, 31]. The choice was to consider the coupling of
many atoms to the same cavity mode, as correctly predicted by the
Dicke model [32], this leads to enhanced coupling that scales with the
square root of the number of dipoles g & v/N. The second choice was
to use different degrees of freedom, whose coupling is not bounded by
the small value of the fine structure constant a ~ 1/137, which is the
natural dimensionless parameter emerging in a perturbative treatment
in quantum electrodynamics (QED).

The first path was investigated, where the possibility of achieving
the USC regime could be observed in intersubband polaritons, due
to the large number of electrons [35]. In 2009, the USC regime was
observed for the first time in a microcavity-embedded doped GaAs
quantum wells with 17 ~ 0.11. The second path was mainly investigated
in the context of superconducting circuits, where in 2010 a normalized
coupling up to n ~ 0.12 was obtained [33, 36].

Fig. 1.5 shows two main experimental results for the observation of
USC and DSC. In Fig. 1.5(a) a microwave spectroscopy was performed
on a system featuring a superconducting flux qubit connected to a
coplanar-waveguide resonator [33]. The plot illustrates the cavity’s
transmission as a function of the probe frequency, denoted as wprope,
and the flux offset, which adjusts the qubit’s frequency. This distinctive
avoided level crossing indicates a process that doesn’t conserve the
total number of excitations. It describes the interaction between a
state initially containing a single photon in the third resonator mode

27



1. The basics of light-matter interaction

—
[
~—

)

~

®

N
-

mebe/QTr (GH
- - | -
‘ \f
\
)
|

7.78 \
le,1,0,0) \ le.1,0,0)
46.0,0,7) \¥
-3.0 -25 -2.0 0.0 0.5 1.0
Flux offset (m®y) v, (THz)
l

>
0.1 Ultrastrong 1 Deep strong 9/

Higher-order and nonperturbative effects

\/ \

O Modified optoelectronics O Virtual photon engineering
O Quantum vacuum emission O Light-matter decoupling

Figure 1.5: Scale of regimes of light-matter interaction, comparing the coupling
strength g to the bare energies w of the cavity and the atom. (a) Ultrastrong coupling:
microwave spectroscopy of a system with a superconducting flux qubit coupled to
a coplanar-waveguide resonator [33]. The plot shows the cavity transmission as a
function of probe frequency wprope and flux offset, which tunes the qubit frequency.
This avoided level crossing is a signature of a process that does not conserve the
total number of excitations, since it describes the interaction between a first state
that has a single photon in the third resonator mode and a second one that has
one qubit excitation and one photon in the first resonator mode. (b) Deep strong
coupling: magneto-THz transmission measurements on a THz metamaterial coupled
to the cyclotron resonance of a 2D electron gas [34]. The splitting between the
lower polariton (LP) and upper polariton (UP) levels in the point of the arrow is a
measure of the coupling strength. In this work, a record n = 1.43 was reached.

and another state with one qubit excitation and one photon in the first
resonator mode. This process is a signature of the USC regime, since it
is a direct consequence of the counter-rotating terms. Fig. 1.5(b) shows
the magneto-THz transmission measurements that were conducted
on a THz metamaterial coupled to the cyclotron resonance of a 2D
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1.4. The interaction of light with a two-level atom

electron gas [34]. The separation between the lower polariton (LP) and
upper polariton (UP) levels at the arrow’s location serves as a measure
of the strength of the coupling. In this study, an impressive n = 1.43
coupling strength was achieved, which is currently the larges value ever
reported.

Nowadays, this regime has been achieved in a great variety of
systems and settings [30, 31]. The experimental progress in USC physics
has motivated many studies showing interesting new effects enabled
or boosted by this regime [36-71], predicting a changing in ground
state chemical reactions [64], observing a modification of the ground
state current resistivity [65]. Several studies explored higher-order
processes [48, 49, 53, 57-59], such as multiphoton Rabi oscillations [48,
49] and a single photon exciting multiple atoms [53, 71].

1.4.3 Breakdown of gauge invariance in the USC regime

The careful reader would have already wondered why in the beginning
of Section 1.4 we performed the gauge transformation to project the
atom in the two-level approximation. Of course, nobody avoids us
to perform the truncation on the Hamiltonian in the Coulomb gauge
expressed in Eq. (1.77). Unexpectedly, this choice would lead to a
completely different and wrong result when approaching to the USC
regime.

Certainly gauge invariance is a crucial property that remains valid
within the global Hilbert space, but it becomes compromised when
operating within a specific subspace [72, 73]. As an example, some
physical observables show a marked dependence on the chosen gauge.
Consider the historical example of two-photon (1s-2s) absorption in the
hydrogen atom [73]: the effect is zero within the Coulomb gauge and
in a two-level approximation. However, when expanding the number
of levels, convergence to the exact result is significantly slower in
the Coulomb gauge than in the dipole gauge. These gauge-related
complexities are further exacerbated in the context of USC interactions,
as elaborated in Ref. [74].
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1. The basics of light-matter interaction

We start by considering the Hamiltonian in the Coulomb gauge in
Eq. (1.77), and we expand it
- 1

He = —p? + V(&) + hweala
2m

(1.84)
+ %ﬁ (a+af)+ q;i% (a+af)” .

We can easily see that the diagonal terms are zero ((g|plg) = (e|ple) =
0) since the eigenstates are stationary. On the other hand, the
off-diagonal terms are not zero ((g|ple) = (e|plg)” # 0) since,
using Egs. (1.10a) to (1.10b) they describes the tunneling process
between the left and right states. By expressing the momentum as
p = —ihd,, we can write PpP = TegWegMy, Where z.y = (e|Z]g), and
P = |g){g| + |e)e| is the projection operator on the two-level subspace.
In this way, the truncated Hamiltonian in the Coulomb gauge becomes

N hw 2
Ho = —26: + hweala + hge (a+a')o,+D(a+al) , (185)
where go = —ewegAoxeg/N is the coupling strength in the Coulomb

gauge, and D = e2A2/(2m) is the well-known diamagnetic term.

The Hamiltonian in the Coulomb gauge, however, cannot be
obtained by a unitary transformation from the Hamiltonian in the
dipole gauge of Eq. (1.80), meaning that all the observables may be
different. Indeed, as shown in Fig. 1.6, the first eigenvalues of the
Hamiltonian in the Coulomb gauge are different from the eigenvalues of
the Hamiltonian in the dipole gauge, where the latter is the correct one,
since we compared the results with the full non truncated Hamiltonian
in Eq. (1.84)%. This is a clear example of the breakdown of gauge
invariance in the USC regime. The parameters used for the double-
well potential are o = 400, 8 = 250, while w. = wey. We changed

3We can also compare the results with the Hamiltonian in the dipole gauge
expressed in Eq. (1.80). Obviously, the results are the same, since the non truncated
Hamiltonians are linked by a gauge transformation.
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Figure 1.6: Comparison of the first eigenvalues of the single electron in a double-
well potential interacting with a single mode cavity field. The blue lines correspond
to the full Hamiltonian in Eq. (1.84), but the same results can be obtained from the
Hamiltonian in the dipole gauge in Eq. (1.79). The orange lines correspond to the
dipole gauge truncated to a two-level system, thus using Eq. (1.80). The green lines,
instead, correspond to the truncated Coulomb gauge Hamiltonian in Eq. (1.85). As
can be seen, Coulomb gauge reproduces wrong results. The parameters used for
the potential are a = 400, f = 250, while w. = wey. We changed the normalized
coupling 1 by changing the value of Ay.

the normalized coupling 1 by changing the value of Ay, following the
relation Ay = 7/(—exey) and choosing e = —1 for simplicity. Playing
around a bit with the code in the dedicated GitHub repository [11],
the reader can try to adjust the potential parameters and see that the
truncate dipole gauge coincides with the full Hamiltonian only at high
atom non-linearities.

At this moment we may ask ourselves what is the cause of this
breakdown of gauge invariance. The answer was given in 2019 [75],
stating that this problem is related to the non-locality that the atom
potential acquires under a projection to a reduced Hilbert space
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1. The basics of light-matter interaction

V(%) — V(&,2"), while it has been shown by several works [76-78]
that a non-local potential can be expressed as a momentum-dependent
operator V(&,p). Thus, to preserve gauge invariance, we have to
perform the minimal coupling replacement p — p + eA, also in the
non-local potential. Fig. 1.7 shows this problem in a visible way, where
|V (#,2")| is shown for various values of the truncation: N = 100,
N =20, N =5 and N = 2, with the same parameters of Fig. 1.6 for
the atom potential. As can be seen, the non-locality of the potential
increases as we decrease the number of levels, and this is the reason
why the Coulomb gauge fails to reproduce the correct results. In the
dipole gauge, there is no minimal coupling replacement applied to the
atom part, but, as we will see soon, there is a minimal coupling applied
to the cavity field. This concept is crucial for most of the topics of
this thesis, since we will see that the dipole gauge is not always well
defined.

The problem was bypassed in the following way. First, we note
that the full Hamiltonian in the Coulomb gauge in Eq. (1.84) can be
written as

He=UHU"+ Hy (1.86)
where
. 1
H, = %ﬁ + V() (1.87a)
Hy = hwed'a, (1.87b)

and U = TT, where T is the unitary transformation in Eq. (1.78) that
brings the Hamiltonian in the Coulomb gauge to the dipole gauge. To
this end, we can write the Hamiltonian in the dipole gauge as

Hp =THT = TUHUT! + THTT (1.58)
= H,+TH; T = A, + UTH;U . '

where we can see that an opposite minimal coupling is applied only to
the field part of the Hamiltonian, while the atom part is left unchanged.
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Figure 1.7: Non-locality of the double-well potential. The plot shows |V (&, 2)|
for various values of the truncation: N = 100, N =20, N =5 and N = 2. As can
be seen, the non-locality of the potential increases as we decrease the number of
levels. The parameters used for the potential are o = 400, 5 = 250.

By applying now the projection into a two-level system to the
Hamiltonian in the Coulomb gauge in Eq. (1.86), we obtain the
standard quantum Rabi Hamiltonian in the Coulomb gauge expressed
in Eq. (1.85) He = PUH,UTP + FIf, which we have already seen that
it produces wrong results.

The key point to bypass this problem is to take into account the
projected Hilbert space already before applying the minimal coupling
replacement [75]. In other words, we have

He =UHU + Hy, (1.89)

where H, = (hwey/2)5, is the already projected atom Hamiltonian,
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and

U= exp [—z’efle?jgﬁ]
h (1.90)

= exp [in (& + dT) 64 .
By using again the Baker-Campbell-Hausdorff formula, we finally

have the correct quantum Rabi Hamiltonian in the Coulomb gauge

o Twe
Ho = —2

{6 cos [2n (a+aT)] + 6y sin [27 (a+a")| } + rweala,

(1.91)
which is linked to the quantum Rabi Hamiltonian in the dipole gauge
through the unitary transformation

Hp =THcT =Ho +UTH U, (1.92)

and thus reproduces the same results.

It should be stressed once again that this procedure is valid
only in the dipole approximation, that is when the field can be
considered constant with respect to the atom dipole. Moreover, the
same Hamiltonian in the Coulomb gauge was recently obtained by
using lattice gauge theory [79]. In the next sections we will address this
issue in more detail, showing that, besides the gauge-invariance of the
Hamiltonian, several issues may appear when treating ultrastrongly
coupled open quantum systems, photodetection, and pure dephasing,
showing that the dipole gauge is not always the most intuitive gauge
to use.
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CHAPTER 2

Open quantum systems and
photodetection in the USC
regime

In the previous chapter we have seen the foundamentals of cavity
QED, focusing on the quantum Rabi model and its gauge ambiguities
arising in the ultrastrong coupling regime. We treated the problem in
the Hamiltonian level, which mean that we considered the composite
system atom plus cavity as a closed quantum system. However, a
closed system is a theoretical construct, which is useful to understand
the intrinsic properties of it, but may be not so useful to describe the
real world, where every system is in interaction with one or a multiple
set of environments.

We already bypassed the gauge problem regarding the correct form
of the quantum Rabi Hamiltonian in the Coulomb gauge. But, are
we sure that everything is now solved? What happens to the gauge
invariance when considering an open quantum system in the USC
regime? Is the dipole gauge of the quantum Rabi Hamiltonian always
correctly defined in the case of photodetection? In this chapter we will
answer to all these questions. A little spoiler on the last question: no.
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2. Open quantum systems and photodetection in the USC regime

2.1 Photodetection in the USC regime

Photons are typically counted using photodetectors, where photon
absorption causes a change in the detector’s microscopic state. This
change is then amplified to produce a classical signal, such as
electric current, which is observed by the experimenter. Different
photodetectors have varying response times and sensitivities to
photon frequencies. The specific detection mechanism is essential
for interpreting experiments involving photons. Optical photodetectors
often use photo-ionization, where a photon absorption leads to the
creation of free electrons and ions, generating a macroscopic current [80].
In semiconductor photodetectors, photon absorption above a certain
energy threshold excites electrons and holes, which, under the influence
of an electric field, create electron-hole pairs, resulting in a macroscopic
current [80]. Understanding these processes is crucial for interpreting
photon detection experiments.

Let’s consider that before detection, the field exists in a pure
state denoted as |¥). When a photon is absorbed, the resulting state
of the field, denoted as |¥y), is obtained by applying the operator
E*(r,t), which includes the annihilation operators of the field modes,
to the initial state. In mathematical terms, this is represented as
| W) o< Et(r,t)|¥). The probability of detecting the photon, along
with the transition from the initial state |¥) to the final state |¥) , is
thus directly proportional to [81]

Pace o [ (W | E* (e, )0 (2.1)

and the total probability of photodetection w(r,t) is obtained by
summing over all possible final states |V ):

Z\‘I’flﬁ niw|
—Z (B (v, 0)|¥y) (O EF(r0)w)  (22)

=<‘1’|E (r, )" (r, 1) W) .
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Obviously, if the state is not pure, and it is expressed by a density
matrix p we have that the photodetection probability is given by

w(r, t) = Tr [pE~ (x,t) E*(r,1)] . (2.3)

In the case of a single mode field, where the the system is governed
by quantum Harmonic oscillator H = weala, as in Eq. (1.29), and
the electric field is defined as £ = iw.Ag(a — ). The part of the
electric field with positive frequency is Et = iw.Apa, since it can
be easily seen that the time evolution of this operator is E*(t) =
exp(iHt)Etexp(—iHt) = Etexp(—iwt), and the photodetection
probability for a given pure state |¥) is thus proportional to the
number of photons

w(r,t) o< (U]ala|w) . (2.4)

Now, we may ask if this is always valid, or what happens if we
consider the photodetection in the USC regime. First, let’s consider
the Jaynes-Cummings model as in Section 1.4.1, and we ask what is
the photodetection probability if the system is in the ground state.
We already know that this model is exactly solvable, and the ground
state is |[1gs) = |0, ¢) at any coupling strength. It is straightforward
to see that the photodetection probability is always zero, but this
is not the case when taking into account the counter-rotating terms
and thus passing to the quantum Rabi model. The ground state
of the quantum Rabi model is no longer equal to |0, g), but it is a
superposition of all the bare states. When not taking into account
the parity symmetry breaking of the atom, i.e. V(&) = V(—2), the
quantum Rabi model conserves the parity of the system [I:I , ﬁ(Tr)] =0
(where H and TI(9) = explif(aa + 6,6 _)] are the system Hamiltonian
and the phase-dependent parity operator, respectively), but it does not
conserve the total number of excitations [H,afa + 6,6_] # 0. Thus,
the ground state of the quantum Rabi Hamiltonian is of the form

as) = D (e 2n,9) + |20+ 1,9)) | (25)
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Figure 2.1: Expectation value of a'a in the groundstate of the quantum Rabi
Hamiltonian in both the dipole gauge in Eq. (1.80) (blue solid line) and the Coulomb
gauge in Eq. (1.91) (red dashed line). As can be easily seen, this quantity is not zero,
and it is even a gauge-dependent variable. The parameters are w. = 1, weg = 1.

and it can be easily seen that

(Yas|aalyas) #0. (2.6)

Fig. 2.1 shows the expectation value of a'é in the groundstate of the
quantum Rabi Hamiltonian in both the dipole gauge in Eq. (1.80) and
the Coulomb gauge in Eq. (1.91). As can be easily seen, this quantity
is not zero, and it is even a gauge-dependent variable. This is a clear
example of the fact that the photodetection probability defined in
Eq. (2.4) is not always valid, and it is even a gauge-dependent quantity
when we approach the USC regime.

Following Glauber’s approach [81], we need to revisit the positive
frequency part of the field when we are in the USC regime. We start
by writing the electric field operator in the basis of the eigenstates of
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the system R
E =iwAo Y (jla — al[k) i)k , (2.7)
7.k

and the definition of the positive frequency part is now given by

EY =iwcAo Y (jla—allk) i)k - (2.8)
k>

The photodetection probability is now given by Eq. (2.2) with the
positive frequency part of the electric field defined in Eq. (2.8). Indeed,
it has been shown that this is the correct way to calculate the real
photon rate at any light-matter coupling strength [82-84]. Obviously,
the eigenstates [j) and the operators depend on the gauge we are
considering, like any change of basis. In the following, we will discuss
about the gauge invariance of photodetection at arbitrary light-matter
coupling strengths.

2.1.1 Photodetection in the Coulomb gauge

In Section 1.4.3 we derived the correct form of the quantum Rabi
Hamiltonian in the Coulomb gauge, which is given by Eq. (1.91), which
we rewrite here for the sake of clarity

He = weila + % {6 cos [2n (a+al)] + 6y sin [27 (a+aT)]} .
(2.9)
As we already have seen, the Hamiltonian written above can be
obtained starting from the light-matter Hamiltonian in the absence
of interaction 7:[() = 7:[a + 7:[f, where 7:[(1 = Weg0/2 and 7:[f = weala,
by applying a suitable unitary transformation (generalized minimal
coupling transformation) to H, only [75, 79]. Specifically,

He =UHU +H;, (2.10)

where
U = exp [in (& + dT) 64 . (2.11)
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2. Open quantum systems and photodetection in the USC regime

We observe that in the Coulomb gauge, the canonical field momentum
is not modified by the interaction with the matter component, i.e.,
Il =—coF (€0 vacuum permittivity), such that, in this framework, the
electric field operator can be written as we already said

E = iw.A (a - aT) , (2.12)

and, by using the system eigenstates, its positive frequency part is as in
Eq. (2.8), that here we rewrite considering w,. and Ag as simple scaling
factors, and so that does not influence the photon rate calculations

T=i ) (jla—allk)[j)kl . (213)

By using the following relation [85]
we (jla — allk) = wy; {jla + a'lk) (2.14)

Eq. (2.13) can be written also as

Et =i Z L (jla + af[k) |j)k] . (2.15)
k> e

By using the simple input-output theory [86], results analogous
to w can be obtained for the rate w°" of emitted photons detected
by a detector placed outside the cavity [82, 87]. However, the output
field operators can display a different dependence on wy;, arising from
the density of states of the output modes and from the frequency
dependence of the coupling coefficient, which (for example) depends
on the mirror reflectivity in a standard microcavity. More generally,
the output field operator, in the Coulomb gauge, can be written as

By =1 alwy)(jla+allk) i)k , (2.16)
Jk>J

where a(w) represents the specific dependence on frequency, which
varies according to the model. A more comprehensive input-output
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2.1. Photodetection in the USC regime

theory can be established using quantized quasinormal modes, as
discussed in various studies [88-90)].

It’s important to note that photodetection is a process of energy
absorption. Therefore, it’s logical to assume that photon detection rates
approach zero as frequencies w approach zero. Any realistic analysis
that covers a broad frequency range should also consider dispersion in
the material model. However, incorporating this aspect would make
the study system-dependent, which is beyond the scope of this general
framework.

2.1.2 Photodetection in the dipole gauge

The quantum Rabi Hamiltonian can also be expressed in the dipole
gauge, as in Eq. (1.80), which, again, we rewrite here for the sake of
clarity

ﬂb:%ﬁml%@—mm@—ﬁpymw%j (2.17)

The Hamiltonian written above is linked to the one in the Coulomb
gauge by a gauge transformation Hp = UTHoU, where U is expressed
in Eq. (2.11). In the dipole gauge, the field conjugate momentum
is modified by the interaction with the matter system, and it is
proportional to the electric displacement (induction) field, as in
Eq. (1.69). In the case of a constant single mode cavity field we
have [2]

' = D = —ieqwedy (a - al) | (2.18)

Thus, the electric field operator cannot be expanded in terms of photon
operators only. Indeed, due to the fact that D=cE'+P (for a dipole
in free space), where P is the electric polarization, the electric field
operator in the dipole gauge has to be expanded as

B = iw.Ag (a’ - a’*) : (2.19)

where
o =Utald = a+ ino, (2.20)
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2. Open quantum systems and photodetection in the USC regime

is the photon operator in the new basis of the dipole gauge [84].
Furthermore, the operator @' and @'t obey to the usual commutation
relations of the bosonic operators, i.e. [@/,a'T] = 1.

The photodetection probability can be obtained following the same
procedure as in Section 2.1.1. First, we need to write the electric field
operator £’ in the basis of the eigenstates of the system, and than we
take only the positive frequency part of it!

Fi Y (N - |7k (2.21)

Ji.k>j

The main error that is usually made consists to consider the electric
field operator in the dipole gauge as

A

Ewrong = 1w.Ap (& - dT) (222)

instead of Eq. (2.19), which is valid only at very low coupling
strengths. By considering the wrong electric field operator would
lead to gauge-dependent photon emission. Indeed, Eq. (2.21) is linked
to Eq. (2.13) by the same unitary transformation U, which means that
the photodetection rate w is equal in both gauges.

As done in Section 2.1.1, we have the relation

we (§'@ — @t |K') = wyy (§']a" + MK (2.23)
and the positive frequency part of the electric field becomes
B =iy Sl alt ) | (2.24)
Gk>5 e

Finally, in analogy to the whole discussion of this section, it is
possible to define the field operators describing the qubit emission
we = (X721, where

_ZZ

Jik>7

(716K (K] - (2.25)

6

'Here again we consider w. and Ag as simple scaling factors, and so that does
not influence the photon rate calculations.
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2.2. Open quantum systems in the USC regime

Considering a standard cavity QED system, for example, the cavity
emission rate corresponds to the photon flux escaping one of the mirrors,
while the qubit emission rate corresponds to the spontaneous emission
directly from the qubit, that can be collected by a detector placed
orthogonally to the axis connecting the two mirrors [91, 92].

2.2 Open quantum systems in the USC regime

Let’s consider a generic open quantum system, which is in interaction
with an environment. The total Hamiltonian of the system is given by

Hit = Hs+ Hr +V, (2.26)

where Hg is the Hamiltonian of the system, Hp, is the Hamiltonian
of the environment (reservoir), and V is the interaction Hamiltonian
between the system and the environment. We are interested in the
dynamics of the reduced density matrix of the system, which is obtained
by tracing out the environment degrees of freedom pg = Trg|[ptot]-
Usually, the dynamics of the reduced density matrix is governed by
the standard master equation

d
aﬁs = LstapPs (2.27)
where
Loaps == | Hs, ps| + D vnnin(wn, T)D [Sn] ps
" . (2.28)
+ Z’Yn [nth(wnv Tn) + 1] D {SIL} s
and .
D[5]5= 5 25587 — 878p - pStS] (2.29)

are the standard Liouvillian and the Lindblad dissipator, respectively.
neh(wn, Tn) = [exp(hwy/kpTy) — 1]_1 is the thermal population of
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2. Open quantum systems and photodetection in the USC regime

the n-th reservoir describing the number of excitations at a given
temperature T, kg is the Boltzmann constant, and -, is the dissipation
rate. The operators S, are the system operators that couple to the
environment, and they are usually expressed in terms of the bare system
operators, e.g., @ or 6_. For low coupling strengths 7, the standard
master equation in Eq. (2.27) can be used to accurately describe many
cavity QED and circuit QED experiments [93-96].

This approach is derived by doing several assumptions: i) the
environment is a macroscopic system described by an infinite number
of quantum harmonic oscillators, which are all in thermal equilibrium
at a given temperature 7. For instance, this is the case of the open
radiation field that behaves as a reservoir for an atom [97, 98]; ii)
the interaction between the system and the environment is weak, and
that the system is initially uncorrelated with the environment; iii) the
system is Markovian, i.e. that the memory time of the environment is
much shorter than the characteristic time of the system dynamics [86,
97, 98]. Moreover, to derive the standard master equation in Eq. (2.27),
the interaction Hamiltonian is expressed in terms of the bare system
operators, e.g, @ or 6_, and subsequently applying a RWA after having
traced out the bath degrees of freedom. However, this is a valid
procedure when Hg represents a single system (e.g., a cavity field or
an atom) or a set of weakly interacting subsystems (e.g., a Jaynes-
Cummings Hamiltonian), but it is no longer valid when the system is
composed by ultrastrongly coupled subsystems. This is straightforward
to understand if we remember the discussion in Section 2.1, where, for
instance, we have seen that the bare fields operators @ and a' does not
describe anymore the process of annihilation and creation of photons,
respectively.

A suggestion comes again from Section 2.1, where the expression of
the field in terms of positive and negative frequencies in the eigenstate
basis was given to obtain the correct photodetection rate. Indeed,
a master equation specific for ultrastrongly coupled systems was
derived [99]. This approach is based on the same assumptions as
the standard master equation, but the interaction Hamiltonian is
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2.2. Open quantum systems in the USC regime

expressed in terms of the eigenstates [j) of the system, sometimes
knows as dressed master equation, which is

4= Las 2.30
g Ps = Larbs (2.30)
where
Larps =—i [HSHPS} +> > F Vin (Wi To)D [|K)]] ps
Ik (2.31)

+ 303 T [n(wig, T) + 1D (1)K s

noj.k>j

and F;Z) = yawkj| (j|Sn + Si|k) |2, First we note that the dissipation
occurs through the projection operators |j)(k| in the energy eigenstates
of the system, allowing a direct transition between them. Second,
the thermal population ny,(wkj, Ty,) is now a function of the energy
difference between the states |j) and |k), and not anymore of the bare

frequencies w,,. Third, the dissipation rates FS-Z) are now a function of

the bare system operators S,, and not anymore a constant factor.

This master equation is able to correctly describe the dissipation
involving ultrastrongly coupled systems, however, it is only valid in the
absence of degenerate transitions, i.e., wjr # Wi, V7, k, 1, m. Indeed, as
in the case of the standard master equation in Eq. (2.27), a RWA was
applied after having traced out the bath degrees of freedom. This is a
strong limitation, when considering harmonic systems as in the weak
coupling regime and in the deep strong coupling (DSC) regime (see,
e.g., the correct energy levels in Fig. 1.6).

Recently, a more general approach was proposed [100], which was
derived again in the basis of the eigenstates of the system, but without
applying the post-trace RWA. The full derivation of this generalized
master equation (GME) is given in Appendix A, while here we just
report the final result

d . .
aps = Lgmeps, (232)
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2. Open quantum systems and photodetection in the USC regime

with
d
Pt = {H&PS } Z > T (wpy {
n 5,k>j
l,m>l1
[Sin 25085 = S5 S5 s (1) mun (i, Th)
+ 8 s ()8GT = SGTSM b5 (1)) [ren(wms To) + 1]
+ [8%Tps(t)S5) — ps (D)8 ST nun (i, Th)
+ [S5 as (St = ps (S S [nen (o, T) + 11}
(2.33)
where (™) (w) = Anpw is the frequency-dependent dissipation rate,

specific for an ohmic bath, and SJ(Z) = (j|S,|k) [7)(k| with S, the
n-th system operator the couples to the n-th bath. It is worth noting
that here 4, are dimensionless parameters, because the real decay
rate is '™ (w), which is a function of the frequency w. Thus, it is
sometimes useful to define the decay rate at the specific bare frequency
Vn = ) (wn) = Awy. The equation above can be rewritten as

Lomeps = — i{ﬁs,ﬁs}
LmTar . ar A ar aran A Al
+ 92 Z [‘S"n,lps'gn+ + S, pssﬁzl - S;Sn,lps - pSSrtl’Sn
n

+ 8 apsSy + ST psSns —SiStabs — psSiaSi]

(2.34)
and

SE=">" (jlSnlk) 1)K, (2.35a)
Jik>7g

Sti= " T (wig)nen(wg, Tn) (G| Snlk) 5)E| (2.35D)
Jik>J

Sty =3 T™(wky) Iun(wij Tn) + 1] (51Snlk) 15)(k] . (2.35¢)
J.k>j
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2.2. Open quantum systems in the USC regime

This generalized master equation contains the minimal amount of
approximations which can be summarized in only the Born and Markov
approximations. Moreover, it is valid for any light-matter coupling
strength, and it is able to describe the dissipation of ultrastrongly
coupled systems even in the presence of degenerate transitions. It is
easy to see that, in the limit of weak coupling, the generalized master
equation reduces to the standard master equation in Eq. (2.27).

In the interaction picture, each term of Eq. (2.33), barring the
last one, oscillates at frequencies £(wp; — wij). When |wyy — wyjl
greatly exceeds the system’s damping rates '™, these terms offer
minimal contributions to the master equation’s integration. Therefore,
|wmi — wij| can be considered comparable to the system linewidths.

Despite the rapid oscillations in Eq. (2.33) due to transitions
with large frequency differences (absent post-trace RWA in the
dressed master equation), they should not significantly contribute
if |wp — wgj| > '™, However, they can substantially prolong
computation time and induce computational instabilities, particularly
evident when computing log-scaled spectra. To mitigate these issues,
we employ a low-pass filter function in Eq. (2.33) to diminish the
contribution of dissipator terms with high frequency differences [100].
This filter function can take any low-pass filter form, such as a step-like
or sigmoid-like shape. Here, we use a gaussian shape of the form

2

Fn(Wmi — wij) = exp [—W] , (2.36)

Gn

where o, is the standard deviation of the gaussian function. Here we

choose o,, = 100I"(™ (wy). With this choice, the filtered generalized

master equation cannot be expressed in a form like Eq. (2.34), but we

need to use Eq. (2.33) with the low-pass filter. In the limit o, — 0

we obtain the dressed master equation in Eq. (2.31), and in the limit

on — 00 we obtain the unfiltered generalized master equation in
Egs. (2.33) and (2.34).
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2. Open quantum systems and photodetection in the USC regime

2.3 Emission spectrum of an open quantum
system

For stochastic stationary fields, the emission spectrum is defined as the
Fourier transform of the two-time correlation function of the electric
field operator [80, 86]

+o0 .
S(w) = lim dre ™ (B=(t+m)ET(®),  (237)
t—00 ) _~o
which allows one to obtain information on the frequency of the emitted
photons and, indirectly, on the system dynamics.

Equation (2.37) can be derived semi-analytically if we know the
eigenvalues and the eigenvectors of the Liouvillian superoperator L.
Indeed, starting from the two-times correlation function in Eq. (2.37)
and considering for simplicity the closed dynamics involving the total
Hamiltonian between the system ed the environment expressed in
Eq. (2.26), we have

<A(t + T)é(t)> — Ty |:6iﬁwt(t+7’)Ae—igtot(t+7’)6i}€]tottée—iﬁtottﬁ0:|
— TI‘ [eigtot‘rAef’iﬁtot‘rBef’iﬁtottﬁoeigtott}

=Tr [eiﬁm”fle_mw”éﬁ(t)} .
(2.38)

The equation written above still represents the entire dynamics
of the system and the environment. We now perform the quantum
regression theorem by tracing out the bath degrees of freedom [86, 97],
and we can express everything in terms of the reduced density matrix
of the system pg(t) = exp(Lt)ps(0), which is governed in terms of
the Liouvillian superoperator £. It is worth noting that the process
of tracing out the bath can be safely done because the correlation
function written above involves only system operators and because
we are assuming that the Born-Markov approximations can be done.
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2.3. Emission spectrum of an open quantum system

When we perform the limit ¢t — oo, the density matrix pg(t) approaches
the steadystate pg s, and the correlation function becomes

(At+m)B(t)) =T [Adem o Bpeifhonr] (2.39)

t—o0

which, by applying the quantum regression theorem, becomes

(At+7)B@) = <A(T)B(0)>Ss = Tr [A e* (Bps,s )| - (2:40)

t—o00

Finally, for stationary systems, the correlation function has the property

N *

(Am)B0) = (AnB©) . (2.41)

SS

which allows us to write the emission spectrum in Eq. (2.37) as

S(w) = 2Re [ /0 T drer <E(T)E+(0)>SS] L (242)

The whole procedure is simple. First, we calculate the steadys-
tate of the system, which can be derived using various iterative al-
gorithms [101], which usually use the vectorization of the density
matrix as discussed in Appendix B. Then, we initialize the system
with the pseudo-state R(0) = ET j, and we evolve it in time using
the Liouvillian superoperator £. Finally, we calculate the expectation

value
(B~ (n)E*(0)

and we then use Eq. (2.42) to obtain the emission spectrum.

As we already said, the emission spectrum can be obtained
analytically, if we know the eigenvalues and the eigenvectors of the
Liouvillian superoperator £. Indeed, To fully determine the dynamics
of the system, one has to know all the spectrum of the Liouvillian
superoperator, whose eigenmatrices and eigenvalues are defined via the
relation

= Tr| B~ R()], (2.43)

S8

Lin = Anfn - (2.44)
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2. Open quantum systems and photodetection in the USC regime

Thus, we can use the eigenstates of the Liouvillian as a basis to expand
any system operator A= > Cnpn [102]. Moreover, it can be proved
that, for a generic Liouvillian in a Lindblad form, A\, g = Re[A,] < 0[86,
97]. The physical reason is that the real part A, g of the eigenvalues
of the Liouvillian superoperator is related to the relaxation of the
system, and so it has to be negative. The imaginary part A, ; of the
eigenvalues is related to the coherences and oscillations of the system.
The steadystate pss = po of the system is the only eigenmatrix with
eigenvalue equal to zero. Indeed, the steadystate is the only state
which satisfies the equation Lpg = 0.

Considering R(O) as the initial state, if we expand it in the eigenbasis
of the Liouvillian superoperator, i.e., R(0) = 3., ¢upn, the time
evolution becomes’

]%(t) = copo + Z cne™tpy . (2.45)
n>0

By using Eq. (2.45) in Eq. (2.43), the spectrum of the emitted field
in Eq. (2.42) becomes

S(w) =2Re {Z cn Tr {E'_ﬁn} /OOO dr e(’\"_i“’)T} , (2.46)

n>0

where we have not considered the contribution of the steadystate pg
because it produces only a delta function centered at w = 0. The
integral in Eq. (2.46) can be easily calculated, since

> 1
/ dref” = ——, Relp] <0, (2.47)
0 p

and the analytical expression of the emission spectrum finally becomes

A —AnR—i(w—)\n])
S(w) =25 Relec,Tr|E p, ’ = 2.48
(w) 7%% e{c [ p } 1) e, } (2.48)

2In general, in the case of the decomposition of a physical density matrix, the
coefficient ¢ is one. This ensures that when ¢ — oo the state approaches to the
steadystate po. But in this case R(O) =E* po is not a physical density matrix, and
S0 ¢o is not necessarily equal to one.
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which, in general, is a sum of Lorentzian functions centered at the
eigenfrequencies A, ; of the Liouvillian superoperator, with a width
given by the real part A\, g of the eigenvalues.

In the density matrix vectorization framework discussed in Ap-
pendix B, any operator living in the Hilbert space becomes a vector
S-S , and the Liouvillian becomes a matrix £ which is not Hermi-
tian. Thus, the decomposition coeflicients of the vectorized operator
R(0) = (I ® E*)py in the eigenbasis of the Liouvillian are

en =G R(0) =G, (T® E) - o, (2.49)

where &, is the n-th left-eigenvector of the Liouvillian L, with
Gn - L= Ay

The main effort is to calculate the eigenvalues and the eigenvectors
of the Liouvillian superoperator. Usually, the vectorization of the
density matrix is used to express the Liouvillian in a matrix form (see
Appendix B), which allows us to use standard numerical linear algebra
algorithms to calculate the eigenvalues and the eigenvectors.

In the spectrum of the emitted field, the positive frequency part of
the field £ is expressed in Eq. (2.15) for the Coulomb gauge and in
Eq. (2.24) for the dipole gauge (which is obviously linked to that in
the Coulomb gauge by a unitary transformation U ). Obviously, E~ is
defined as the conjugate transposed of E1 in Eqgs. (2.15) and (2.24),
respectively.

2.4 Photon emission spectrum from incoherent
pumping of the atom: from weak to deep
strong coupling

In this section, we will leverage the latest advancements to present a

comprehensive view of light emission from the quantum Rabi model

under incoherent pumping, spanning from weak to deep strong light-
matter interaction. As the light-matter coupling strength transitions
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2. Open quantum systems and photodetection in the USC regime

from extremely weak to deep strong coupling regimes, the QRM’s
spectrum, initially quasi-harmonic, evolves into a strongly anharmonic
one at higher couplings. Upon reaching the deep strong limit, it
reverts back to a harmonic behavior. In the weak coupling regime,
ignoring the counter-rotating terms and employing the conventional
quantum optics master equation usually yields precise results. However,
in the USC regime, this master equation falls short in accurately
depicting the emission spectra. This issue can be partially addressed
by employing the master equation in the dressed basis [99] [refer to
Eq. (2.30)], a methodology that incorporates the interaction between
system components in deriving the dissipators. Nevertheless, this
robust approach may also fail to accurately describe the QRM’s
emission in both weak and deep strong coupling regimes. To overcome
these challenges, we examine the system’s incoherent emission at any
coupling strength using the generalized master equation (GME) given in
Eq. (2.32). This equation is applicable for systems exhibiting harmonic,
quasi-harmonic, and anharmonic spectra [2, 100, 103]. A parallel
analysis has been conducted in the strong coupling regime using the
JC model and the conventional quantum optics master equation, which
are suitable in this regime [92].

The incoherent stimulation of the qubit is characterized by its
coupling with a thermal reservoir at a specific effective temperature
To = kT /weg # 0. We have assumed a zero temperature (7. = 0)
cavity-reservoir for all results, implying that the cavity emission is a
result of its interaction with the qubit.

The eigenstates of the quantum Rabi Hamiltonian are derived
through standard numerical diagonalization in a truncated, yet
adequately large finite-dimensional, Hilbert space. We take into account
the Hilbert space resulting from the tensor product of the qubit basis
{lg), le)}, and the basis composed of the first N+1 photonic Fock states
up to the N-photon state |N). The truncation number N is selected
to ensure that the lowest M energy eigenvalues and corresponding
eigenvectors of interest do not change significantly when NV is increased.
All results are obtained by solving the GME in Eq. (2.32) using the
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Liouvillian Lgme in Eq. (2.33) for the density matrix of the cavity-
qubit in the dressed basis, including the lowest M energy levels. The
truncation number M is chosen to achieve convergence. Specifically,
we verify that the results (emission rates and spectra) do not change
significantly when M is increased.

In the subsequent discussion, for convenience, we adopt an
alternative notation for the eigenstates of the QRM, drawing parallels
with the notation employed for labeling the eigenstates of the JCM in
Eq. (1.82). As previously mentioned in Section 1.4.1, at zero detuning
[A = (we—Weg)/weg = 0], the excited eigenstates of the JC Hamiltonian
can be expressed as |n+) = (|n, g) +|n — 1,¢e))/v/2. The eigenstates of
the QRM, beyond the strong coupling regime, do not exhibit a similar
simple structure. In this context, when beneficial, we denote them
by extending the aforementioned JC notation with a tilde. In this
notation, ‘0) represents the ground state, and |fi4) characterizes an
eigenstate of the quantum Rabi Hamiltonian. It should be noted that
|4 ) approaches the corresponding JC state |ny) for n < 1. With this
notation, the energy eigenstates preserve their parity (corresponding
to the parity of the integer number 7) regardless of the value of 7.

2.4.1 Zero atom-cavity detuning

Here we consider the case of zero atom-cavity detuning, i.e., A = 0.
To demonstrate the validity of the approach discussed up to now,
which takes into account gauge-invariance and a proper modeling of
the system-environment interaction, we calculate the photon emission
rate w in the dipole gauge using the Hamiltonian in Eq. (2.17) and
the generalized master equation in Eq. (2.32), with the system-bath
interaction operators S, =F = i(a —a') — 2n6, and S, = 6, for the
cavity and the atom, respectively. Furthermore, it is compared with
different photon rates: i) wq, in the dipole gauge using the dressed
master equation in Eq. (2.30) and the same system-bath interaction
operators S, and 5',1; ii) the photon rate wyrong in the dipole gauge
using the wrong electric field in Eq. (2.22) as the cavity system-bath
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Figure 2.2: Photon emission rate as a function of the normalized coupling strength
n for T, = 0.05 and 7, = 0.5 in the upper and lower panel, respectively. The blue
solid line represents the photon rate using the gauge-invariant approach and the
GME. It is compared with the gauge invariant approach but using the dressed
master equation (orange dotted line), with the wrong electric field (red dashed line),
and with the Jaynes-Cummings Hamiltonian with the standard master equation

(green dot-dashed line). The used parameters are weg = 1, we = 1, e

=10 3wey,
and v, = 1074weg.

interaction operator (which is a usual mistake); iii) the photon rate wsyq
using the Jaynes-Cummings Hamiltonian in Eq. (1.81) and the standard
master equation in Eq. (2.27) with the jump operators S’c,std =a and
S’a,std = ¢_ for the cavity and the qubit, respectively.

The blue solid line of Fig. 2.2 corresponds to the emission rate w
using the gauge-invariant approach and the GME. We can distinguish
four regions. The first one is from 107> < 1 < (¢ +7a)/(2wey) (Where

54



2.4. Photon emission spectrum from incoherent pumping of the atom:
from weak to deep strong coupling

Ve = 10*3weg and vy, = 10*4weg), and it coincides with weak coupling
regime, where an increasing photon emission rate is a signature of the
Purcell effect [28, 29]. Indeed, by increasing the coupling strength, the
thermal excitations of the atom can be more easily transferred to the
cavity field, and so the photon emission rate increases. The second
region is from 1073 <5 < 107!, corresponding to the strong coupling
regime, where the photon emission rate is almost constant. In this
region, the coupling is strong enough to allow the total sharing of the
excitations. By increasing further the coupling beyond the onset of
USC (n > 0.1), a strong enhancement of the cavity emission can be
observed at low temperature 7, = 5 x 1072, It originates from the
decrease of the transition frequency wi g between the lowest excited
state and the ground state for increasing values of 1 [see Fig. 2.3]. The
strong decrease of wj ; enables the increase of the occupancy of the
state |i_> at very low effective temperatures. Such a population growth
determines an increase in the emission rate (of photons at frequency
wi_ ), which can be observed in Fig. 2.2. The same behavior is not
observed at a significantly higher temperature. In this case, the state
]i_> can already be populated at small values of 7.

As n surpasses the DSC regime (n > 1), w experiences a swift
decline. This pattern is indicative of the widely recognized light-matter
decoupling phenomenon [104, 105], where light and matter essentially
separate from each other. An intriguing outcome of this seemingly
paradoxical phenomenon is the reversal of the Purcell effect, causing
the spontaneous emission rate, typically expected to rise with the
strength of light-matter coupling, to approach zero for sufficiently
strong couplings. This prediction was made in the context of bosonic
matter excitations interacting with a multi-mode optical resonator
(generalized Hopfield model), utilizing the Coulomb gauge. The
decoupling effect has recently been forecasted for any light-matter
system derived from the minimal coupling substitution of electronic
momentum [105]. By employing the so-called asymptotic decoupling
frame, it was demonstrated that the electronic system tends towards
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Figure 2.3: Normalized energy levels and transition energies versus 7, for A = 0.
Only the parity-allowed transition energies |wy — w;|/weq are shown for the lowest
eigenstates of the QRM.

localization as the coupling intensifies due to an increase in effective
mass. This localization effect triggers the decoupling of the light-matter
system.

As can be easily seen in Fig. 2.2, the dressed master equation
(orange dotted line) reproduces the same results as the generalized
master equation (blue solid line), except for low coupling strengths
n < 1073, where the dressed master equation shows an unphysical
photon emission rate. Indeed, we have to remember that the emitted
photons come from the thermal reservoir of the atom, which shares its
excitation to the cavity due to the interaction. But if this interaction
vanishes, the atom excitations are not able to be transferred to the
cavity, with a resulting decreasing of the photon emission rate. The
reason why the dressed master equation fails in this regime is due
to de harmonicity of the system at these couplings, as discussed in
Section 2.2.

The red dashed line shows the photon rate when using the wrong
electric field in Eq. (2.22) as the cavity system-bath interaction operator
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Figure 2.4: Cavity emission spectrum as a function of the normalized coupling
strength 7 for 7, = 0.05. This figure directly shows the Purcell effect process of the
weak coupling regime and the vacuum Rabi splitting of the strong coupling regime.
The used parameters are the same as in Fig. 2.2.

and also as photodetection operator. As expected, it fails at the onset
of the USC ( > 107!), showing a photon emission rate orders of
magnitudes larger than the correct one. Moreover, no decoupling effect
is present.

Finally, the photon rate using the Jaynes-Cummings Hamiltonian
in Eq. (1.81) and the standard master equation in Eq. (2.27) with
the jump operators gc,std = a and Sa,std = ¢_ for the cavity and the
qubit, respectively, is shown as the green dot-dashed line. It is able
to correctly reproduce the photon emission rate only in the weak and
strong coupling regimes, but it fails beyond the strong coupling regime,
showing a plateau instead of the decoupling effect.

The cavity emission spectrum under the incoherent weak excitation
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2. Open quantum systems and photodetection in the USC regime

of the qubit (7; =5 x 1072) in both weak and strong coupling regimes
(1076 < n < 5 x 1072) is depicted in Figure 2.4. The spectrum is
normalized with respect to its maximum value, such that it is bounded
to one. The shift from the weak coupling regime (represented by a
single spectral line) to the strong coupling regime (represented by
split lines) is clearly noticeable. The two lines correspond to the
transitions [15) — |0), denoted as (1_,0) and (14,0) in Fig. 2.3. As g
increases, the emission line brightens in the weak coupling regime. In
the strong coupling regime, an asymmetry in the relative intensity of
the two lines becomes apparent when they are sufficiently split. This
is a direct result of the higher population of the lower-energy excited
state |1_) compared to the higher-energy state |1;) at 7, =5 x 1072
This behavior cannot be replicated using the standard quantum-optics
master equation where reservoir occupations are calculated at bare
transition frequencies (in the absence of light-matter interaction), see,
e.g., Section 2.4.3.

The logarithmic cavity emission spectra as a function of the
normalized coupling strength 7 is depicted in Figure 2.5. These spectra,
calculated at four distinct temperatures, illustrate the transition of the
emission spectra from strong to DSC regimes. Each of the four spectra
is normalized to the maximum value of the spectrum at 7, = 0.5. Unlike
light-matter systems governed by a harmonic Hamiltonian (refer to
Ref. [106] for instance), the spectra in this highly anharmonic scenario
become significantly complex when the system is sufficiently excited.
At an extremely low temperature (7, = 5 x 1072), only a few spectral
lines are visible, with the two most prominent ones corresponding to
the transitions (1,0) [refer to Fig. 2.3].

It should be noted that due to parity symmetry [19, 30], the
transition (1,,1_) is prohibited. As anticipated, at such a low
temperature, the emission from the lowest excited level at frequency
wi_ g is dominant. As 7 increases (up to approximately n ~ 1),
the intensity of the line wj ; rises due to a decrease in the ratio
wi_§/(wegTa), leading to an increase in the excited state population
pi_i_ - However, for n 2 1, this population begins to decrease as a
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2.4. Photon emission spectrum from incoherent pumping of the atom:
from weak to deep strong coupling

10°

1072

10712

10714

Figure 2.5: Cavity emission spectrum in log scale as a function of the normalized
coupling strength 1 between the strong and the deep strong coupling regimes, for
To = 0.05,0.1,0.2,0.5. The spectra are normalized with respect to the maximum
value of the spectrum at 7, = 0.5, at higher temperatures it is possible to see several
lines which are avoided in the JC model. The used parameters are the same as in
Fig. 2.2.

result of decoupling between light-matter and qubit-reservoir. This
trend aligns with the corresponding emission rate depicted in Fig. 2.2.

When further increasing the temperature (7, = 0.1 and 7, = 0.2),
additional energy levels get populated and additional spectral lines
appear. Most of these correspond to transitions indicated in Fig. 2.3.
In the low-frequency range at 7, = 0.2, in addition to the transition
(1-,0), a new spectral line at |w; 7 | appears. The crossing between
the energy levels ws and wy occ{lrring at n ~ 1 = 0.43, manifests as
a low spectral line approaching w = 0 as n — 7, and then (after the
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Figure 2.6: Cavity emission spectrum in log scale as a function of the normalized
frequency w/weg for T, = 0.2 with n = 0.1 (blue solid) and 1 = 0.8 (red dashed).
Each spectrum can be obtained by cutting the corresponding spectrum in Fig. 2.5 at
the corresponding value of 7. The spectrum at 1 = 0.8 presents also the transition
(3_,0) which is not allowed in the Jaynes-Cummings model. The used parameters
are the same as in Fig. 2.5.

crossing), moving away from w = 0. At higher frequencies (w/weq ~ 1),
other two crossing spectral lines become clearly visible.

As shown in Fig. 2.3, they correspond to the transitions (2, ,1,)
and (3_,2_). Still at higher frequencies, other two lines are observable
for n > 0.4: they correspond to the transitions (24,1_) and (3_,0). In
the latter, the involved states differ by a number of excitations An = 3
and it is a forbidden transition in the JC model (See, e.g., Section 2.4.3).
This transition is enabled by the presence of the counter-rotating terms
in the QRM of Eq. (2.17) and represents a clear example of USC
physics [30, 31], beyond the JCM. The spectra obtained at 7, = 0.5
display still richer structures with the appearance of additional lines
originated by higher energy levels that get populated at this effective
temperature.
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Figure 2.7: Cavity emission spectrum as a function of the normalized coupling
strength n for 7, = 0.05 and A = 0.3. (a) in the weak and strong coupling regime;
(b) in the USC and DSC regime. The main difference with respect to Fig. 2.4 is the
presence of only one peak related to the qubit-like transition |i_> — {6> The used
parameters are the same as in Fig. 2.2.

Figure 2.6 shows the cavity emission spectrum for two different
values of the coupling strength n = 0.1 and n = 0.8 at 7, = 0.2. Each
spectrum can be obtained by cutting the corresponding spectrum in
Fig. 2.5 at the corresponding value of 1. Moreover, the spectrum at
n = 0.8 presents also the transition (3_,0) which is not allowed in the
Jaynes-Cummings model. The presence of this transition is a clear
signature of the USC physics, which is not present in the JCM.

2.4.2 Positive atom-cavity detuning

Here we consider the case of positive detuning A = 0.3, which implies
we/weg = 1.3. This is an interesting case because we can distinguish
the properties of the resonance peaks due to the detuning. As expected,
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Figure 2.8: Comparison of the cavity emission spectrum as a function of the
normalized coupling strength n for 7, = 0.2 between: (a) the gauge-invariant
approach with the use of the generalized master equation; (b) the Jaynes-Cummings
model with the standard master equation. Apart from the fact that the resonances
become very different beyond n 2 0.2 because of the different Hamiltonians in
use, the JC model is not able to reproduce the peak at w ~ 2, corresponding to
the transition (3_,0), which is a clear signature of the USC physics. The used
parameters are the same as in Fig. 2.2.

the large detuning significantly reduces the energy transfer from the
qubit to the cavity for n < A.

As can be seen from Fig. 2.7, the cavity starts to emit photons
at both the cavity and qubit transition frequency for n > 1072
Surprisingly, the cavity emits with more intensity at the qubit
frequency wey, because in this coupling regime wy 5 ~ wey and because
the thermal population ng,(wgj, T') is larger at wey rather then we.
Compared to Fig. 2.4 (where A = 0), this resonance, which is relative
to the transition (1_,0), appears at a higher coupling strength, due to
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Figure 2.9: Comparison of the cavity emission spectrum as a function of the
normalized coupling strength n for 7, = 0.05 between: (a) the gauge-invariant
approach with the use of the generalized master equation; (b) the gauge-invariant
approach with the use of the dressed master equation. It is clear that for low
coupling strengths the dressed master equation fails, because the system becomes
harmonic. The used parameters are the same as in Fig. 2.2.

the detuning.

2.4.3 Comparison with other models

Now we compare the results obtained with the gauge-invariant approach
and the GME with the ones obtained with the Jaynes-Cummings model
and the standard master equation.

In Fig. 2.8 we compare the emission spectrum of the cavity as
a function of the dimensionless coupling strength 7 using the gauge-
invariant method with the generalized master equation (panel a) and
the Jaynes-Cummings model with the standard master equation (panel
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2. Open quantum systems and photodetection in the USC regime

b). The resonances diverge significantly for n = 0.2 due to the distinct
Hamiltonians employed, but, more interestingly, the JC model fails
to reproduce the peak at w = 2, which corresponds to the transition
(3_,0) and is a clear indicator of the USC regime. We used the same
parameters as in Fig. 2.2 with 7, = 0.2.

In Fig. 2.9, we compare the emission spectrum of the cavity as
a function of the dimensionless coupling strength 7 using the gauge-
invariant method with the generalized master equation (panel a) and
the gauge-invariant method with the dressed master equation (panel
b). It is evident that the dressed master equation breaks down for low
coupling strengths, because the system becomes harmonic. We used
the same parameters as in Fig. 2.2 with 7, = 0.05.
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CHAPTER 3

Spontaneous scattering of
Raman photons without
vibrational degrees of
freedom

In the previous section we investigated the photon emission under
a thermal pumping of the atom. The purpose of that study was to
analyze the properties of the emitted light, which comes only from
the interaction with the atom. The incoherent (thermal) pumping is
relatively simple to model, because we are often dealing with time-
independent models.

In this section, however, we study the properties of USC systems
under coherent pumping (e.g., a laser), and we demonstrate that
in cavity-QED systems, spontaneous Raman scattering of incoming
radiation can be detected without the need for external amplification
or linkage to any vibrational freedom. As the cavity-QED system nears
the ultrastrong coupling domain, Raman scattering events manifest as
resonances in the emission spectrum, becoming distinctly noticeable.
We offer a quantum mechanical portrayal of this phenomenon,
establishing that the ultrastrong coupling between light and matter
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3. Spontaneous scattering of Raman photons without vibrational
degrees of freedom

is an essential prerequisite for detecting Raman scattering. This
phenomenon, coupled with its pronounced sensitivity to the parameters
of the system, paves the way for novel methods of characterizing cavity
QED configurations and generating quantum light states.

The Raman effect describes the inelastic scattering of radiation
by matter, in which scattered photons are produced with a frequency
which is either lower (Stokes photons) or larger (anti-Stokes photons)
than the frequency of the incident field [107-109]. Within the realm
of quantum optics and cavity quantum electrodynamics (cQED), this
scattering is typically regulated and stimulated through a secondary
resonant drive [110-119] or a cavity [120-124]. This forms the
foundation for numerous pivotal coherent control techniques such
as coherent population trapping [110, 111], electromagnetic induced
transparency [113, 114], or stimulated Raman adiabatic passage [116—
119].

However, the conventional method to observe spontaneous Raman
scattering of photons without any external stimulation is when
the incident light interacts with phonons in a material [107-109].
This interaction reveals the molecular vibrational modes of the
sample, making this effect a useful spectroscopic tool for material
characterization [125-130].

The Raman processes are enhanced by plasmons in surface-
enhanced Raman spectroscopy [131-133], allowing single-molecule
sensitivity [131, 132], and reaching regimes where the quantum nature
of the vibrational and electromagnetic modes is important [134—
136]. As a result, several recent theoretical works have developed
fully quantum mechanical descriptions of Raman scattering [137-141],
leading to the field of molecular optomechanics, where the interaction
between phonons and plasmonic cavity phonons is described by an
optomechanical Hamiltonian [142, 143].

In this section, we show the possibility of observing spontaneous
Raman scattering in cQED systems that, unlike molecular optome-
chanics, have no vibrational degrees of freedom. A key feature of
the quantum description of Raman scattering is that the underlying
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3.1. Theoretical model

process does not conserve the total number of particles: for example,
in a Stokes process, a single laser photon of a given energy becomes
a single photon with lower energy plus a vibrational excitation—a
phonon. The underlying Hamiltonian must therefore not conserve the
total number of excitations, which happens in optomechanical inter-
action Hamiltonians of the form Voy = gOM&Td(I; + IST) that appear
in molecular optomechanics (with @ and b annihilation operators of
photon and phonon modes, respectively).

Now, instead of an optomechanical system, let us consider the case
of a single mode cavity field interacting with a dipole, as depicted
in Fig. 3.1(a), which we already know that it is modeled by the
quantum Rabi Hamiltonian. We will demonstrate that the presence
of the counter rotating terms is crucial for the observation of Raman
scattering. Indeed, in the absence of these terms (Jaynes-Cummings
model), the Hamiltonian conserves the total number of excitations (see,
e.g., Section 1.4.1), and therefore the Raman scattering is forbidden.
Similarly to the optomechanical case, the full QRM that describes the
dynamics in the USC does not conserve the total number of excitations.
We present that the observation of spontaneous Raman scattering of
photons from an incident field is an additional distinctive process of
the USC regime [4]. Specifically, we provide clear evidence of these
processes in the emission spectra of a coherently-driven cQED system
in the USC regime [2, 103]. This finding positions USC-cQED as
a unique context where Raman Stokes and anti-Stokes photons are
spontaneously generated without the involvement of any vibrational
degree of freedom. In addition to precise numerical calculations that
demonstrate the effect, we reinforce these results with forecasts from a
comprehensive quantum depiction of the Raman scattering process.

3.1 Theoretical model

The quantum Rabi Hamiltonian describes the interaction of a single
mode cavity field with a two-level atom. In the presence of a coherent
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drive, the Hamiltonian becomes time-dependent, and the gauge-
invariant approach to describe emission spectrum might be slightly
different [103]. Here we will resort to the sensor method developed
in Ref. [144], adding an ancillary sensor two-level atom of resonance
frequency wg, which is weakly coupled to the cavity to not perturb the
system. This approach has been shown to produce equivalent results
to the quantum regression theorem in the USC limit [103]. In this
way, the total Hamiltonian in the dipole gauge, without the external
coherent drive, is given by

> Weg ~

H = weala+ 5 O'Z‘i‘&

2
e [z (a —af ) - 277&1,} (),

60 —inwe (a—at) &, -

where &i(s) are the Pauli operators of the sensor atom, 7y is the

coupling strength between the sensor atom and the cavity, and
Gp = cos(0)6,+sin(0)6, is the polarization operator of the atom, which
includes the possibility of a permanent dipole moment, parametrized by
0. Finite values of # break the parity symmetry of the quantum Rabi
Hamiltonian [19, 30], which means that the Hamiltonian non longer
commutes with the parity operator IT = explim(ata 4+ 6,6_)]. Taking
as an example the double-well potential examined in Section 1.1.2, this
behavior of the atom can be obtained by considering an asymmetric
double-well potential (V(z) # V(—2z)), while in superconducting
architectures it can be obtained with an external magnetic field in a
flux qubit [33, 55]. The Hamiltonian in Eq. (3.1) is obtained from a
gauge-invariant approach, taking into account two atoms instead of
one [145].
The coherent drive is modeled through the term

ﬁdrive(t) =0 {z (d — &Jr) — 2776p] cos(wrt), (3.2)

where €2 is the laser amplitude and wy, is the laser frequency. It is
worth reminding that it describes a coherent electric field in the dipole
gauge, since E = i(a — al) — 2n6,. Moreover, such as any Raman
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Figure 3.1: Ilustration of the Raman scattering process. (a) Scheme of the cavity
QED system examined in this study: a quantum emitter interacts with a single
cavity mode in the ultrastrong-coupling regime and spontaneously emits a Raman
photon from an incident excitation field. (b) Top: Transition energies between the
first two excited eigenstates of the light-matter system and the ground state, as a
function of the normalized coupling parameter 7. Bottom: Emission spectrum for
We =weg = 1, n = 0.3, w, = L.1lwe, Ye = Yo = 103w, and Ys = 10 3ws. The red
line denotes the frequency at which Stokes photons are emitted. (c¢) The incident
photon with frequency wr, is scattered by the atom, resulting in a photon with
frequency wr.

process, we are dealing with an open quantum system. Therefore, we
use the generalized master equation in Eq. (2.33) with the following
jump operators: S, = i(a—a') —2né,, S, = Gp, and S, = 65;5) for the
cavity, the atom, and the sensor, respectively.

Since counter-rotating terms in Eq. (3.2) cannot be straightfor-
wardly eliminated in the USC regime, the dynamics will yield a time-
dependent density matrix, even at long times. Thus, the density
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matrix at long times will oscillate around an average steady state
p(t) = pss + dp(t). However, here we consider ) < nw., which means
that we can neglect the last term ¢5(¢) and consider only the time-
averaged steady state pgs. The question now is how to get pss since we
are dealing with a time-dependent problem. The direct solution is to
integrate the generalized master equation at long times and then aver-
age the density matrix over the one time period 71, = 27 /wy,. However,
this approach is computationally expensive, since we have to integrate
the time-dependent master equation for a long time. A more efficient
approach is to use the Floquet theory to expand the density matrix
in Fourier components, imposing that p(t) = p(t + T1.) when ¢t — co.
Here we use an iterative algorithm to obtain pss without the need to
integrate the master equation for a long time. The full derivation is
explained in Appendix C, where a matrix continued fraction recursion
is used [146-148]. Here we limit ourselves to show the final result.

First, in the Liouvillian space, we can divide the driving term
arising from Eq. (3.2) into two parts £+1, with positive and negative
frequency, respectively. If the periodicity of the density matrix holds,
we can expand it in Fourier components as

+oo

plt)= D ppe™rt, (3.3)

n=—oo

and the time-averaged steady state density matrix pgs can be found as
the nullspace of the superoperator

Lot = Lo+ L1T-1 + L1581, (3.4)
where
Sp=— (Lo —inwL) + L_18ni1] ' L1 (3.5a)
Tn = — [(Lo —inwy) + L1Tn 1] L1, (3.5b)
and choosing an nyax such that S, . =0 and 7_,, .. = 0, meaning

that the npax-th Fourier component of the density matrix is negligible.
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3.2. The Raman scattering process in cavity QED

We can now assume that the the cavity emission spectrum is
proportional to the stationary emission rate of the qubit sensor

S(ws) oc Tr [is_ijﬁss} ) (3.6)

with

2 (5l641k) L)k (38.7)

s

Sr=>
s

as discussed in Section 2.1.

3.2 The Raman scattering process in cavity
QED

Figure 3.1(b) depicts an example of the emission spectrum. Here and
in the following we fix, unless stated otherwise, wey = we, 0 = 7/6,
n=0.3ns = 107%, Q2 = 5x 103w, Ve = Yo = 107 3w,, and wy, = 1.1w,.
Upon initial observation, a resonance peak at the laser frequency is
noticeable, along with additional peaks corresponding to transition
energies between the light-matter eigenstates, as shown in the top panel
of Fig. 3.1(b). Another peak can be seen, which is associated with
the spontaneous scattering of a Stokes photon. The Raman process
leading to this peak is illustrated in Fig. 3.1(c). Through a second-order
process, an input laser photon with frequency wy, transforms into a
Raman photon with lower energy wgr and a light-matter excitation of
energy wi. Given that energy must be conserved, the Stokes photon’s
energy is expected to be wr = wy, — wy, indicating a linear dependence
on the laser excitation.

In order to understand the origin of Raman peaks and their reliance
on system parameters like 1 or 0, we formulate a comprehensive
quantum representation of the Raman scattering process. We assume
that the cavity is linked to a wide quasi-continuum of modes with
Hy, = 2q wa;;l;q, which encompasses the incident radiation field and
the dispersed Raman photons. The entire system Hamiltonian is
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ﬁtotal =H R+ f[b + Vb, where H Rr is the quantum Rabi Hamiltonian
(H above, excluding the sensor and drive terms) and

qu (bg + b)li(a — aT) — 2n6,). (3.8)

Subsequently, we treat Hp + H, as the undisturbed, raw Hamﬂtoman,
and we represent Hp in diagonal form as Hp = > wi l3Xdl-
The Raman scattering process can be portrayed by second—order
perturbation theory under the constant perturbation Vi. We consider
an initial state |I;) = |i,ny,nRr), where the first entry labels the
eigenstates of H R, nr, labels the photon number in the input mode—the
laser drive—with frequency wr,, and nr denotes the photon number
in the output mode of frequency wg, where Raman photons are being
emitted. We are considering here only the two modes involved in
the scattering process; all other modes of the quasi-continuum are
assumed to be in zero-photon states throughout the process. The
energy of the initial state is wr; = w; + wrpny, + wrnr. Then,
we consider a final state |Fy) = |f,ny, —1,ng + 1), with energy
wrf = ws +wr(n, — 1) + wr(nr + 1). Energy conservation implies
WF,f = wr;, and therefore, for a specific choice of initial and final states
1 and f, the energy of the corresponding Raman photons is

WR = wg’l) = wr, — (Wf — wj). (3.9)
|Ft) is connected to the initial state |I;) by a second-order process
involving an intermediate virtual state. It is possible to identify two
kinds of intermediate states, |71) and |T), describing respectively
the process (i) where a photon is first absorbed from the input state:
IT1) = |j,nL — 1,nR), with energy wry, = w; +wr(nL —1) +wrng ; and
the process (ii) where a photon is first emitted into the output mode:
|T) = |j,n1,nRr + 1), with energy wr, = wj + wrng, + wr(ng + 1).

The rate of the process |I;) — |Fy) given by the Fermi golden rule,
for a given wy,, 7 and f, is

Wiilwr,wr) = 2mgagins(ng + 1)| M35 (wr —wd?),  (3.10)
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3.2. The Raman scattering process in cavity QED

where wy; = wy — w; and

Myilenon) = 30 (SL5E ¢ ZHEIL) )

J

with X;; = (fli(a —a') — 2n6,|j). Notice that wr, —wr; = wj; — wr,
and wp, —wr; = wj; +w£{ ’Z). The total scattering rate for the process is
obtained by summing over all possible initial and final states, which will

be constrained by the energy-conservation condition in (3.10), giving

W(wr,wr) =Y _ Wyilwn,wr)p*(1 — o), (3.12)
Fi

where p}® is the steady-state occupation probability of the eigenstate
|k) of Hp. For a system at very low temperatures and low driving
which is mostly in the ground state, so that pj’ ~ 1, we obtain
Wi(wL,wr) = 3§ Wyo(wr,wr). Therefore, if Raman spectroscopy
is performed by probing cQED systems that are close to the ground
state, only the family of Raman processes that start from |0) are
expected to be observed.

The above-mentioned quantum scattering process is characterized
by resonances in the emission spectrum, which are centered at the
frequencies w(Rf ) These resonances have a characteristic feature
that distinguishes them from peaks arising from standard radiative
transitions: their central frequency wé ) depends linearly on the laser
frequency wr,. This linear relationship results in resonance peaks that
form straight lines in the excitation-emission spectrum, which is the
emission spectra for varying driving frequencies. This characteristic
serves as definitive evidence that these peaks are a result of the
inelastic, spontaneous scattering of laser photons via the quantum
process described above. Numerical simulations of the excitation-
emission spectra for a cavity-QED system are depicted in Fig. 3.2
for two distinct temperatures 7 = kpT/w. of both the cavity and
the atom, with 7 = 0 for the panel (a) and 7 = 0.15 for the panel
(b). The most prominent Raman peaks are labeled in Fig. 3.3(a). At
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Figure 3.2: Emission spectra of a cQED system in the USC regime, where
several Raman processes are clearly visible. (a) at 7 = 0, where the Stokes are
predominantly visible, with the hyper-Raman processes also visible; (b) at 7 = 0.15,
where the anti-Stokes processes becomes more visible. The used parameters are the
same as in Fig. 3.1(b).

lower temperatures, the most noticeable peaks are Stokes processes
that originate from the ground state of the light-matter system and
terminate at an excited state |f) (these Stokes processes are denoted
as wéf O)). As predicted by Eq. (3.12), Stokes processes that initiate
from an excited state are barely visible or not visible at all at lower
temperatures; in Fig. 3.3(a), we emphasize the process wézl)—which
starts in |1) and ends in |2)—as it can be discerned in certain regions
of the displayed spectra. Similarly, the emission of anti-Stokes photons
with frequencies exceeding the drive frequency is only clearly observable
at non-zero temperatures: these processes necessitate that the energy
of the final state of the cQED system is less than that of the initial

one, implying that the initial state must be an excited state with
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Figure 3.3: (a) Identification of some processes visible in Fig. 3.2(a,b), which
include Stokes processes starting from |0) (solid red), Stokes process starting from
|1) (dashed red), anti-Stokes (solid blue), and hyper-Raman (solid yellow). (b)
Schematic representation of the Raman processes involved in this setup: Stokes,
anti-Stokes, and hyper-Raman.

a significant stationary occupation probability. These simulations
also reveal that higher-order, hyper-Raman processes can be faintly
detected in the excitation emission spectra. These processes scatter
two incident laser photons into a Raman photon, and thus energy
conservation dictates that the frequency of the hyper-Raman photons
must be wg Q- 2wr, — (wy — w;). Consequently, these processes can
be identified in the excitation-emission spectra as straight lines with
double the slope of standard Raman processes.
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3.3 Comparison with perturbation theory

The characteristics discussed above become more pronounced when
one enters the ultrastrong coupling regime, where n = 0.1, leading to
significant values for the matrix elements X}, ; in Eq. (3.10). In fact,
Fig. 3.4(a) presents the computation of the scattering rate W as a
function of 1 using Eq. (3.12) for the Stokes process |0) — |1), which
is most noticeable in a system near the ground state, in comparison
to the intensity of the corresponding Raman peak computed in the
excitation emission spectra. By selecting the scaling factors in Eq. (3.10)
as: giny, = (9/2)% nr ~ 0, gr = 7swe, and converting the delta
function into a Lorentzian shape, which accounts for detector losses
§(0) ~ 1/(7v2%), we achieve a satisfactory match with the emission
spectrum derived from Eq. (3.6).

Apart from the strong correlation between both results, which
validates our explanation of the fundamental quantum process,
we emphasize the exponential growth of peak intensity with 7.
Furthermore, the discrepancy at low 7 values in Fig. 3.4(a) is not
indicative of a breakdown in perturbation theory, but rather arises from
numerical simulation tolerances and a background signal originating
from other system resonance tails. Far below the USC regime, small
scattering rates make it extremely difficult to observe Raman processes
in cavity QED systems, as demonstrated in Fig. 3.4(c), where it is
nearly impossible to detect the first Stokes peak for n = 0.01.

It is instructive to explore potential Raman processes in a cQED
system with 1 < 1, which can be accurately described by a Jaynes-
Cummings Hamiltonian. The eigenstates of this system form doublets
|7+) that also serve as eigenstates of total excitation number N =
afa+6,6_, e, N|ji) =7j|jx). This implies that only those Raman
processes conserving total excitation number are permitted, i.e., those
whose initial and final states belong to the same doublet. Since
processes initiating and terminating in the ground state result in
wr = wr, and hence do not yield energy-shifted photons, it is not
possible to observe key Raman processes involving the ground state
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Figure 3.4: Comparison of the perturbation theory prediction with the numerical
simulations. (a) The maximum peak intensity of the Stokes process |0) — |1) as a
function of the normalized coupling strength 1. (b) Peak intensity of the Stokes
processes |[0) — |1) and |0) — |3) as a function of the parity parameter 6. (c)
Emission spectrum of the Stokes process |0) — |1) around wgo) for different values
of n. (d) Peak intensity of both Stokes and anti-Stokes processes between the states
|0) and |1) as a function of the normalized temperature 7. These figures show an
high agreement between the perturbation theory and the numerical simulations.
The used parameters are the same as in Fig. 3.1(b).

in a Jaynes Cummings system. Peaks that might be observed under
these conditions, such as w%l and w%ls, are barely discernible even
within the ultrastrong-coupling regime, as shown in Fig. 3.4(a,b), and
necessitate a stationary population of excited states, which could
introduce additional dephasing sources. We therefore conclude that
Raman photon emission from coherently driven cavity QED systems is
fundamentally a characteristic effect of the USC coupling limit.
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3. Spontaneous scattering of Raman photons without vibrational
degrees of freedom

The presence or absence of specific Raman peaks can offer insights
into microscopic parameters, such as the static dipole moment
represented by 6. Each peak displays a unique 6 dependence, as
demonstrated in Fig. 3.4(b) with two specific instances, the Stokes
peaks wéw) and wé30)’ indicating that this dependence is accurately
captured by our quantum process description based on perturbation
theory. This instance underscores that in certain scenarios—Ilike for
wgo)—the violation of parity symmetry (6 # 0) is essential for the
observation of the corresponding Raman peak. When 6 = 0, QRM
eigenstates also serve as parity eigenstates, hence only Raman processes
preserving parity, such as |0) — |3), will exhibit a non-zero scattering
rate. Lastly, Fig. 3.4(d) reveals that our quantum model offers a reliable
qualitative forecast for the varying temperature dependence of Stokes
and anti-Stokes peaks, indicating that the intensity of Stokes peaks
is marginally reduced, while the intensity of anti-Stokes peaks can be
amplified by several orders of magnitude, which can be attributed to

the corresponding rise in the stationary population of excited states.

3.4 Implications of Raman peaks for
spectroscopy: Fisher Information

The development of strategies to enhance the characterization of cavity
QED systems is a crucial endeavor, considering their fundamental
role in numerous quantum technology architectures. The introduction
and comprehension of Raman scattering processes in this study bear
significant relevance for the spectroscopic characterization of cavity
QED systems through the examination of excitation-emission spectra,
thereby considerably augmenting the information these measurements
yield about the system’s internal parameters. In essence, we can
markedly boost the accuracy of internal parameter estimation by
ensuring that not only are the spectral features associated with direct
transitions between eigenstates accurately fitted by our cavity-QED
model, but also the Raman scattering peaks. To provide quantitative
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3.4. Implications of Raman peaks for spectroscopy: Fisher
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substantiation for these assertions, we scrutinize this issue from the
standpoint of quantum parameter estimation [149-156]. As a pertinent
example, we contemplate a scenario where our system is characterized
by the quantum Rabi model Hamiltonian described above, and we are
tasked with estimating the light-matter coupling parameter n from an
emission spectrum measurement.

A measurement strategy is represented by a positive operator-
valued measurement (POVM) A, a set of operators {A,}, where
we{1,2,..., M} labels different possible measurement outcomes, and
> Ay = 1. For a given unknown parameter 7, the probability for each
measurement outcome follows a distribution P(u|n) = Tr[p,A,], where
pn is the n-dependent density matrix of the system. The uncertainty
in the estimation of n, A7, is bounded by the Fisher information of
the probability distribution, A%y > 1/F, defined as

2
F=E l(dk’gjw) ] . (3.13)

In Ref. [157], an expression for the Fisher information associated to
measurements of emission spectra was derived. The measurement
of the emission spectrum S(w) is described as a collection of
independent measurements over a discretized set of IV frequency points
& = [wy,wa,...,wy]. For each frequency point w; the probability
distribution of the measurement of the spectrum is a Poissonian
distribution with mean value S(w;), leading to Fisher information

B N 1 05 (wi,m) 2
PY ol @14

Applying the Cramér-Rao bound, this quantity allows us to evaluate
the metrological potential of spectrum measurements for estimating an
unknown 7. We can isolate the contribution to the Fisher information
from different regions of the spectrum. Here, we separate contributions
from two different frequency ranges; one centered around a direct
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3. Spontaneous scattering of Raman photons without vibrational
degrees of freedom
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Figure 3.5: Variation of the emission spectrum with the coupling strength n = 0.3
and 07 = 0.0005 as an estimation of the Fisher information. (a) Variation of the
Stokes peak |0) — |1). (b) Variation of the direct peak |1) — |0). Although the
Stokes peak is 4% the intensity of the direct peak, its Fisher information is still 4%
the Fisher information of the direct peak, stating that the relative information is
equal. The used parameters are the same as in Fig. 3.1(b).

transition from eigenstate |1) to ground state |0), and one around
the Raman peak corresponding to Stokes process [0) — |1), labeled
as wélo). The spectral peaks measured in both frequency ranges are
displayed in Fig. 3.5(a-b), with the same parameters of Fig. 3.1(b).
A small change in 7 imprints a change in these spectral forms. Our
calculation shows that the total intensity of the Raman peak is 4%
the intensity of the direct peak, but its Fisher information is still 4%
that of the direct peak, meaning that the relative information is equal,
and that the Raman peak contains significant information about 7,
despite its small intensity. We stress that the intensity peaks and the
derived Fisher information may change by changing the properties of
the environment, such as the density of states, leading to a different
spectral shape varying ws [4]. Here we limited ourselves to consider the
only environment introduced in this Thesis, which is the ohmic bath.

This example illustrates how Raman peaks emerging in ultra
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strong coupling regime contain significant information about internal
parameters of system. Their correct description and understanding
is crucial for accurate characterization of cavity QED setups via
spectroscopic measurements.

This example underscores a significant distinction between Raman
photons spontaneously scattered by cavity QED systems and those
scattered through coupling to phononic degrees of freedom. In the
absence of phonons, the process is entirely encapsulated by a quantum
Rabi Hamiltonian, and all spectral features can be fitted by such a
model (for instance, the central frequency is wholly determined by
the transition energies between different eigenstates of the quantum
Rabi Hamiltonian). Conversely, in the case of Raman scattering due
to phonon coupling, the frequency of a scattered Stokes photon, wg,
would be offset from the laser frequency wr, by an amount equivalent
to the frequency wy, of the phonon mode:

Ws = W, — Wy, (3.15)

which is a parameter that is independent of the cavity QED system.
This implies that it would not be feasible to fit such a peak with only
a quantum Rabi model. This crucial difference between both scenarios
enables us to ascertain the origin of the observed Raman peaks and
unambiguously identify instances where these originate from the purely
cavity QED effect that we present in this work.
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CHAPTER 4

Pure dephasing of light and
matter in the USC and DSC
regimes

In the previous chapters, we focused on the gauge-invariant description
of open quantum systems in the ultrastrong coupling regime, on the
photodetection under coherent and incoherent pumping. We have seen
that the standard master equation fails when approaching to the USC
regime, and that the mathematical description of the fields may vary
depending on the gauge chosen. Taking as an example the electric field,
we have seen in Section 2.1 that in the Coulomb gauge it is defined as

Ee = iw.Ao (a - aT) , (4.1)

because the photonic canonical momentum [Ie = —&oE is not modified
by the interaction with the matter (see also Section 1.3 for the full
derivation). On the other hand, in the multipolar (or dipole) gauge,
the canonical momentum is proportional to the electric displacement
field

fip = —Dp = —icoweAo (a - aT) , (4.2)
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4. Pure dephasing of light and matter in the USC and DSC regimes

where

D= €0ED + ]5, (4.3)

and P is the polarization operator of the matter. This implies that the
electric field in the dipole gauge is

Bp == (fip + P) = iwedo (a - ) - 20dons,  (44)
€0
for the case of a truncated two-level matter system.

We have also seen that the truncation operation of the matter
system is not always a safe operation. Specifically, since in the Coulomb
gauge the canonical momentum of the matter system is modified by
the interaction with the electromagnetic field, the truncation has to be
performed in the dipole gauge, where the matter canonical momentum
is not modified. Although a proper way to derive the correct version
of the truncated light-matter Hamiltonian in the Coulomb gauge was
presented [75, 79] (See also Section 1.4.3), the key point is that the
application of certain operations on a subsystem is safer in that gauge
where the canonical momentum is not modified. The truncation of the
matter eigenstates is much safe in the dipole gauge, while the definition
of photodetection and photonic losses in the dipole gauge is not so
intuitive as in the Coulomb gauge.

To further extend this concept, we now ask ourselves what is the
energy of the electromagnetic field when it interacts with matter. We
already know from Section 1.2 that the Hamiltonian of a single mode
cavity field is H(®) = w,(afa +1/2)". This arises from Eq. (1.15) which
express the energy as an integral in space of E(r) and B?(r). Now,
while in the Coulomb gauge the energy associated to the n-th mode is

"We remind that we choose h = 1
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related to the Hamiltonian

where Ag = /1/(250we), in the dipole gauge it is related to the
Hamiltonian

2 1o
et 1) 2]+ 2 ) o
—we (a*a + ;) — inwe (a - aT) b + nPwe,

which is very different from Eq. (4.5), especially when 7 = 0.1.
The same holds for the matter system. In the Coulomb gauge, the
energy associated to the matter system is related to the Hamiltonian

7:181) = % {&Z cos [277 (& + dT)] + G, sin [277 (& + &T)” ,  (4.7)

while in the dipole gauge

7l = “’2@9 G.. (4.8)

Moreover, by looking at Eqgs. (1.89) and (1.92), we see that 7:[(5) =
wltatatt = wc&];)&p and 7:[(6?) = (weg/Q)Z;l&ZZ;lT = (Weq/2)62,c, where
U = explin(a + at)s,] is the operator that links the two gauges, as
defined in Eq. (1.90).

Here we see that the intuitive definition of the energy related to one
of the two subsystems holds only in the gauge where the momentum
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4. Pure dephasing of light and matter in the USC and DSC regimes

of that specific subsystem is unchanged. In the other gauge, there is
still a valid definition of energy, but it may be more or less different
depending on the coupling strength. This may change the way to treat
problems such as pure dephasing, where a stochastic perturbation of
the single subsystem is taken into account [5].

4.1 The concept of pure dephasing

In Section 2.2, an open quantum system, which is a quantum system
that interacts with an environment, was examined. This interaction
results in an energy relaxation time 7T} that is linked to a specific
optical transition. When an atom is in a continuum of modes of a free
electromagnetic field, the decay of the population of an excited state also
leads to the decay of polarization, causing decoherence. In situations
where only energy relaxation mechanisms are present, such transverse
relaxation time is Tp = 27 [98, 158]. However, quantum systems
with optical transitions can be influenced by additional dephasing
mechanisms that cause the decay of dipole coherence without altering
the system’s populations. These pure dephasing effects can be caused
by environmental field fluctuations that affect the phases of the emitter
wave functions [159-164]. Typically, the phase (transverse) relaxation
time is less than or equal to twice the energy relaxation time: To < 277.
In optical spectroscopy, the full width at half maximum (FWHM) of
homogeneous broadening corresponds to 2/7T5. Decoherence is known
to eliminate quantum coherence and quantum correlations [165, 166],
and this process accelerates as the size of a quantum system increases
[167]. This explains why quantum superpositions are not observed in
the macroscopic world [168]. Decoherence can significantly impact and
limit quantum information processing (QIP) [169, 170], and depending
on the specific environment, methods to protect qubits from dephasing
have been suggested [171-174].

Devices for QIP, secure communication, and high-precision sensing
have been developed by combining various systems from photons,
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4.1. The concept of pure dephasing

atoms, and spins to mesoscopic superconducting and nanomechanical
structures. The complementary functionalities of these hybrid quantum
systems could be crucial for advancing new quantum technologies [44,
175, 176]. Tt is interesting to understand how the decoherence of one
or more subsystems can affect the performance of the entire system,
which is relevant for enhancing the performance of quantum devices
[99, 100].

Cavity [166] and circuit [27, 44] quantum electrodynamics (QED)
systems are some of the most researched hybrid quantum systems. They
play a crucial role in quantum optics and in developing new quantum
technologies [177-180]. Pure dephasing can significantly influence these
systems’ performance. For instance, it has been demonstrated that
pure dephasing can enhance the performance of nanophotonic devices
like single-photon sources and nanolasers by serving as a valuable
resource for solid-state emitters [181].

Decoherence effects in hybrid quantum systems are often introduced
by using the standard quantum optics master equation in Eq. (2.27),
which we already know that it may fail a large coupling strengths. The
dressed master equation in Eq. (2.30), which was derived in Ref. [99],
is valid beyond the strong coupling regime, but it fails wen the system
becomes harmonic, such as in the weak coupling and the deep strong
coupling regimes. Moreover, the authors in Ref. [99] derived also
a master equation involving only pure dephasing effects, originating
from the energy fluctuations of the subsystems. However, this model
considered the energy perturbation coming from the bare Hamiltonian
of the subsystem, rather than taking into account the effects of the
interaction between the subsystems. The main task of this chapter is
to fix this issue, deriving a gauge-invariant master equation for the
pure dephasing of light and matter in the USC and DSC regimes.
We present results for two prototypical models of cavity QED: the
quantum Rabi model (QRM) and the Hopfield model. However, the
approach here considered can also be applied to describe more complex
light-matter systems.
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4. Pure dephasing of light and matter in the USC and DSC regimes

Atom pure dephasing

Cavity pure dephasing

Figure 4.1: Pictorial representation of a two-level system interacting with a
single-mode cavity field, when both subsystems are affected by pure dephasing.

4.2 Pure dephasing in the quantum Rabi model

Pure dephasing effects on both the atom and electromagnetic field are
in general described by introducing two zero-mean stochastic functions
fe(t), fo(t) modulating their resonance frequency. In this way, the
perturbation Hamiltonian can be written as

vdep(t) = fc(t)&T& + fa(t)a-z . (49)

The standard way to convert this perturbation into a master equation
is to consider the following terms in addition to the standard master
equation in Eq. (2.27)

d. ,),(C) i 7(@)
which, for low coupling strengths 7, can be used to accurately describe
many cavity QED and circuit QED experiments [93-96]. This master
equation, however, fails to describe losses and pure dephasing at larger
coupling strengths (n = 0.1), and a theoretical derivation of pure

88



4.2. Pure dephasing in the quantum Rabi model

dephasing valid also in the USC and DSC regimes was derived [99].
As for the dressed master equation in Eq. (2.30), it was derived by
expanding ]A)dep(t) in the basis of the eigenstates of the total system
Hamiltonian. For the sake of simplicity, we consider stochastic functions
with a low-frequency spectral density (with respect to the relevant
transition frequencies of the system). The resulting master equation
can be written as

(c) (a)
%ﬁz—i {ﬁs,ﬁ} +%D [‘i)}ﬁ_k%p {é}ﬁ, (4.11)

where & = Y, (j[6-17) |j)(j] and E = ¥; (jlatal) )], with |5) being
the eigenstates of Hs. The bare dephasing rates v = 25 #(0) are

determined by the low-frequency spectral densities S (z) (w) of fx(t),
with x = ¢,c. Additional dephasing terms can appear, when the
spectral density functions Sy(w) are not negligible at the transition
frequencies of the system (see Appendix D).

However, as already stated in the beginning of this chapter, the
operators a'é and &, do not describe always the contribution related
to the cavity and atom energies, respectively. For example, the energy
of the cavity field in the dipole gauge is related to the operator
7:[%:) = wcd}rj&D, where ap = a + ind;. On the other hand, the
energy of the atom in the Coulomb gauge is related to the operator
ﬁg) = (Weg/2)82,c, Where 6, ¢ = 6, cos[2n(a+a')] + 6, sin[2n(a+al)].
Thus, the perturbation term in Eq. (4.9) does not describes correctly
the process of pure dephasing. The correct procedure is to consider
the following perturbation terms, depending on the gauge considered

Veo(t) = fa(t)b.c + fo(t)a'a (in Coulomb gauge), (4.12a)
Vps(t) = fat)é. + fe(t)alap  (in dipole gauge). (4.12b)

To better understand why this is the correct procedure, let us
consider the quantum Rabi Hamiltonian in the dipole gauge

fip = weiihap + %o —inwe (& a1) &, + wen?, (4.13)

89



4. Pure dephasing of light and matter in the USC and DSC regimes

and we now add a perturbation of both the resonance frequencies of
the cavity and the atom w, — we + fo(t) and wey — weg + 214 (1),
through stochastic zero-mean functions f.(t) and f,(t), respectively.
The Hamiltonian can be written as

o4 Yoot 2falt)
2
— infwe + fe(D)] (@ —a") 2 + (we + fo(t) 17
w;g G, — iNWe (& — dT) Gy + wcn2
+ fc(ﬂaﬁ& + fa(t)G. —infe(t) (& - &T) Oz + fc(t)772
= Hp + fet)abap + fult)do = Fp + Vp(t),

Hpo(t) = [we + fe(t)] aa +

(4.14)

= w.ala +

which results in the same additional term presented in Eq. (4.12b).
The same procedure can be applied to the Coulomb gauge, where the
Hamiltonian is

He = weala + % {@ cos [27} (d + dTﬂ + 0y sin [277 (d + dT)}} .
(4.15)
Again, we now add a perturbation of both the resonance frequencies of
the cavity and the atom we — we + fe(t) and weg — weg + 2fo(t), and
the Hamiltonian can be written as

7'20,¢(t) = [we + fe(t) ata + %%(t) {62 coS [217 (& + &TH

(4.16)

which, as expected, results in the same additional term presented in
Eq. (4.12a). As derived in Appendix D, the resulting master equation
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4.2. Pure dephasing in the quantum Rabi model

has the same form of Eq. (4.11), but with the correct operators $ and 2,
depending on the gauge considered. It is worth noting that Eqs. (4.14)
and (4.16) are linked through the same gauge transformation that links
the two Hamiltonians without dephasing terms: 7:[c,¢(t) =UH D,¢(t)Z/A{ f,
while He + Vaep(t) # U[HD + Vaep(t)JU, which means that, in the
latter case, the results are not gauge-invariant.

In the following, we label the QRM states as in Section 2.4, by
generalizing the notation of the Jaynes-Cummings (JC) model. In
particular, |6> denotes the ground state, and |n) the states that tend
to the JC states |ny), when the coupling vanishes. Moreover, we use
not-primed (primed) states to indicate the Coulomb (dipole) gauge
states. As an example we analyze pure dephasing effects on the two
lowest transitions in the QRM: ax = (14,0), and considering only
atom pure dephasing (f.(t) = 0). In the interaction picture, from
Eq. (4.11), we obtain (see Appendix D)

s (0= = (355 /2) (0. (4.17)

with

o, W I g
Yoo T o7 T % (4.18)

Moreover,/we observe that the obtained dephasing rates are gauge
invariant ('y;:i = wgi), because the expectation values are unitary
invariant, when transforming both operator and states: ’yqoji =
v losg —olel?/2.

The normalized atom pure dephasing 'ygi /%(bq) as a function of
the coupling strength 7, and with a small detuning A = w, — wey =
—1073w,, is depicted in Fig. 4.2. The upper panel illustrates the
accurate rates, which are derived by considering the appropriate
operator 6, ¢ in the Coulomb gauge (or &, if the dipole gauge was

selected). The lower panel presents the rates calculated by employing
the operator &, in the Coulomb gauge, revealing a noticeable deviation
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Figure 4.2: Normalized atom pure dephasing rates 'yzi/fyg’") for the two lowest
transitions in the QRM, as a function of the coupling strength 7, and with a small
detuning A/w. = —1073. The upper panel shows the correct rates, obtained by
taking into account the correct operator 6 ¢ in the Coulomb gauge (or 6. if we
had chosen the dipole gauge). The lower panel shows the rates obtained by using
the operator 6, in the Coulomb gauge, which shows a clear discrepancy with the
correct rates.

from the accurate rates. This discrepancy arises because the operator
6, in the Coulomb gauge does not represent the energy of the atom,
as discussed at the start of this chapter.

In the scenario of small coupling strength, where ]1+> approaches
le,0) and |I_) approaches |g,1), the conventional outcomes are
reinstated, and only the (1,,0) transition is influenced by the atom
pure dephasing. As anticipated, when the coupling is or the same order
of magnitude of the detuning, pure dephasing is distributed between
the two transitions, since the energy eigenstates ‘ii> tend to evolve into

92



4.3. Pure dephasing in the Hopfield model

an evenly balanced superposition of |e,0) and |g,1). For normalized
coupling strengths n > 0.1 (the USC regime), pure dephasing becomes
less potent for the transition (1_,0), until at higher couplings (the
DSC regime), both transitions tend to become immune to dephasing.
This pattern mirrors two observations: i) as the energy of |i,,(~)>
nears zero, the energy fluctuations of the atom have a negligible effect
on this transition’s broadening; ii) the phenomenon of light-matter
decoupling [2, 105], extensively discussed in Section 2.4, is clearly
visible. Conversely, the bottom panel of Fig. 4.2 displays an incorrect
large pure dephasing rate for the lowest energy transition.

4.3 Pure dephasing in the Hopfield model

A comparable examination can be conducted for polaritons. We take
into account the most basic version of the Hopfield model [182], which
characterizes the interaction of a single-mode electromagnetic resonator
with a bosonic matter field (with the bosonic annihilation b and creation
bt operators) that models certain collective matter excitations. The
system Hamiltonian in the dipole gauge is given by

Hp = Hy + iXwe (a* - a) (13+13T) + we A2 (13+13T)2 . (4.19)

where Hy = weafa + wxl;Tl;, and A represents the normalized coupling
strength. A similar model can be derived in the Coulomb gauge [145]

He = Hy — iwp) (8T _ 13) (&T T a) T w2 (aT + a)2 . (4.20)

These two Hamiltonians can be directly derived by generalized
minimal coupling replacements: Ho = weata + me(A)Tl;TT and Hp =
weItataT + wybh, where T = expli(@ + a)(b + b1)] [145]. As is
well known, the interaction leads to polaritonic resonances, which are
a result of the mixing of the two bosonic modes. It is feasible to
diagonalize the system by expressing the photon and exciton operators
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4. Pure dephasing of light and matter in the USC and DSC regimes

in terms of polaritonic (bosonic) operators [182]. For u = 1,2 (lower
and upper polariton, respectively), we have

2
§= (UfP.~V}'Pu),(y=aD). (4.21)
pn=1

The diagonalization process determines both polariton eigenfrequencies
€2, which are gauge invariant, and the Hopfield coefficients, which are
gauge dependent. Consequently, the polariton operators are also gauge
dependent. We use primed operators and coeflicients for the dipole
gauge.

Dephasing effects can be modeled by introducing the perturbation
Hamiltonian, assuming the light-matter interaction is negligible,

Vaep(t) = folt)ala + f.(t)b'D, (4.22)

which represents the random fluctuation of the resonance frequencies
of the components. When the light-matter interaction is included, it
becomes clear that Eq. (4.22) is not accurate, and its corrected form
depends on the gauge:

Vpo(t) = fotahap + f.(6)bT
Ves(t) = fe(t)ala + fo()blbe

where ap = TTaT = a + i\(b + b)) and bo = THTt = b —iX(a + af).
Here, ap (bo) is the physical photonic (excitonic) annihilation operator
in the dipole (Coulomb) gauge. By physical, we refer to the operators
that describe the annihilation of the physical quanta of the fields [145].
The polariton pure dephasing rates can be calculated by expanding
Eqgs. (4.23a) and (4.23b) in terms of the polariton operators, and
then applying the standard master equation method to obtain the
Lindbladian terms, similar to the results of the previous section. From
the derived master equation, we get 9,(P,) = (—if, — 75/2)(15#),
where

C xr 2
ot = (2P + 172 R) 447 ([ [+

(in dipole gauge), (4.23a)
(in Coulomb gauge). (4.23Db)

N/
v

2) . (4.24)
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Figure 4.3: Normalized pure dephasing rates /fyéf) of the collective matter

degrees of freedom for the two polariton modes, as a function of the coupling
strength A, and with a small detuning A/w. = —1073. The upper panel shows the
correct rates. The lower panel shows the rates obtained by using the operator bth
in the Coulomb gauges, respectively, which again shows a clear discrepancy with
the correct rates.

This outcome can significantly differ from what would be obtained
starting from Eq. (4.22) and disregarding changes in subsystems-
observables induced by interaction. Fig. 4.3 displays normalized pure
dephasing rates for two polariton modes (’yg /’yéf)), considering zero

photonic noise (7(0) = 0), and A/w, = —1073. We observe that at
high coupling rates, lower polariton dephasing rate tends to zero. This
effect is due to lower polariton resonance frequency rapidly approaching
zero for A — oo, regardless of detuning. This implies that any minor
fluctuation of resonance frequencies of components does not induce
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4. Pure dephasing of light and matter in the USC and DSC regimes

fluctuations and hence no dephasing in polariton mode. For comparison,
lower panel of Fig. 4.3 shows incorrect result 7}/ ’y(g)z) = UL + V3,
obtained by neglecting changes in form of subsystems-observables,
which can be induced by interaction. Evident differences emerge when
entering the USC regime with A ~ 0.1. Moreover, at larger coupling
rates, in the DSC regime, the behavior of the lower and upper polaritons
is clearly inverted.

To conclude this chapter, it is worth mentioning that the procedure
adopted here can be extended to other situations. For example, when
taking into account non-linearities in the cavity field, they must be
treated adequately, taking care of the gauge invariance [1]. In this
case, the trivial introduction of the non-linearities is only valid in the
Coulomb gauge.

96



CHAPTER 5

Photon condensation in
approximate models

Phase transitions at equilibrium between a standard state and a photon
condensate state (also referred to as superradiant phase transitions)
are a subject of intense debate in research, with theories proposing
their existence and no-go theorems contradicting each other over
the past forty years. Recent no-go theorems have established that
gauge invariance prohibits second-order phase transitions to a photon
condensate state when the cavity-photon mode is assumed to be
spatially uniform. Nevertheless, it has been theoretically postulated
that a group of three-level systems interacting with light can exhibit
a first-order phase transition to a photon condensate state. In this
chapter, we present a general no-go theorem that is also applicable
to truncated, gauge-invariant models, which prohibits both first-order
and second-order superradiant phase transitions in the absence of
a magnetic field coupling [3]. Specifically, we consider the cases of
interacting electrons in a lattice and M-level systems.
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5.1 Introduction to photon condensation

In the previous chapter, we have seen the effects of pure dephasing in
the Hopfield model. This model was initially introduced to describe
the interaction of the electromagnetic field with a harmonic resonant
polarization density of a three-dimensional (3D) dielectric crystal.
Nowadays, it is used to describe the interaction between free or
confined light and different kinds of collective excitations, such as
optical phonons, excitons in nanostructures, magnons, and plasmonic
crystals, which can be described as bosonic fields. However, the simplest
model describing the interaction of collective excitations with light is the
Dicke model [32]. The Dicke model is a fundamental model in the theory
of light-matter interactions [30, 183-185]. It characterizes a group of
N identical two-level systems coherently coupled to the same bosonic
mode a, which arises from the quantization of the electromagnetic
field inside a cavity of volume V. As its name suggests, it was first
introduced by Robert H. Dicke [32], with the aim of describing the
“emission of coherent radiation” obtained by considering a “radiating
gas as a single quantum-mechanical system". He dubbed such process
“super-radiant emission”.

In the thermodynamic limit (N — oo, V — oo, with N/V =
constant) and when the light-matter coupling strength exceeds a critical
value, the Dicke model undergoes an equilibrium second-order thermal
phase transition [186, 187] between a normal and a “super-radiant”
phase. In the zero-temperature limit, the phase transition persists
and corresponds to a quantum phase transition [188-191]. The super-
radiant phase is characterized by a macroscopic number of coherent
photons, (@) ~ V/N, and by a macroscopic number of excitations in
the matter sector. To avoid confusion with the Dicke non-equilibrium
super-radiant emission [32], we here follow Refs. [192, 193] and dub the
equilibrium super-radiant phase transition as “photon condensation”.

In the Coulomb gauge, a careful derivation of the Dicke model
starting from a microscopic condensed-matter model with electronic
degrees of freedom leads to an additional diamagnetic term [194],
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proportional to (a + a')?, which is usually neglected by utilizing a
(wrong) “weak-coupling argument'. It was soon understood [194—196]
that such additional term is crucial to preserve the gauge invariance
property of the model. Only when both terms generated by the minimal
coupling substitution p — p + €A, (i.e. the paramagnetic light-matter
coupling and the diamagnetic term) are retained, does one have a
gauge-invariant theory satisfying the Thomas-Reiche-Kuhn (TRK)
sum rule [85, 197]. The occurrence of photon condensation in such a
generalized Dicke model is forbidden [194, 198, 199].

Despite its significance, the Dicke model is not all-encompassing.
In recent years, research have expanded beyond it by investigating
interactions between matter degrees of freedom and quantized electro-
magnetic fields in a variety of other models and physical systems. Many
of these “beyond-Dicke” systems, including three-level systems [200,
201], graphene [202], ferroelectric materials [203], superconducting
circuits [199, 204-206], and strongly correlated (a.k.a. quantum) mate-
rials [207], have been predicted to exhibit photon condensation.

A series of no-go theorems for photon condensation in a single-
mode spatially-uniform cavity field have been published [192, 208-212],
demonstrating that gauge invariance prohibits photon condensation
even in such “beyond-Dicke” systems. Often, these theorems have
been countered by “go theorems” [199, 213, 214]. The topic of photon
condensation remains a contentious theoretical issue.

Currently, the most recent no-go theorem is reported in Ref. [192],
where the authors demonstrated that photon condensation is forbidden
by gauge invariance for generic non-relativistic interacting electron
systems coupled to a spatially-uniform cavity mode. The proof is based
on linear response theory and uses the smallness of the order parameter
a = (a). It is therefore valid only for second-order phase transitions,
where @ < 1 at the phase transition, and changes continuously.
It is now clear that a natural path to overcome such theorem is
to consider spatially-varying cavity fields [193, 215, 216]. In these
recent works, photon condensation has been shown to occur and is
essentially a magneto-static instability [193, 215-217]. Apparently,
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another possibility to bypass the hypothesis of such theorem could be
to consider a first-order phase transition [200, 216], where the order
parameter « abruptly changes from zero (in the normal phase) to a
finite value (in the photon condensate phase). As a matter of fact, that
first-order phase transitions were a valuable possibility to overcome the
no-go theorem was first discussed some time ago [204, 218]. In these
works, an ensemble of three level systems coupled to single uniform
mode undergoes to first-order phase transition. Indeed, according to
Refs. [204, 218] systems displaying first-order phase-transitions were
thought as valuable candidates to realize photon condensation.

These results are, however, in contrast with a rather general no-go
theorem presented already in 1978 [195]. In this work, an ensemble of
electrons in the presence of single-particle potentials and interacting
with a uniform electromagnetic mode is considered and it is shown that
superradiant phase transitions (of any order) to a photon condensate
are forbidden. In this proof, no truncation is taken and the full infinite-
dimensional Hilbert space is retained. However, it is often impractical to
deal with an exponentially large Hilbert space. Hence, when performing
explicit calculations in atomic systems, or more generally, in many-body
systems, approximate (truncated) models are customarily employed.

However, we already know that such approximations can spoil gauge
invariance (see Section 1.4.3). Since no-go theorems are closely related
to gauge-invariance, it is natural to conclude that the super-radiant
phase transition that can be found in these approximate models (e.g. in
the three-level systems discussed in Refs. [200, 216]) is a fictitious effect
due to the Hilbert space truncation. In this chapter, we extend the
no-go theorem for photon condensation of Ref. [195] for gauge-invariant
truncated models of light-matter interacting systems [3].
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5.2 Gauge invariance, photon condensation,
and no-go theorem in interacting electron
systems

5.2.1 Interacting electrons in the continuum

We consider a quantum many-body system of interacting electrons,
following the notation of Ref. [219]. In second quantization, the
electronic Hamiltonian can be written as

I:Iel = ﬁO + I:Iee ) (5'1)

where the one-body part, Hy, reads as following

o= / dr T (x)ho(x)i(x) (5.2)
with o2
ho(r) = o T Vir), (5.3)

while the electron-electron interaction contribution is given by
Hee = /dr dr’ ot (r) f (r/ U(lr—r'|) )(r') (r). (5.4)

Here, V(r) and U(|r — r/|) represent a generic one-body and two-body
interaction potential, respectively.

The electron system is invariant under a global phase transformation
P(r) — €4)(r), and the associate Noether current reads

J(r) =9 (r) (=iV)P(r) + Hee. . (5.5)

However, the system is not invariant under a local phase transforma-
tion, zﬁ(r) — eie(r)qz)(r). Such invariance can be restored by introducing
the interaction with the electromagnetic field, by employing a minimal
coupling scheme. Considering the Coulomb gauge—the effects of the
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scalar potential being already described by V(r) and U(|r — r’|)—the
total light-matter Hamiltonian is given by:

He = / dr ¢t (£)he(r)d(r) + Hee + Hyp (5.6)
where
he(r) =Ta+V(r), (5.7)
and
. 1 , L2
Ta = . [—ZV + eA(r)} . (5.8)

Here, e > 0 is the elementary electron charge, c is the speed of light,
and A(r) is the space-dependent field operator vector describing the
electromagnetic field in the Coulomb gauge. The Hamiltonian of the
free field is given by

A2r Ar 2
ﬁph:;/dr{ngi )+ v X}i‘( ) } (5.9)

where TI(r) is the conjugate momentum.
In this work, for simplicity, we will consider a single mode
decomposition of the fields [219],

A(r) = Ag(r)(a+a'), (5.10a)
II(r) = ilTy(r)(a — a'). (5.10b)

Notice that such single-mode approximation has been widely
adopted in the Literature [186-188, 192, 199-201, 203, 204, 207, 209,
215-217, 219] in the context of photon condensation.

In terms of the single-mode photon creation (&) and annihilation
(@) operators, the field Hamiltonian reduces to

A

Hyp = wpnd'a. (5.11)
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A transformation of both the electronic and electromagnetic fields
of the form

P(r) — T (r) (5.12a)
A(r) - A(r) — %VH(r) , (5.12b)

leaves the Hamiltonian in Eq. (5.6) invariant, which aligns with the
gauge principle. We note that Eq. (5.6) omits the Zeeman coupling
between the electron’s spin and the magnetic component of the
electromagnetic field. The exclusion of this term is justified either
when the magnetic field is zero or when it can be disregarded in the
spatial region where the field interacts with the electron system, as,
for instance, in the dipole approximation.

In situations where the interaction of the matter system with the
magnetic field can be overlooked, the vector potential involved in the
interaction terms can be locally expressed as the gradient of a scalar
field.

Ap(r) = Vx(r). (5.13)

In the dipole approximation, y(r) can be expressed as x(r) =r - Ay,
with Ag being spatially uniform. Strict application of the dipole
approximation (uniform vector potential) to semiconductors implies a
total disregard of propagation effects within the medium. To neglect
the interaction of the electron system with the magnetic field in an
extended system such as a semiconductor, one can partition the entire
medium into numerous cells of identical volume Vo and apply the
dipole approximation to each cell [220, 221]. The cell should be
significantly smaller than the field wavelength (the typical choice is to
take the unit cell of the crystal as such a unit). This partial relaxation
of the dipole approximation (extended dipole approximation) can be
realized using Eq. (5.13). We emphasize that Eq. (5.13) implies that
the magnetic field B in the spatial region where the electronic field is
non-negligible is zero, i.e., B(r) =V x Ay(r) =V x Vx(r) = 0.
When the interaction of the matter system with the magnetic
field can be neglected, the minimal coupling replacement can also
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be implemented by applying a unitary transformation to the bare
electronic Hamiltonian. The unitary operator transforms the electronic
field operators as follows [219]:

A A

U ()T = erex)@tan) ) (5.14)

where

A

U = exp [—ie(d +ah / dr O ) x(@)d()| - (5.15)

Equation Eq. (5.14) is demonstrated in Ref. [3].

We stress that only the electronic Hamiltonian has to be trans-
formed applying the unitary operator in Eq. (5.15), while the photonic
field @ is unchanged. The Hamiltonian in Eq. (5.6) can be rewritten as

He = Hyn +U(Hy + Hee)UT . (5.16)

In theory, the equation presented can be further simplified by
recognizing that the unitary transformation ¢ has no impact on the
electron-electron interaction contribution to the Hamiltonian [219].
This can be expressed as UH. U = H,,. However, for the purpose of
this proof, we won’t rely on this property. In the Coulomb gauge, He
represents the complete Hamiltonian that describes light, matter, and
their interactions.

We will now establish a no-go theorem for photon condensation by
demonstrating that the expectation value of the photonic operator in
the ground state is zero, denoted as the super-radiant order parameter:
(a) = 0. In the following, we will provide a proof by contradiction.
If there exists a ground state |1)g) characterized by a non-zero super-
radiant order parameter o = (g|a|tg) # 0, then it is feasible to find
another state |1)) with lower energy, contrary to the assumption that
|tg) is the ground state. Specifically, we extend a procedure from
first-quantization to the second quantization framework, as developed
in prior work [195]. It is worth noting that many theoretical analyses
of photon condensation [193, 199, 215, 217], including those predicting
its occurrence, neglect light-matter entanglement and assume that the
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system’s ground state factorizes into matter and light wave-functions,
using a mean-field approximation for the light-matter interaction. In
our approach, we do not make use of this assumption.

Let us consider the following unitary operator,

A A

7 — D(a) exp [_¢26Re(a) / dr )t (@)x(r)d(r)] | (5.17)

where D(a) = exp(—a*a + aal) is the displacement operator
characterized by a displacement «. Photonic operators transform
under the displacement as,

D(a)aD(a) =a—a , (5.18)
The electronic and photonic fields transform under 7 as,

Tih(r)TT = ei2eRe(anx(®)y(r) (5.19a)
TaTt=a—a, (5.19b)

where in the second line we considered that the operator
exp [—z’Qe Re(a) [dr @T(r)x(r)qﬁ(r)} does not act on the photonic
sector and then Eq. (5.18) to transform the photon operator.

We remind that we assumed as an hypothesis that the Hamiltonian
of Eq. (5.16) has a ground state |¢)g) with a non-vanishing expectation
value of the photonic annihilation operator (o = (ylalio) # 0). We
now consider the state [¢) = 7T [¢)g). By means of Eq. (5.19b) we can
prove that such state has zero order parameter,

(@laly) = (o TaT |vo) = 0, (5.20)

where we employed the assumption (iglalig) = a. In the following

we show that the trial state [1)) = 77T |1)9) has lower energy than |1)),

contradicting the initial assumption that |¢) is the ground state.
First, we can prove that,

A

D(a)UD ()" = exp [—i2eRe(a) / drf(r)x(r)d(r) | Ut,  (5.21)
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where we used that, by means of Eq. (5.19b), D(a)(a + a")D(a)t =
(@ + a') — 2Re(a). Before proceeding, it is useful to consider the
operators product U7 T,

A = D)D) D! () exp {226 Re(a) / drw(r)x(r)@z(r)] ,

(5.22)

where we expressed 7 by using the definition in Eq. (5.17) and we

inserted a product of displacement operators by means of the identity

Di(a)D(a) = 1. By using Eq. (5.21) the previous expression can be
simplified as,

Tt =Dl (). (5.23)

Now we evaluate the total Coulomb Hamiltonian on the trial state

[¥) = T [¢ho),

(Wl Hcl) = (ol [TU(Hy + He)U'T + THu T [[wo) . (5.24)
On one hand, the matter Hamiltonian can be simplified as,

(ol TU(Ho + Hee)U T |0) = (woltd" (Ho + Hee)U|tbo) . (5.25)

where we used the property U7 = DI (a)U! given in Eq. (5.23) and
the fact that the displacement operator leaves invariant the matter
Hamiltonian Hy + ffee, f)(a)(ﬁo + flee)f)T(a) = Hy + Hee. On the
other hand, by means of Eq. (5.19b), we can calculate the average
value of the photonic Hamiltonian ﬁph,

(ol T Hon T o) = (o] [wpn(@Ta + of*) = wpn(aa® + a*a)|vo) -
(5.26)
, By using that, by construction, we have (¢yp|a|¢o) = o, Eq. (5.26)
simplifies to,

(ol T Hon T [th0) = wpn (' — |af?) - (5.27)
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By combining Eq. (5.27) and Eq. (5.25) and the definition of the
total Coulomb Hamiltonian in Eq. (5.16) we have,

(| Help) = (sholHclvo) — wpnlal®. (5.28)

Noticing that wph|04|2 is by hypothesis a positive and strictly non-zero
quantity we have,

(W|Haly) < (tol Heltbo) - (5.29)

This equation implies that the state |tg), which has a non-vanishing
expectation value of the photon annihilation operator a, is not the
real ground state of the system, since the state |¢), which was built
specifically to have a vanishing expectation value, has a lower energy.
This concludes the proof by contradiction that super-radiant phase
transitions to a photon condensate is forbidden for any interacting
light-matter system which can be described by an effective Hamiltonian
as Eq. (5.16)

We close by noticing that this result applies also to the case of
a multi-mode cavity field, provided that it still corresponds to the
physical situation of B = 0. In the absence of a magnetic field, the
most general coupling to a transverse electric field is given by the
following unitary transformation,

A~

U = exp [—z’ezwi +a)) / dr o (r)xxr)u?(r)] : (5.30)

While Eq. (5.6) neglects the Zeeman coupling, our main conclusion
can be easily generalized also to the case in which such coupling is
present. The Zeeman coupling is proportional to the scalar product of
the electron spin operator and the magnetic field, i.e. & - B(r). Since
in this work B(r) = V x Ay(r) = 0, the Zeeman coupling does not
alter the above analysis.

Finally, we stress that the photon condensate order parameter has
been defined as (a) in the Coulomb gauge. The quantity (a) is not a
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physical, gauge-invariant quantity [84, 213, 214]. For example, in the
dipolar gauge, (a) measures spontaneous polarization of matter, which
is a signature of ferroelectricity [203]. In contrast, In contrast, we here
choose as order parameter the displacement field due to transverse
photons, which coincides with (@) only in the Coulomb gauge. This is a
well defined gauge-invariant quantity and our no-go theorem manifests
in other gauges as the absence of a transverse electromagnetic field.
Of course, when applying a gauge (unitary) transformation, invariant
expectation values are obtained only transforming accordingly both
the quantum states and the operators, see, e.g., Ref [84].

5.2.2 Interacting electrons on a lattice

The methodology delineated earlier is extendable to scenarios involving
electron interactions on a lattice, which involves a discretized spatial
domain. The primary distinctions from the continuous scenario
encompass: (i) the transformation of the integral into a discrete
summation ([ dr — >, ), (ii) the substitution of the electronic field
with a fermionic annihilation operator (¢)(r) — é,, adhering to the
anti-commutation property {éri,élj} = Or;r;)- Consequently, the
Hamiltonians for one-body electron and electron-electron interaction,
articulated in Eqgs. (5.2) and (5.4) respectively, become

Hy =" 7o, Ch 0, (5.31a)
r;,ry

Hee =Y Upyryéliél érslr, (5.31b)
r;,ry

where Ty, r; = Qp,0p, r; + tri5<ri7rj> describes the on-site energies and
the near-neighbor hopping factors (where (r;,r;) denotes near-neighbor
sites), while Uy, r; is a symmetric operator, since the electron-electron
interaction potential U(|r — r’|) expressed in Eq. (5.4) depends only
on the distance between the two points r and r’.

However, in general, the truncation of the Hilbert space, could
introduce some kind of spatial non-locality in the electron-electron
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interaction [78]. Hence, it can be useful to also consider the generalized
version of He. which includes also non-local effects

I—ifélel — Z UI‘l:I‘méT éT érmérl- (5_32)

ri,r; “r;°r;
I‘i,I‘j
rp;,rm
The previous Hamiltonian appears for example in the context of non-
Fermi liquid states of matter. With a suitable choice of the parameters
Urlz" it indeed coincides with the so-called SYK model [222, 223].
The generalized electron-electron interaction term f[e“el reduces to the
usual interaction Hamiltonian H. for
Uply = Uri,rjéri,rzé

r; ,I'j

(5.33)

rj,rm *

The interaction with a single-mode cavity field is again introduced
by applying a unitary transformation to the electronic fields (which now
become the fermionic operators ¢,;) in a manner similar to Eq. (5.14),
that is

Uen it = diexm(@rals (5.34)

with
U=exp|—ie(a+a")D xrchér| - (5.35)
r;

Eq. (5.34), can be seen as the equivalent of the Peierls substitution [224].
Such procedure can be regarded as a particular instance of lattice
gauge theory, the general method developed by Wilson for studying
non-perturbative relativistic gauge theories on a lattice [225]. The
obtained coupled light-matter Hamiltonian is similar to the continuum
case expressed in Eq. (5.16),

ﬁc = ﬁph +Zf{ (ﬁo%ﬁélel) L?T, (5.36)

where ﬁph is defined in Eq. (5.11) and signifies the bare photonic
Hamiltonian. It’s important to note that, as we have taken into
account the generalized form of the electron-electron interaction
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term that includes non-locality, ﬁgg might not commute with ¢/ any
longer. However, this characteristic is not a prerequisite for the
proof, which remains valid in this instance as well. We do note
that the existence of such a non-local potential suggests that the
resultant comprehensive light-matter Hamiltonian will incorporate
supplementary terms originating from Z/A{I:Ié‘glfl]t These terms are vital
to maintain gauge invariance, even when an effective non-local potential
is present [75].

The proof of the no-go theorem for interacting electrons systems on
a lattice is now straightforward, and it follows the same steps applied
to the continuum case in Section 5.2.1. We start by introducing the
lattice version of the unitary operator expressed in Eq. (5.17)

A

T = exp | —ie2 Re(a) Z Xriéiiéri D(a), (5.37)

which transforms the electronic and photonic operators as

T, TT = ele2Re(@xnig (5.38a)
TaTl=a—a . (5.38b)

Once again, we now suppose that the system described by the
Hamiltonian (5.36) has a ground state |¢p) with a non-vanishing
expectation value of the photonic annihilation operator. We now
construct a trial state [¢)) = 77T |1) with the property (i]aly) = 0.
Following similar steps Section 5.2.1 we can prove the property,
UTt = Df (@)U, corresponding to Eq. (5.23). It is useful to note that,

TU(Ho + HoUNTT = UD(a)(Hy + Heo) D' (a)UT = U(Hy + Hee)UT
(5.39)

where we used Eq. (5.23) and the fact that D(a) commutes with
Hy + Hee. Hence, the total energy of the the trial state [¢)) reads:

(WIHcl) = (ol [U(Hy + Hee)l' + THa T} . (5.40)
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From Eq. (5.40) and employing Eq. (5.38b), the energy finally
reads,

(W Hc|w) = (yo|Helo) — hwpnlal®. (5.41)

Again, we find that [¢p) cannot be the ground state of the
system, since there is a lower energy state |¢) with the property
that (¢]aly) = 0, forbidding the superradiant phase transition for such
system.

As observed, the incorporation of approximations, such as the
conversion of continuous space into a lattice, could lead to a form
of spatial non-locality. Moreover, in the realm of solid-state physics,
the shift from the continuum to the lattice is typically executed in
a marginally different manner. For instance, in line with the tight-
binding method, it is feasible to accommodate multiple orbitals at
each lattice site. As suggested in Ref. [219], we can assign the orbital
index p to each site within the tight-binding framework. Under these
circumstances, the Hamiltonians for one-body electron and non-local
electron-electron interaction transform respectively into

T A A
HO - Z Z TrivrjvlthQCri,uch‘j,uQ (542&)
rq,rj (H1,M42
nl E g rlvrm://f37ll4 '|' At N A
H Ti,rj,141,142 rzyl‘«lcrj»#QCrTmchrlvlhl?
rq,r; K112
ry,rm K3,43

and the unitary operator U becomes

U=exp|—ie(a+a")> > Xeou e, uCron] - (5.43)
ry H

The proof of the no-go theorem follows the same procedure applied to
the previous two cases.
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5.3 Gauge invariance, photon condensation,
and no-go theorem in M -level systems

Prior to advancing with the demonstration of the no-go theorem for
a truncated model, we revisit the methodology to formulate M-level
models that uphold gauge-invariance, notwithstanding the truncation of
the Hilbert space. It is already established that the truncated minimal
coupling substitution, presented in Section 1.4.3, is associated with
the broad framework of lattice gauge theory and the so-called Peierls
substitution [79]. In this context, we establish that this association
persists even for M-level systems. The Hamiltonian for any M-level
system can be expressed in the eigenstates |m) basis as follows:

M

ho =" em|m)m| . (5.44)

m=1

In the Coulomb gauge, and in the case of a single-mode spatially
uniform vector potential A = Ag(a + a'), such system can be coupled
to A as following [75]

ho = thhold] + Hon (5.45)

where ﬁph = ﬁwph&er is the cavity Hamiltonian, and 2/71 =
exp[—ieAgX (a + a')] has the purpose of carrying out the minimal
coupling replacement within the dipole approximation. Here X = PP
(with P = "M __ |m)(m|) represents the truncated position operator.

We now consider a collection of IV identical, non-interacting M-level
atoms. The total bare Hamiltonian is

N M
Ho=> > em|ma¥mal , (5.46)

n=1m=1

and, by applying the method discussed above, we get the total
interacting light-matter Hamiltonian:

Ho = UHU' + Hopp (5.47)
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where U = exp[—ieAg Y, Xn(a+at)], and X,, is the truncated position
operator corresponding to the n-th atom.

We proceed to demonstrate that, given the Hamiltonian of a typical
M-level matter system in interaction with an electromagnetic field
possesses the structure outlined in Eq. (5.47), the photon annihilation
operator & is incapable of having a non-zero expectation value in
this system’s ground state. We validate this using a methodology
akin to the one employed in Section 5.2, which is grounded on the
technique formulated in Ref. [195] for the conventional minimal coupling
replacement scenario. We suppose that the ground state [ig) of a
system described by the Hamiltonian (5.47) has the property that
(olalo) # 0. We introduce the following unitary operator:

T = exp | —ieAp2 Re(a) Z X, | D(a), (5.48)

which has the property of shifting the electron momentum and, in
particular, to shift the photon operators

TaTt=a—a. (5.49)

Again, we construct the trial state as |[¢p) = T |tp), which is
characterized by a zero order parameter,

(Ylaly) =0. (5.50)
Similarly to Section 5.2, by means of Eq. (5.49), we can prove that,

A AL A

D(a)U'D'(a) = exp [—2'er2 Re(a) ) Xn] ur, (5.51)

and following the steps of Section 5.2 we can prove Eq. (5.23),
UTTT = DI (o)t also for the present case. The energy of the trial
state [¢) reads,

(W) = (ol [TURUT + THWT o) . (5.52)
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By means of Eq. (5.23) and Eq. (5.49), the energy reads,

(W[Hc|¥) = (olHclvo) — wpnlal®. (5.53)

Eq. (5.53) implies that the state |¢)g), which has a non-vanishing
expectation value of the photon annihilation operator a, is not the real
ground state of the system, since a lower energy state |¢), which was
built specifically to have a vanishing expectation value, has a lower
energy. This ends the proof by contradiction. We have shown that the
true ground-state of Hc is characterized by a vanishing super-radiant
order parameter (a).

5.3.1 Mapping onto a tight-binding lattice

As discussed in Section 1.4, under the dipole approximation, a two-level
atom’s interaction with the electromagnetic field can be equivalently
portrayed as a double-well system. This system considers only the
two lowest energy eigenstates, which subsequently corresponds to a
two-site system interacting with a cavity field [79]. In this context, we
broaden this concept to a generic M-level system, illustrating that it
can be represented as a linear chain of sites interconnected by hopping
processes (i.e., a tight-binding lattice).
We now define the following operator,

R=—eAoi. (5.54)

In the basis of the eigenstates |m), R can be expressed as

M-1 M-1

R=Y"3" Rumlmi)(mal. (5.55)

m1=0mao=0

Since R is an Hermitian operator, it defines a basis of eigenvectors )
such that:
Rlr)y =\ |r) . (5.56)
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Recalling Eq. (5.54), the states |r) are also eigenvectors of the position
operator, i.e. &|r) = z,|r), with A\, = —eApz,. As we will show
momentarily, this local basis of eigenstates of the position operator Z
defines a natural lattice representation of the Hamiltonian il().

We now introduce the unitary transformation O, which connects
the energy basis |m) with the position basis |r). Its matrix elements
will be denoted by the symbol O,,, = (r|Om). By definition, the
following property holds true:

M-1 M-1
1”177‘2 Z Z OT17m1 m17m20Tm2,T2' (5'57)

m1=0mo=0

As this identity shows, the transformation O diagonalizes the position
operator R.
The lattice representation of the matter Hamiltonian hq is given by

M—-1M-1

= > >t r) (o] (5.58)

r1=0 ro=0
where the hopping matrix ¢, ,, is defined by

M-—1
lryry = Z Orl,meOTm ro - (5.59)

m=0

It is worth noting that the Hamiltonian written above is on the same

form of the one-body Hamiltonian on a lattice described by Eq. (5.2).
We are now in the position to write the Hamiltonian he (defined by

Eq. (5.45)) in terms of the eigenvectors |m) of the position operator:

oMM o

h = Z Z eM»,.l (a+a )trhme—z)\w(a-‘ra ) |’I"1> <’I"2|
r1=0 ro=0
M—-1M-1

= 303 et )@ ) (]

r1=0 ro=0

(5.60)
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This is the main result of this Section. It shows that the coupled
Hamiltonian he has the exact same form of a tight-binding lattice
model coupled to light via the Peierls substitution. In fact, the
Peierls approach was originally formulated to examine electron systems
interacting with static magnetic fields, within the context of the tight-
binding approximation. The Peierls substitution can be perceived as a
precursor to lattice gauge theory, which is the comprehensive method
devised by Wilson for investigating non-perturbative relativistic gauge
theories on a lattice [225], or in the field of condensed matter physics,
for scrutinizing quantum simulations of lattice gauge theories [226]. In
this discussion, we have demonstrated that these two methodologies
align when one operates in the position basis |m). Consequently, within
the lattice basis, the Peierls substitution emerges as the most universal
instrument for coupling matter with a singular cavity mode.

5.3.2 Example: a ladder three-level system

We now consider the particular case of a three-level ladder atom, which
can be described as a three-site system with inversion symmetry, as
depicted in Fig. 5.1. In this Section we show that, in stark contrast
to the conclusions of Refs. [200, 201], such system does not display
photon condensation.

The bare Hamiltonian of a single three-level ladder atom, expressed
in the lattice representation (see Eq. (5.58)), reads as following:

1
ho =Y &i)i| + t(|—1)0] + |OX1| + H.c.). (5.61)

i=—1

We consider here a system with parity symmetry, so that the
selection rules for a three-level ladder atom apply: €¢_1 = ¢;. From
now on, we also fix e.; = €, = 0. According to gauge lattice
theory, the interaction with the electromagnetic field can be obtained
by introducing the Wilson parallel transporter [225]. The resulting
Hamiltonian, after applying the dipole approximation (uniform field),
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Figure 5.1: Graphical depiction of a group of three-level atoms interacting with
a cavity field. Each atom, viewed in a ladder configuration, can be interpreted
as a three-site system with nearest neighbor hopping and parity symmetry. The
interaction with the electromagnetic field, according to the lattice gauge theory, can
be derived using the Wilson parallel transporter.

is
hiot = Hpn + 1, (5.62)

where ﬁph is the free-photon Hamiltonian and h is the atomic
Hamiltonian, now invariant under arbitrary (site-dependent) phase
transformations:

b = €0 |0Y0] + [te= @+ (|—1)(0| + [0X1]) + H.c.], (5.63)

accordingly to Eq. (5.60). Her, v = —ed A with d the distance between
two adjacent sites. For simplicity, we assume a single mode optical
resonator: prh = hwph&T&, with the field coordinate A = Ag (af + a),
where Ag is the vacuum fluctuation amplitude.
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5. Photon condensation in approximate models

The Hamiltonian in Eq. (5.63) can also be written as
h = Uhholl] (5.64)

where
Uy = exp [—ie:ﬁLA} , (5.65)

and #, is the lattice coordinate, i.e. 21, = d3>; 7 [7)J|-
Let us now consider a collection of N identical, non-interacting
three-level ladder atoms. The total Hamiltonian is

7:( = ﬁph + 6020’0 + t[e—i’y(fbfﬁ-d)(ﬁ:_l’o + 20’1) + HC] , (566)
where
. N
Sig= D lik)il - (5.67)
k=1

Equation (5.66) can be written compactly as
H = Hpn +UHUT (5.68)
where
Ho = eoSio0 +1 (S10+ o1 + He.) (5.69)
and

N
7= T (a et S
U = exp [22 (a +a );j Y (5.70)
When the system’s Hamiltonian is cast in the form of Eq. (5.68),
the theorem demonstrated in the beginning of the section, showing
that no photon condensation can occur, can be readily applied to this
case.
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5.4 Towards superradiant phase transitions in
magnonic systems

In this section we briefly discuss the magnon-photon interaction in
the context of cavity QED. One of the most interesting features of
this systems is the Zeeman-like coupling between the collective spin
waves (magnons) and the electromagnetic field. Is has been shown that
this coupling does not have any A? term in the Hamiltonian, and thus
there is the possibility to achieve photon condensation under certain
parameters [217]. Recently, the ultrastrong coupling between magnons
and photons has been achieved [7], showing a negligible contribution
of the diamagnetic term in the parameters fitting, and thus confirming
the theory of Zeeman-like coupling.

The interaction between magnetic excitations and electromagnetic
radiation has recently become a central focus in numerous research
fields such as magnonics, spintronics, magneto-opto-mechanics, and
information processing due to its potential for the development of
hybrid systems and devices [227-230]. The manipulation of magnon-
photon coupling and cooperativity is a crucial aspect for harnessing the
unique functionalities associated with the coherent dynamics in these
systems. New applications, including memory devices [231], coherent
spin pumping [232], haloscopes for axion detection [233], microwave-
optical transducers [234] and coherent microwave sources [235] have
already been explored. A current challenge is the creation of all-on-chip
devices for their efficient integration into microwave circuits [230].

In the typical scenario of a ferromagnetic sample embedded in a
microwave resonator, spin waves couple with resonant electromagnetic
modes [236] and the system can be modeled by combining Maxwell
and Landau-Lifshitz-Gilbert (LLG) equations [237, 238]. This classical
description is remarkably effective in the case of the ferrimagnetic
Yttrium Iron Garnet (YIG) [229], which has been extensively studied
due to its combination of several optimal features, including the
exceptionally low damping of magnetization precession [239].
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5. Photon condensation in approximate models

In the quantum regime, spin waves are collective (bosonic)
excitations (magnons) that may coherently interact with cavity
photons [240, 241], and its interaction is well described by the
Dicke model because of the Zeeman interaction. The USC regime
was first reported in the case of mm-size YIG crystals in 3D
cavities [46, 242-245] and few other magnetic materials [67, 246—
248]. In view of the realization of scalable architectures, small magnets
coupled to superconducting planar resonant geometries have been
recently designed and observed to achieve the (ultra-)strong coupling
regime [249-256].

In this section, we illustrate the attainment of high coupling rates
by placing the magnetic film in direct contact with the superconducting
resonator. In our setup, the excitation of spin waves occurs at the
superconductor/ferrimagnet interface, where the amplitude of the
microwave field reaches its peak. The optimized magnon-photon
coupling leads to collective coupling strengths as large as 0.2 times the
cavity frequency. Data analysis, conducted with a modified Hopfield
model for which we provide an exact solution, also reveals negligible
diamagnetic coupling for magnon excitations in YIG [7].

5.4.1 Theoretical model

We model our system by considering a quantized single-mode electro-
magnetic field (with w. cavity frequency) interacting with an ensemble
of magnetic moments. We consider collective operators for the spin
ensemble, the quantization of both spin excitations and the electro-
magnetic field which allows us to introduce the respective bosonic
operators @ and b. Due to the vanishing orbital angular momentum
of Fe3T in YIG [238], we expect a prominent Zeeman interaction of
the type Hyz = —ge6 - uph for a single spin. Here [6j,0k) = i€jp0) are
the Pauli operators, h is the magnetic field component of the cavity
resonator while pp is the Bohr magneton and g. ~ 2 in the case of
a simple electron. However, to not exclude the possibility of having
orbital angular momentum contributions in our hybrid system, we also
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5.4. Towards superradiant phase transitions in magnonic systems

consider this degree of freedom including a diamagnetic term, which
comes from the usual minimal coupling replacement.
The total Hamiltonian then reads (7 = 1)

T
j=1 (5.71)

where @ (a') is the photon annihilation (creation) operator, w, is the
cavity resonance frequency, wy is the resonance frequency of a single
spin, A is the collective light-matter coupling, and (5 is the coefficient
of the diamagnetic term.

By using the collective spin operators J, = (1/2) 3 N 1 &9 and

Jo=Ji+J_=1/2)%2 ] 1 &9, we can apply the Holstem—PrlmakoFf
transformations [257]

~ ~n N ~ ~ ~ ~ A
JZHbbeE, Jy = b N =bh, Jo=Jt, (5.72)

where b and b! are the magnon annihilation and creation operators
respectively, which obey to the standard bosonic commutation relations.
In the thermodynamic limit (i.e. N — 00) we can approximate
j+ ~ VNbi. Then, by applying the Holstein-Primakoff transformation,
we obtain:

H = weala + wpbld + A (13+z3*) (a+a*) +8 (a+a*)2 . (5.73)

that is the well-known Hopfield Hamiltonian [182].
We consider the dependence of the magnon resonance fre-
quency wp to the external magnetic field Hy as described by w, =

Vwr(wg +war) + A, leaving as the sole free parameter the energy
shift A characterizing high frequency magnons for the next step of
our investigation. In our analysis we also leave as free parameters the
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5. Photon condensation in approximate models

cavity frequency we, the collective coupling A and the factor of the
diamagnetic term f.

The Hamiltonian in Eq. (5.73) can be expressed in terms of two non-
interacting harmonic oscillators H=0 PP +0 +]31]3 ', Where Py
are the polariton operators, which are linear combinations of light and
matter operators P” = c&“)& + cg”)l; + cg“)?ﬂ + cz(f‘)lA)T, with p = +. To
fit our parameters, we need first to find the polariton frequencies, and,
being a proper bosonic excitation of the system, the operator Pu fulfills
the equation of motion of the harmonic oscillator [P,, H] = Q,P,.
Since the polariton operator 13# is a linear combination of the light
and matter operators, we need to calculate first the commutator of the
latter with the Hamiltonian

[
{ZA),?-A[ =wpb + A (d
[aiﬁ: — _wdl — A (6+ ET)

i,7) -

j=)

H :wc&+/\(13

and the polariton frequencies 2, are obtained by finding the positive
eigenvalues of the following Hopfield matrix

we+28 A —2p -
o A Wp —A 0
M= 26 A —we—28 =) (5.74)
A 0 —A —Wp
leading to:
1
Q= —=\ @2 +w?+ \/((D? — W) 4 16wawpA2, (5.75)

V2
where @, = /we(we + 45).

The aforementioned equation provides an excellent fit for the S5
spectrum peaks. The optimal fit result, depicted in Fig. 5.2, was
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Figure 5.2: Best fit of the transmission spectrum obtained with the YIG film
pressed on top of the superconducting YBCO CPW. The obtained parameters are:
we/2m = 8.65 GHz, A/21 = 2.05 GHz, \/27 = 2.002 GHz, /v/27 = 3x10~° GHz?.
Image taken from Ref. [7].

achieved with these parameters: w./2m = 8.65 GHz, A/27w = 2.05 GHz,
and A\/2m = 2.002 GHz. Regarding the diamagnetic parameter (3,
the only nontrivial result (i.e., nonzero result from fit) was obtained
by assuming a dependence on the magnon frequency: § = a/,/wy,
which can be justified by the fact that the presence of this term is
dominant at low frequencies. With this assumption, we obtained
a/yV2r =3 x 1073 GHZ%, corresponding to a value of the diamagnetic
coefficient 3/27 ~ 1072 GHz on resonance condition. The ratio between
the collective coupling and the cavity frequency is approximately 0.23,
fulfilling the criterion A\/w. > 0.1 for USC. The fit confirms that the
influence of the diamagnetic term is almost negligible leading us to
conclude that the system couples to the resonator mainly through the
spins. Notice that its value is more than two orders of magnitude smaller
than the standard diamagnetic term for electric dipolar interactions
Bstd = A2 Jwp. The smallness of the diamagnetic factor opens the
possibility to achieve photon condensation in this systems [217].
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APPENDIX A

Master equation for
ultrastrongly coupled
systems

We start by considering a generic system interacting with reservoir (or
environment), which is a large system with infinitely many states. Let
the Hamiltonians be, respectively, Hg and Hp, and the interaction
Hamiltonian be V. The total Hamiltonian is then

I:Itot :ﬁs+ﬁ3+1> (Al)

Here we model the environment as an infinite set of harmonic
oscillators, with the corresponding creation and annihilation operators
bT and bk, respectively. For instance, this is the case of the open
radlatlon field that behaves as a reservoir for an atom [97, 98]. Now, let
p(t) = exp(iHpt)p(t)exp(—iHgt) be the density matrix of the reservoir
in the interaction picture', we then obtain the von Neumann equation
in the interaction picture

Sh=—i[hn.500)] (A2)

'From now on, we will consider & = 1 to simplify the notation.
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A. Master equation for ultrastrongly coupled systems

where the time dependence of V(t) originates from the transformation

to the interaction picture, V(t) = exp(iHpt)Vexp(—iHgt).

A.1 The Born-Markov approximation

We are now interested in the reduced dynamics of the system, which is
obtained by tracing out the reservoir degrees of freedom from the total
density matrix. Indeed, we can assume that the reservoir is basically
unaffected by the system, and so we define the reduced density matrix
as

ﬁs(t) = Trg [/A)tot(t)] y (AS)

and we assume also that the two systems are uncoupled at t = 0, i.e.
Prot (0) = ps(0) ® pr(0). By integrating Eq. (A.2) we obtain

n

~ t X ~
(= p0) i [ at (e, 5] (A4)
Substituting this equation back again into Eq. (A.2) and tracing out
the reservoir degrees of freedom, we get

d

a55@) = — i T [V(1), 5(0)]

) (A.5)
dt Trr [V (), V), 5(2)]]

1

which can be iterated repeatedly to obtain a series expansion at various
orders in the interaction Hamiltonian V. However, we limit ourselves
to the second order, because we assume that the interaction is weak.
Then, we assume that the interaction Hamiltonian is linear in terms
of the system and reservoir operators, and that it contains only off-
diagonal matrix elements. Indeed, if some diagonal element is present
in the interaction term 1>, it can be incorporated inside the diagonal
part. We assume also that the density matrix of the environment is
diagonal in the energy basis, because it represents a quantum system
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A.1. The Born-Markov approximation

in equilibrium at some temperature. If it were not in equilibrium, it
would mean that it is still interacting with another system with similar
dimensions of the environment itself. Under these conditions, we have

Tr [ V(1) p(0)] = Trg [V(t), ps(0) @ pr(0)] =0, (A.6)

because, when performing the trace over the reservoir degrees of
freedom, the interaction term contains only off-diagonal term and
the environment density matrix is diagonal. Then, the first term in
Eq. (A.5) vanishes.

As can be seen from Eq. (A.5), the time derivative of the density
matrix at time ¢ depends on the density matrix at all previous times
t'. However, we can perform a few other simplifications. On the basis
of our assumptions about the relative sizes of both S and R, as well
as the weakness of the coupling between them, we can replace p:(t’)
by ps(t)pr(0), which means that the reservoir attains much faster
compared to the time it takes to the system to change. Thus, we

conclude that the reservoir correlations contained in the products
V()V(t') are sharply peaked around ¢ = /. We can therefore replace

p(t') by p(t) in the second term of Eq. (A.5), obtaining

Shstty=— [ @t T [P0, P). s 0 n0)]] . (A7

By applying the change of variable ' — t — t/, and extending the
domain of the integration to infinity, we finally obtain the well-known
Born-Markov master equation

S hslt) = - | e [P, [P - )55 0 00)]] . (43)

where the name comes from the Born approximation, which is the
truncation of the series expansion of the von Neumann equation at
the second order in V and the Markov approximation, which is the
assumption that the reservoir attains much faster compared to the
time it takes to the system to change.
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A.2 Generalized master equation without
post-trace RWA

Up to now, we never specified the form of the interaction Hamiltonian V,
but we already said that it is linear in terms of the system and reservoir
operators and it is off-diagonal because it describes only interactions
and not energy shifts. The form ho the interaction Hamiltonian is

V=38 (B+8), (A.9)

where B = don gnl;n, with ¢, and b, the coupling constant and the
destroy operator of the n-th mode, respectively. S is the system
operator, which in the basis of the eigenstates of the system Hamiltonian
Hg is

S= SiliXkl = k. (A.10)

j’k j7k

which can contain both positive and negative frequencies. Due to the
small coupling between the system and the reservoir, we can perform
the rotating wave approximation

V=8B +S B, (A.11)
where :
St =3 Sulidkl . S =(8%). (A.12)
Gok>j

In the interaction picture, we have that the bath operators oscillates as

l";’(t) =3, gne~“nth, where w, is the frequency of the n-th mode of
the environment. On the other hand, the system operator oscillates as

STy =" Sjrerit = 3 (1), (A.13)
J.k>j j,k>j
and the interaction term in the interaction picture becomes

~ ~

() = STWBH (1) + S~ (1)B(1) . (A.14)

o
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By substituting this expression into Eq. (A.8) and expanding the
commutators, we obtain

Shst = °° ar' {[$=(t — )ps(0S* (1)

—hs(HS™(t—)SH W] (Bt — )BT (1)) } ’

where (-) , = Trg [-pr(0)] is the expectation value over the reservoir
degrees of freedom. By using Eq. (A.13), and the relation Sjk(t —t') =

S’jk(t)ei”kit/, we obtain

Chat)= 3 {81 0hsSi(t) — 805, (055(1)] G )
Jik>j
Il,m>1
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where
Gi(w) = 0°° dt' e~ (B (0B~ 1)) (A.17a)
Golw) = | at' et (B)BI(t ). (A.17b)
Gs(w) = |~ ar iwt! <z§*(¢ t/)é(t)>R, (A.17¢)
Ga(w) = OOO at' e (Bt~ B (1)) (A.17d)

One of the assumptions regarding the environment state was
that it is in equilibrium at some temperature 7', which means that
[HR, pr] = 0. This implies that the reservoir correlation functions are
time-translationally invariant, i.e. (BY(6)B(t —t))r = (BT (t)B(0))g.
This can be proved by explicitly writing the bath operators in the
interaction picture B(t) =3, gnexp(—iwnt)i)n, and using the fact that
the reservoir is in a stationary state. Then we have

éT(t)l’;’(t —t)) =3 ghgmetnmteiont (bh,
R 2 R

n,m

= Z g:gmeiwnmteiwmt/nth(wmv T)6nm (A.18)

n,m
- Z ‘gn|2eiwnt/nth (wm T) )
n

which depends only on the time difference, which is ¢’. Where
nn(w, T) = [exp(hw/(kgT)) — 1]~ is the thermal population and
kp is the Boltzmann constant. Obviously, the same holds for the other
correlation functions.

In general, we can also consider a continuum of modes, replacing
the summation over n with an integral over the density of states, but
for the purposes of this Thesis we are only interested in the so called
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Ohmic baths, which means that we can consider
1

G1(w) = G3(w) = §nth(w,T)F(w) (A.19a)
Go(w) = Galw) = % (w0, T) + 1] T(w) (A.19b)

where I'(w) = Jw is the frequency dependent decay rate.
By substituting these expressions into Eq. (A.16), and by passing
to the Schrodinger picture, we obtain

d r A
aﬁs(t) =—1 {Hs, Ps(t)}
+ = Z L (W {{ | ps(t)S; _Sjkg;fmﬁs(t)} nen (Wint)
J k>j
ly;m>l

+ [Sunps )8l = S1Simps (1)) [nan (i) + 1)
[STkps(t)Szm* 5(t)S1n 5] :|nth(wml)

/\ A

+ [Snps(t)S], = ps(t) lmSjk] [nen (wmt) + 11}

(A.20)
which can be further simplified by using the following operators
S+ Z F wkj)nth(wa)Sjk (A.21a)
J.k>j
> Tl(wky) [nen(wy) + 1] Sji (A.21Db)
Jk>j

and their Hermitian conjugates Sf and 3{ , respectively. And finally
we have the generalized master equation in its simples form

%ﬁs(t) =— i{ﬁs,ﬁs(t)]

L fal . A Al s AL Al Al al

+3 [SThs(MS + 8 ps (B8 — S8 ps(t) — ps(S'S

+ 85 ps (S + ST ps()Sy — S8 ps(t) — ps()S; ST -
(A.22)
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When examining the interaction scenario, each term in Eq. (A.20),
with the exception of the final one, fluctuates at +(wy; — wy;). If the
absolute value of |wy, — wy;| surpasses the system’s decay rates rm
by a considerable margin, these elements yield insignificant additions
to the integration of the master equation. As such, |wy,; — wy;| can be
approximated to be on par with the linewidths of the system.

Even though Eq. (A.20) contains terms that oscillate rapidly due to
transitions with substantial frequency disparities (which are not present
following the post-trace RWA in the adorned master equation), they are
unlikely to contribute significantly if |wy,; — wy;| > (™) Nevertheless,
they can drastically inflate the computation duration and trigger
computational instabilities, which can be prominent when generating
log-scaled spectra. To counteract these challenges, we incorporate a
low-pass filter function in Eq. (A.20), aiming to curtail the influence
of dissipator terms associated with large frequency disparities [100].
This filter function can adopt any form of a low-pass filter, such as a
step-like or sigmoid-like configuration.
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APPENDIX B

Vectorization of the density
matrix

In finite sizes Hilbert spaces, which are always the case in numerical
simulations, the density matrix is represented by a square matrix p of
dimension N x N, where N is the dimension of the Hilbert space. The
density matrix is Hermitian, which means that p;; = pj;, and positive
semi-definite, which means that all its eigenvalues are non-negative.
The density matrix is also normalized, which means that Tr(p) = 1.
Its time evolution is given by the master equation

o=t (B.1)
where L is the Liouvillian superoperator. The Liouvillian superoperator
is a linear operator acting on the space of operators. In numerical
simulations, however, it is more convenient to represent the density
matrix as a vector g of dimension N? and the Liouvillian superoperator
as a matrix £. The process of vectorization of the density matrix is
relatively simple, but it is worth noting that it can be performed in
row-major or column-major order. In general, the default reshape
function in Python uses row-major order, while the reshape function
in Julia uses column-major order. Assuming a column-major ordering,
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the vectorization of a 2x2 density matrix is given by

P11
~ P11 P12 - P21
= — = . B.2
p <,021 P22> p P12 ( )
P22

The procedure to convert the Liouvillian is slightly more compli-
cated. First, we need to distinguish between the left and right action
of the Liouvillian subparts. The left action becomes

D.[8]p=%p — Dui=(I28)s (B.3)

Indeed, taking as an example

A S Sz
S = , B.4
(521 S22 (B4)
the action in the vectorized form is given by

St Si2 0 0 P11

o (o8~ |S21 S22 0 0 P21
7= (I ® S) P= 0 0 511 512 P12
0 0 S S22/ \p2

S11p11 + S12p21
Sa1p11 + S22p21
S11p12 + S12p22
Sa1p12 + S22p22

(B.5)

It is straightforward to see that & reshaped again in a 2x2 matrix gives
Sp.
In the same way, the right action becomes

Dr|8]p=p8 — Dri=(8"wl)p, (B.6)
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where the transpose of § is taken because the action is on the right.
The action in the vectorized form is given by

Sii 0 Sy 0 P11
0 Suu 0 Sa||px
Si2 0 Sy» 0 P12
0 S22 0 Sa/ \p2

Si1p11 + S21p12
S11p21 + S21p22
Si2p11 + S22p12
S12p21 + S2222

&:<§T®I>ﬁ:

Once again, it is straightforward to see that & reshaped again in a
2x2 matrix gives pS. Now, the simultaneous action of the left and
right subparts of the Liouvillian superoperator is simply given by the
Kronecker product of the two matrices

Dir {Sl, 5‘2} p= Slﬁgz — %LR,J: (Sg & S’l) ﬁ (B.S)

The vectorization procedure is very useful in numerical simulations.
As an example, the steadystate of the system can be found by
diagonalizing the Liouvillian £ in its matrix form and taking the
only eigenvector with eigenvalue equal to zero. Indeed, the steadystate
is the only state which satisfies the equation

d
—p=Lp=0 B.9
P =Lr=0, (B.9)

which is equivalent to the equation

|

F=07. (B.10)
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APPENDIX C

Matrix continued fractions
algorithm for
time-dependent
Hamiltonians

As already mentioned in Chapter 3, dealing with time-dependent
Hamiltonians is not always trivial. The time-dependence in quantum
optics usually comes from a coherent drive, such as a laser. When
dealing with harmonic systems, or in general, when the operator
which couples the system with the coherent drive oscillates at one
single frequency, the time dependence can be eliminated by a unitary
transformation. However, this is not the case in the USC regime, where
the system operator generally oscillates at different frequencies. For
instance, if we consider the field operator A=a+ a', in the interaction
picture we have

X(t) = e ™" (jla+al|k) [j)K| . (C.1)
7,k

It is now clear that we must deal with time dependence. When
performing numerical simulations this can lead to a huge computational
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Hamiltonians

cost, because the standard iterative algorithms for finding the steady
state [101] will fail because there is no time-independent steady state
this time. Up to now, it seems that we have to solve the time-dependent
generalized master equation in Eq. (2.33), integrating for a long time
and then averaging over the steady state.

To overcome this problem, we can use the Floquet formalism and
the expansion of the density matrix in Fourier components, solving a
matrix continued fraction problem, and finding the averaged steady
state [146—148]. Let us start first by defining the time-dependent
equation of motion for the density matrix

d ) )
= [co + Loent 4 z:_le—WLt} 5, (C.2)

where £ are the superoperators involving the drive. In the case of
Chapter 3 we have!

Li1p= % [z (a - a’f) — 26, ,3} . (C.3)

The Floquet formalism implies that the density matrix at long times
can be expanded in Fourier components of the form

“+oo
pt)= 3 pucmrt, (C.4)

because all other transient terms will vanish at long times. Substituting
the expansion in the equation of motion, we obtain

+00 400
Z inwLﬁneznth = Z [50 + Ele“"Lt + ﬁ_le—let:| ﬁnemet ]
n=—-00 n=—00

(C.5)

Equating the coefficients of the series yields the tridiagonal recursion
relation

0= (»CO - inWL) Pn + Llﬁn—l + E—lﬁn-}—l . (06)

!Note here that in this specific case £; = £_1, because we are considering a
cosine drive.
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Such a recursion can be solved in different ways. The most common one
is the matrix continued fraction method. Suppose that for n > 0 it is
possible to find a sequence of superoperators S, such that p, = Sppn_1.
Then, the recursion relation becomes

(Lo —inwr,) Sp + L1+ L_185p+1Sn] pn—1 =0, (C.7)
which yields
(Lo —inwy) Sp+ L1+ L-185,415, =0, (C.8)
or, equivalently,
Sp=—[(Lo—inwy) + L_18n41] L1 (C.9)

This expressed S, in terms of S, 11. We now assume that the
contribution of the nyax-th term is negligible, setting S,,,,,. = 0. Using
now this recursion we can obtain all the superoperators, until we reach
the last one &;. This is called a matrix continued fraction problem
because the recursion relation can be written as

ai

R
SLE]
ba+ by+...

S = (C.10)

Similarly, if for n < 0 we can find a sequence of superoperators 7T,
such that p, = T, pn+1, then we have

(Lo —inwr) Tn + L1+ L1Tn-1T5] pny1 =0, (C.11)
which yields
(Lo —inwy) Tn+ L1+ L1Tn-1Tn =0, (C.12)
or, equivalently,

T =—[(Lo—inwy) + L1T51] T Ly (C.13)
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Hamiltonians

This expressed 7, in terms of 7,_1. As before, we assume that the
contribution of the nmiy-th term is negligible, setting 7_,,,. = 0. Using
now this recursion we can obtain all the superoperators, until we reach
the last one 7_.
Having obtained &1 and 7_1, we return the tridiagonal relation for
n = 0, which is
Lopo+ Li1p1+L_1p1 =0, (C.14)

and, noting that p1 = S1pp and p_1 = T_1p9, we obtain
[ﬁo + LT+ ,C_lSﬂ po=0. (C.15)

Finally, the time-averaged steady state solution pg can be found as
the nullspace of the superoperator

Log=Lo+L1T_1+L_1S;. (C.lﬁ)
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APPENDIX D

Derivation of the master
equation for the pure
dephasing

D.1 Pure dephasing in the quantum Rabi model

In this section, we explore how to accurately and describe pure
dephasing effects in the quantum Rabi model (QRM), following the
methodology outlined in Ref. [99] and taking into account both cavity
and qubit decoherence. We begin by considering the quantum Rabi
Hamiltonian with an added zero-mean stochastic modulation of the
qubit resonance frequency f)gep = f4(t)6,. When we express the
Hamiltonian in the dressed basis and transition to the interaction
picture with respect to f)gep, we get

Vi) = F() D" (loalk) [i)k| et (D.1)
7.k

where [j) are the eigenstates of the total Hamiltonian and wjj, are
the transition frequencies. By expressing f(¢) in terms of its Fourier
decomposition, and assuming that the main contribution to dephasing
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results from a small frequency interval around wj;, [99], we derive

Vi () = > 025 )] fu (1) (D.2)
7.k

where

fwjk (t) =\ Sf(wjk)swjk (t) ) (D'S)

S¢(w) is the spectral density of f(t), and {(w) such that ({(w)) =0
and ({(w)é(w')) = d(w — ') (i.e., corresponding to white noise). If the
transition frequencies wj are well-separated, we can treat each term
of the above summation as an independent noise [99].

We can now formulate the dressed Lindbladian in case of qubit
pure dephasing:

Lo =D DO )l| -+ D T DIi)(kl]-,  (D.A4)
j JikAi
where
ol = 'y‘*éo)a;'f, (D.5)
and

ik _ Yo(wk)) 2
ik — 20

2
The entire procedure described above can also be applied to the case
of cavity pure dephasing, by considering the QRM Hamiltonian with
an additional zero-mean stochastic modulation of the cavity resonance
frequency ]A/dcep = fc(t)&T&. In this case, this stochastic perturbation,
expressed in the dressed basis and in the interaction picture, becomes

Viep(t) = D {jlalalk) 1i)k] f-wy (1) (D.7)
7,k

jk
Oz

(D.6)
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while the Lindbladian remains in the same form of Eq. (D.4), with the
only difference of ®7 and Ffbk, which become respectively,

: 0) .+,

o = [0 atayy (D.5)
it V(W) | iatain |2

r/f = % | Gilatalk)| . (D.8b)

Nonetheless, as we have discussed in Chapter 4, the methodology
outlined above does not yield the correct outcomes. Specifically, we
have demonstrated that employing either the Coulomb or dipole gauge
can lead to significantly different results. For instance, in the Coulomb
gauge, the bare ¢, operator transforms into 6, ¢ = LA{&ZLAlT, as the
minimal coupling is applied to the matter system. Meanwhile, the
photonic operator aéa transforms into d};& p =UTalall in the dipole
gauge. Therefore, to accurately describe pure dephasing effects, we
need to replace ¢, with 6, ¢ in the Coulomb gauge and a'a with &}B&D
in the dipole gauge in the Lindbladian given in Eq. (D.4).

D.2 Analytical derivation of the pure dephasing
rates

By adopting the procedure described above, we are able to derive
analytically the pure dephasing rates of both cavity and qubit. Starting
from the Coulomb gauge and using Eq. (D.4), we discard the off-
diagonal terms Fff since this contribution is significant only if the
dephasing bath has a spectral weight at the potentially high frequency
wjk, leading to the following equation:

p= —’i[ﬁc, }

Z ol 1j) JI} (D.9)
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where O'g’jc = (j|62,clj). We now expand the Lindblad dissipator

ZU 1) J!] [222%0020\] (j] p |)( K|
_ZZ%C%CW (k[ 17)d1p (D.10)

- ZZ% o )kl !J><J!]

and we focus on the matrix element of the density matrix relative to
the transition (I1_,0), but the same procedure can be applied to all
the other transitions. The corresponding equation (in the interaction
picture) for that matrix element becomes

d (1
d*/é)@: 76(0) [2ZZ%cazoly Wil ) [ )]

-2
oo 13Nl o P —
; 7

o] oD I ]HO>]

lzzz ook (2| 15| BT [k)K] |0)

o7 (] 1)l 6P [0) (D.11)

= S Jof @11 \0>]

J
= 2200 [5g1 1000, (1| 40 [0)
5 2 ~ A5 O120 o ~
ol 100 B - [0 (11 5010)]
%60) 1o o5 2,
R AR
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D.3. Pure dephasing in the Hopfield model

By choosing the dipole gauge, one should replace ai{c — 047, The
same procedure is valid also for cavity pre dephasing, where we need

to use a'a in the Coulomb gauge and &TD&D in the dipole gauge.

D.3 Pure dephasing in the Hopfield model

Here we analyze pure dephasing effects in the Hopfield model, following
the procedure described in the previous sections and extending the
results of Ref. [99]. Moreover, we consider both light and matter
decoherence. First, it is useful to diagonalize the Hopfield Hamiltonian
using the polaritonic operators [182], where the lower and upper
polariton operators (u = 1,2) can be defined as

P, =Ul'b+Ula+ VT + vial, (D.12)
Using the property
2 2 2 2
U1+ U = V1 = Ve =1, (D.13)

which guarantee the correct polariton commutation rules [182], we can
invert (D.12) in order to obtain

2
a=Y (ULB, - V/Pf), (D.14a)
pn=1
2
b= (Ul'B. - V{'BY) . (D.14b)

ki
L

To describe the matter pure dephasing, we consider an additional
zero-mean stochastic modulation of the matter resonance frequency
Viep = f=(t)bTh. In terms of the polaritonic operators we have

lA)TlA) = Alpfﬁ)l + AQ]SJPQ + Blgpfﬁ’g + lepgpl , (D.15)
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with

Ay = UL + VP, (D.16a)
Biy = B3y = Uy *Uj + V,' V™ (D.16b)

where we have included only the terms which do not oscillate in
time, or oscillate at low frequency, corresponding to applying the
rotating wave approximation (RWA), and we have eliminated the
constants derived from commutation rules, which have no dynamical
consequences. Moving to the interaction picture, this contribution
becomes

Viio(t) = folt) [ALP] P+ A2 P) Py -
+e—iw21tB12p1er2 + eiwmthpoTpl} s .

where we; = wy—wy with the polaritonic eigenfrequencies w;. Eq. (D.17)
can be written in a more compact form as

Vdgizp = fa(t) {f)u + e wntyn, 4 eiwthIQ} , (D.18)

with
ﬁlg = AlplTpl + Agpgpg , (D19a)
Mys = B2 P Py, (D.19Db)

and using the results presented in the previous sections, we obtain

Viep(t) = fot)Dra + fun (1) Mz + fau, ()], (D-20)
with f,(t) expressed in Eq. (D.3). Thus, the resulting Lindbladian in
the case of matter pure dephasing is

1 - 1 - 1 )
L= 57 (w21)D[Mi2] '+§7¢(—W21)D[M1T2]'+§’Y¢(0)D[D12]', (D.21)

with v4(w) = 25¢(w).
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Conclusions

In conclusion, this Thesis provided a comprehensive exploration of
light-matter interaction in the ultrastrong coupling (USC) regime. It
began with a discussion on fundamental understanding of light-matter
interaction, moving from a Lagrangian approach to a full quantum
treatment. The Thesis addressed the breakdown of gauge invariance
due to the truncation of the Hilbert space and proposed solutions to
overcome these issues.

The Thesis then focused on the Coulomb and dipole gauges.
Specifically, for the dipole gauge, it redefined aspects related to
the electric field. It further elaborated on photodetection, deriving
a generalized master equation with minimal assumptions. The
application of this approach to incoherent and coherent pumping
processes revealed unique phenomena observable in the USC regime.

The thesis also presented a gauge-invariant treatment of pure
dephasing in the USC regime, demonstrating that standard approaches
are insufficient when light-matter coupling strength is comparable to
the frequency of the electromagnetic field. Lastly, it investigated the
phenomenon of photon condensation, debunking previous claims of its
existence in the absence of a magnetic field.

This Thesis has not explored some topics to which I have contributed
in the last three years. First, the phenomenon of optomechanical two-
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photon hopping [6]. In a membrane in the middle setup, where two
cavities are separated by a mechanical membrane, the two cavities
can exchange two photons through the virtual excitations of the
membrane. And finally, all the works that are currently under review
or in preparation. The effect of back-action and mechanically generated
photons from a flying atom passing through a cavity [8]. The possibility
of achieving the superradiant phase transition with an ensemble of
model loop molecules [9]. The creation of coherent excitations of a
mechanical membrane by modulating the properties of the ultrastrong
vacuum of a cavity [10].

Overall, the main aim of this Thesis is to contribute to our
understanding of light-matter interactions, particularly in the USC
regime, showing some peculiar effects, and it challenged conventional
approaches by introducing more accurate and comprehensive methods.
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