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E atiental interact |

Strong interaction

Mass of up quark: 2.3 MeV 99% of proton mass

Mass of down quark: 4.8 MeV is due to interaction

Mass of a proton: 938 MeV (virtual quark-gluon plasma)

Electromagnetic interaction

In light-matter interaction the dimensionless coupling constantis o ~ 137

Low order perturbation theory works well (photon absorption and emission)

The interaction strength () is much smaller than the bare frequency wo



Ultrastrong light-matter coupling regime: Q2r/wo non negligible
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Ground state contains virtual photons:

* Quantum phase transitions

* Quantum vacuum radiation

» Topologically protected ground states

* Increase in electrical conductivity

* Modified electroluminescent properties

* Change in chemical properties

* Change 1n structural molecular properties
* Modified lasing

e Vacuum nonlinear processes
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Resonant terms
Connect states whose energy difference is ~ 0

[ \ \ Q)2 r — 1
Hins = TR (a + a¥)(|e){(gl+g)(el) + —(a + al)(a + al)

| — , 0 e
Antiresonant terms
Connect states whose energy difference is =~ 2wy
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Fermi golden rule T = % S 1 Hing | £) 28 (hoo; — hoy)
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The simpler RWA Hamiltonian gives the same results within first order perturbation

Absorption Photon renormalisation (second order)
- T ona, ¥
iy ™ = MS2r(ale){g|+a'lg)(e]) + a'a

¢

Emission



Fermi golden rule: first order perturbation.

It cannot account for higher order processes, i.e.
reabsorption. Valid if Qp < T

If Qr > 1T the emitted photons is trapped long
enough to be reabsorbed
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_ Jaynes-Cummingsmodel

Hjc = hwoa'a + hwole) (e[ +h2r(ale)(g|+a'|g){e])

n, g) = N\~ NN~ >
——
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n, €)= AUV VV >
\ )
Y
K 2,+)
1,€)
In,g) and |n — 1, e) form a closed subspace: T 12, 9) 2, -)
n wo \/ﬁQR wo
, €
¢ I 20 p
whose eigenvalues are |7, —) and |n,+), + 119
split at resonance of 2v/nhQr wo 11, —)
First order perturbation is exact!
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The coupling splits the degenerate levels,
creating the Jaynes-Cummings ladder.

The losses give the resonances a finite width
Strong coupling: Qg > T

Condition to spectroscopically resolve the
resonant splitting.

In the strong coupling regime we cannot
consider transitions between uncoupled
modes, e.g., [0,e) —> |1,9).

We are obliged to consider the dressed
states, |1, —) , |1, 1), etc...



. Perwbatontheory

Let us do perturbation using the full Hamiltonian

Horm = hwoa'a + hwole)(e| + hQr(a + aT)(le) {g|+]g)(e])
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Hy Hint
First order perturbation: AEQ(;) x Qg OLQ?B

H:, 2 0?2 B QR
Second order perturbation: AEf) = Z K(@qs _tgi?' X w—f = {dp X wo
[V)#| o) Q-
%

1. The second order contribution is due to antiresonant terms

2. It becomes non negligible when % is non negligible
Wo

Ultrastrong coupling regime
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Hydrogen atom | - _Ry
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27mce
Wavelength \ = =~

Wo
Dimensionless volume |/ — v

(A/2)°

Op a3/2 < Coupling
We end ith = =
¢ cndup wi wo 77,7'('\/; «—— QOverlap
 Reducing V

Three ways to ultrastrong coupling * Increasing the number of dipoles

« Coupling to currents ( o~ 1/2)

M. Devoret, S. Girvin, and R. Schoelkopf, Ann. Phys. 16, 767 (2007)




. Reducing the mode volume

Mode confinement: smaller cavity = larger coupling

eF? H*?
Hfela = + o —up tuu
2 2
: , .2 . 2T 2T
Consider an electromagentic mode SIH(TSL‘ — wot) = sm(Tx — TCt)

0 [2
Maxwell equation V X H=¢e¢—E leadsto wup = ﬁu E

ot

Solution: store energy as kinetic energy ur = uys + ux (plasmons, phonon polaritons)

Sub-wavelength confinement is lossy!

J. Khurgin, Nat. Nanotech. 10, 2 (2015)



i | poles

N > 1 two level systems in a cavity

N
Hpicke = fwoata+ ) Ruwole;)(ej| + ) ir(a + a')(|e;){g;1+g;) (e;])

N

State with n systems

N
Coherent operators:  p = Z| gi){e;| in the excited state

In the one excitation subspace |g;) = |g) Enhanced coupling

4

Hpicke = hwoala + huwob™d + hQ vV N(a + a') (b + bT)
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N dipoles of length d 1 dipole of length /N d

Superradiance: more dipoles = larger coupling

Formal procedure: Holstein-Primakoff transformation Phys. Rev. 58, 1098, (1940)
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We want to solve the full Dicke model but let us start by the RWA version

HEWVA = higea’a + hwob™ + EQg(ab™ + a'b) Qr < VN

icke

Introducing the polaritonic operators: p; = x;a + y;b, J € [LP,UP]

We can diagonalise the Hamiltonian as: £ Dicke = Z hwjp;r-l?j

j€[LP,UP]
With |2;]2+|y;|>= 1, in order to have [p; Pl =6,
A linear system of N interacting bosonic fields is (almost) always

equivalent to a system of N non-interacting bosonic fields
J. J. Hopfield, Phys. Rev. 112, 1555 (1958)



. TheUltrastrong Polariton
Now the same without RWA. We want to put the Hamiltonian

Hbicke = fweala + Fuwob™ + iQr(a 4+ a') (b + bT)
In the diagonal form

Hpicke = Z hwgpjpj

€[LP,UP]

The previous transformation: p; = x;a + y;b is not enough, as we cannot
generate the antiresonant terms multiplying p} and p;
We need instead a transformation that mixes creation and annihilation operators

p; = xja + y;jb+ z; al + w; b (non conservation of the bare excitation number)

In order to have [p; ,p;r | = ;. , the coefficients have to respect the condition

257+ y; 17—z —|w; = 1

The minuses imply that the coefficients are not bounded!



The ground state is the state annihilated by the annihilation operators

We call |0) the ground state of the uncoupled light-matter system
al0) =5b/0) =0

From pj = zja + y;jb+ zja" +w;b" we have p;|0) # 0
The coupling modifies the ground state

We introduce the ground state of the coupled system |G)

pilG) =0
QQ QB
We have then  (Gla'a|G) = |zup|?+|zup|?# 0 w—g + O(w—g)

The ground state contains a population of bound photons






----- Lower polariton RWA ———— Lower polariton
————— Upper polariton RWA ——— Upper polariton
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Conduction band Subband dispersions
hwi2 1 Fermi level I[II]I
N electrons

QROC\/N
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Valence band |
— > Z In-plane wavevector

Nanometric
quantum confinement



PHYSICAL REVIEW B 79, 201303(R) (2009)

Signatures of the ultrastrong light-matter coupling regime

Aji A. Anappara,'! Simone De Liberato,® Alessandro Tredicucci,'* Cristiano Ciuti,> Giorgio Biasiol,*
Lucia Sorba,! and Fabio Beltram!
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Hypy = Qgra’+a)" +0)
Q2
+—L(al +a)?
wo
A 202
HEWVA = Qp(a'b +bla) + = Lala
wo

HEWA = Qp(a’™ +bla)

Q
The best fit gives: w—R =0.11
0

Conventionally taken as threshold (but it is crossover)
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Dimensionless coupling
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Intersubband polaritons

Landau polaritons

Organic semiconductors
¢ Vibrational transitions

| ¥ Superconducting circuits
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D. Hagenmiiller, S. De Liberato, and C. Ciuti, Phys. Rev. B 81, 235303 (2010)
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Magnetic Field [T]

G. Scalari et al., Science 335, 1323 (2012) — = 0.58
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Q. Zhang et al., Nat. Phys. 12, 1005 (2016)
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Number of photons inside the cavity

Escape rate

0?2 03
Except that: (Glata|G) = |zrp|*+|2up[*# 0 o wg +0( wg)
0 0

Emission of photons out of the ground state. Wrong!



_ Openquanwmsysems

op :
Master equation o —i[H, p| + L(p)
r
Lindblad operator L(p) = 5(2CL,OCLT —a'ap — pa'a)

r
Standard ground state  £(]0)(0]) = 5(2a\0) (0la’ — a’a|0)(0] — [0)(0|aTa) =0
r
Ultrastrong ground state L£(|G)(G|) = 5(2&|G)<G|aT —a'a|G) (G| — |GY{(G|ata) # 0
The ground state is not stable! Wrong!

Real Lindblad operator L(p) = Upa' + apU'T — a'Up — pUTa

O
Integral operator U = / dtg(t)e"Htqe!t
0
Normally one assumes p—tHt , iHE o e‘iwot\ g(w) bath’s density of states

Leading to U= —a



We write the jump operator g on the eigenbasis of H a= Z|a)aa, 3(B

U= [ drge =3 ) | aapete gl

U= Y auslo)(9 / s 1) / dt ¢i(en—wa=e)

U= sl 01~ dw B2 ot — w9 +) -

?

Wo —wWg +w

'

— Z e 2— <o) o) (B Resonance shift
& [H, p] = [H, p]

There is no density of states at negative frequencies! ¢(w < 0) =10

vy =y e )y sl =0 W) ciaa) =



_ Openquanwmsysems

Take home message:

On the shelf tools and approximations fail in the ultrastrong coupling regime
Always rederive everything from scratch! (From the Lagrangian)
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What about the virtual photons?

They remain also if the sy
0.06 [

= 0.03 |
0.02 |

0.01}

Virtual photons in the ground state of a dissipative system

S. De Liberato

005} |

0.04F

stem is not in the strong coupling regime

we/wo

Ultrastrong coupling physics is largely independent from I

To appear in Nature Communication
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/ A mirror accelerated in vacuum emits photons

‘ (due to friction with vacuum fluctuations)




1

L(t)

A mirror, accelerated in the
vacuum, emits photons

We need the oscillation frequency comparable with
the photon one

Impossible for a mechanic spring!

Or, we can keep the length fixed, and change
the dielectric constant

Lopi(t) =n(t)L

No moving parts!



Observed in 2011 using superconducting circuits
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C. M. Wilson et al., Nature 479, 376 (2011)



A manifestation of ground state virtual photons

Ultrastrong vacuum Qp(t)

A

Nonadiabatic quantum dynamics

G) Qr /// Standard vacuum
0

0 ‘ Trolax Time t

Photon emission

C. Ciuti, G. Bastard, and 1. Carusotto, Phys. Rev. B 72, 115303 (2005)
S. De Liberato, C. Ciuti, and 1. Carusotto, Phys. Rev. Lett. 98, 103602 (2007)
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Quantum well
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2)
1)

t,=

-200fs
-150fs
-100fs
-75fs
-50fs
-25fs
Ofs
25fs
50fs
75fs
100 fs
150 fs

| 200fs

VB 100 125 150
Energy (meV)

Reflected THz field amplitude

W

G. Guenter et al., Nature 458, 178 (2009)



E jabatic modulati |

Quantum well
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G. Guenter et al., Nature 458, 178 (2009)



_____ = Purcell factor

-3

How the emission rate 7 depends on 2 ?

-2

10 10
Qr/wo

C. Ciuti and 1. Carusotto,

Phys. Rev. A 74, 033811 (2006)

—1 0

10 10

Weak and Strong coupling regimes: quadratic dependency upon (2p

Ultrastrong coupling regime: saturation



QQ
H=w.a a4+ wed™d+Qa" +a)b" +b) + —(a' + a)?

wo
2 Intensity of the
2 2 :
. p epA(r) e“A(r) field at the location
H = Hpaa + om Vi) m T 2m of the dipoles

If £ 5 1 the last term, always positive, becomes dominant
Wo

The low energy modes need to minimize the field location over the dipoles

pure photon modes that avoid the dipoles

Polariton modes will be
pure matter mode

Light and matter decouple in the deep strong coupling regime



The photonic field avoids the dipoles

Light-matter interaction is due to local interactions

-

Light and matter do not exchange energy



Example: a two-dimansional metallic cavity
enclosing a wall of in-plane dipoles

S. De Liberato, Phys. Rev. Lett. 112, 016401 (2014)

The wall becomes a metallic mirror

(b)

|E(z)| (Arb. units)
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_____ = Purcell factor |

107

—1

10

QR/wo QR/WO
C. Ciuti and 1. Carusotto, S. De Liberato,
Phys. Rev. A 74, 033811 (2006) Phys. Rev. Lett. 112, 016401 (2014)

Breakdown of the Purcell effect!
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