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P Rohlsberger et. al. Science 328 5983 (2010

: Rohlsberger et. al. Nature 482 7384 (2012
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e Lab-based X-ray sources
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e Pulse shaping
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Vagizov et. al. Nature 508, 80 (2014
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cQED regimes

Overview

Can we extract relevant degrees of freedom from a continuum?
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cQED regimes

Example: Fabry-Perot cavity
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— Weak coupling: Purcell effect
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Example: Fabry-Perot cavity

Reflection spectrum
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— Strong coupling: Vacuum Rabi-splitting
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cQED regimes

Example: Fabry-Perot cavity

Reflection spectrum
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| = Quantum effects via strong light-matter interactions!
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Extreme regimes

Reflection spectrum
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Tireci et al. Science 320, 643 (2008)

Krimer et al. Phys. Rev. A 89, 033820 (2014)
Sundaresan et al. Phys. Rev. X 5, 021035 (2015)
...and many more ...

Dominik Lentrodt, MPIK Heidelberg EAS41, Riezlern, 29.01.2020 -\\\\5-
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Extreme regimes

e Multi-mode strong coupling
e Ultra-strong coupling
e Deep-strong coupling

Dominik Lentrodt, MPIK Heidelberg

Reflection spectrum

YWY
2os
0'8.0 0.2 0.4

. w [eV]

Recent reviews:

Carusotto & Ciuti Rev. Mod. Phys. 85, 299 (2013)
Frisk Kockum et al. Nat. Rev. Phys. 1, 19 (2019)
Forn-Diaz et al. Rev. Mod. Phys. 91, 025005 (2019)
Experimental:

Niemczyk et al. Nat. Phys. 6, 772 (2010)

...and many more ...
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Extreme regimes

Ultra-strong coupling

Deep-strong coupling
Overlapping modes
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w [eV]

Petermann [EEE J. Quantum Electron. 15, 566 (1979)
Hackenbroich, Viviescas & Haake Phys. Rev. Lett. 89, 083902 (2002)
I. Rotter J. Phys. A: Mathematical and Theoretical 45, 15 (2009)
Heeg et al. Phys. Rev. Lett. 114, 207401 (2015)

...and many more ...
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Extreme regimes

Reflection spectrum

TY WV
e Multi-mode strong coupling =z < >
. 2
e Ultra-strong coupling 805
C
e Deep-strong coupling -
E e Qverlapping modes 0
'8.0 0.2 0.4

o w [eV]
e.g. non-Hermitian

photonics

Petermann [EEE J. Quantum Electron. 15, 566 (1979)
Hackenbroich, Viviescas & Haake Phys. Rev. Lett. 89, 083902 (2002)
I. Rotter J. Phys. A: Mathematical and Theoretical 45, 15 (2009)
Heeg et al. Phys. Rev. Lett. 114, 207401 (2015)

...and many more ...
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Extreme regimes

Reflection spectrum
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Multi-mode strong coupling

Ultra-strong coupling

Intensity
o
w

Deep-strong coupling

Overlapping modes

o
(=)
o

0.2 0.4
w [eV]

Large leakage

Experimentally relevant:
Altewischer et al. Nature 418, 304306 (2002)
Savage et al. Nature 491, 574577 (2012)
Esteban et al. Nat. Comm. 3, 825 (2012)
Tame et al. Nat. Phys. 9, 329340 (2013)
...and many more ...
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Extreme regimes
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Savage et al. Nature 491, 574577 (2012)
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cQED regimes

Extreme regimes

Extreme
. Reflection spectrum
coupling 1'0f W( ] T
e Multi-mode strong coupling <

Ultra-strong coupling

°
Intensity
o
w

Deep-strong coupling

e Overlapping modes 0

e Large leakage 0 0'2w [eV] o4
Extreme Extreme complexity
openness

(e.g. many-body)
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Particle in a box

From closed to open boxes

quantize,

couple ‘g

o

Jaynes-Cummings & friends
H = Hatom + Heav + g§&+ + h.c.

— few-mode concept
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Particle in a box

From closed to open boxes

. e discrete eigenstates
I e closed system
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X no driving

couple ‘g :
X no scattering
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quantize,
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Jaynes-Cummings & friends
H = Hatom + Heav + g§&+ + h.c.

— few-mode concept
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Particle in a box

From closed to open boxes

open system
v leakage
v driving

v/ scattering

o
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Particle in a box

From closed to open boxes

open system
v leakage
v driving

v/ scattering

o

continuum eigenstates

(=) few-mode concept
is lost
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Particle in a box
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(=) few-mode concept
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few-mode + input-output
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Particle in a box

From closed to open boxes

complex
frequency o
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‘ Green fns, LDOS, Master egs. ‘

resonant modes ‘

continuum eigenstates

(=) few-mode concept
is lost
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Particle in a box

From closed to open boxes

complex
frequency o
¢’

G(r,r',w)
TL(I‘, w) p(I‘, UJ)

‘ Green fns, LDOS, Master egs. ‘

Scheel & Buhmann Acta Phys. Slov. 58, 675 (2008)
Krimer et al. Phys. Rev. A 89, 033820 (2014)
Binninger et al. Phys. Rev. A 100, 033816 (2019)

resonant modes ‘

Ching et al. Rev. Mod. Phys. 70, 1545 (1998)
Tiireci et al. Science 320, 643 (2008)

Cerjan & Stone Phys. Scr. 91 013003 (2016)
Franke et al. PRL 122, 213901 (2019)

continuum eigenstates

(=) few-mode concept

is lost

coupling Lang, Scully & Lamb Phys. Rev. A 7, 1788 (1973)
Glauber & Lewenstein Phys. Rev. A 43, 467 (1991)

few-mode + input-output

Haken Laser theory (1984)
Carmichael Quantum Optics (1991)
Gardiner & Zoller Quantum Noise (1999)
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From closed to open boxes

complex
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n(r, w) p(I‘, w)

Green fns, LDOS, Master egs. ‘

Scheel & Buhmann Acta Phys. Slov. 58, 675 (2008)
Krimer et al. Phys. Rev. A 89, 033820 (2014)
Binninger et al. Phys. Rev. A 100, 033816 (2019)

resonant modes ‘

Ching et al. Rev. Mod. Phys. 70, 1545 (1998)
Tiireci et al. Science 320, 643 (2008)

Cerjan & Stone Phys. Scr. 91 013003 (2016)
Franke et al. PRL 122, 213901 (2019)

continuum eigenstates

(=) few-mode concept

is lost
1 coupling Lang, Scully & Lamb Phys. Rev. A 7, 1788 (1973)

‘ Useful in extreme regimes? ‘ Glauber & Lewenstein Phys. Rev. A 43, 467 (1991)

‘ few-mode + input-output

Haken Laser theory (1984)
Carmichael Quantum Optics (1991)
Gardiner & Zoller Quantum Noise (1999)
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The problem

The problem

Ab initio Pheno ological
initi an gi

0

How to make

o few-mode
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e input-output e
ab initio?

= Ab initio few-mode theory |

DL & J. Evers, Phys. Rev. X 10, 011008 (2020)
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Ab initio few-mode theory

Ab initio few-mode Hamiltonians

?
¢Cunmnmnn)

normal modes

Canonical Hamiltonian Few-mode Hamiltonian
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Ab initio few-mode theory

Ab initio few-mode Hamiltonians

normal modes

Canonical Hamiltonian Few-mode Hamiltonian

normal modes discrete modes external continuum

= ) a(w)a +/dw’6(w,w’)5(w’)
A

1,2

1Viviescas & Hackenbroich, Phys. Rev. A 67, 013805 (2003)
2Domcke, Phys. Rev. A 28, 2777 (1982)
3DL & J. Evers, Phys. Rev. X 10, 011008 (2020)
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Ab initio few-mode theory

Ab initio few-mode Hamiltonians

?
¢Cunmnmnn)

normal modes

Canonical Hamiltonian Few-mode Hamiltonian

normal modes discrete modes external continuum

= ) a(w)a +/dw’6(w,w’)5(w’)
A

1,2

= select resonant states as few-mode basis3

1Viviescas & Hackenbroich, Phys. Rev. A 67, 013805 (2003
2Domcke, Phys. Rev. A 28, 2777 (1982)
3DL & J. Evers, Phys. Rev. X 10, 011008 (2020
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Ab initio few-mode theory

Ab initio few-mode Hamiltonians

?
¢Cunmnmnn)

normal modes

projection
Canonical Hamiltonian Few-mode Hamiltonian
diagonalisation

normal modes discrete modes external continuum

= ) a(w)a +/dw’6(w,w’)5(w’)
A

1,2

= select resonant states as few-mode basis3

= ab initio few-mode Hamiltonians © 3
1Viviescas & Hackenbroich, Phys. Rev. A 67, 013805 (2003
2Domcke, Phys. Rev. A 28, 2777 (1982)
3DL & J. Evers, Phys. Rev. X 10, 011008 (2020
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Ab initio few-mode theory

Few-mode scattering

2?
4tum T =
normal modes
7777777 T
projection
Canonical Hamiltonian Few-mode Hamiltonian

diagonalisation

DL & J. Evers, Phys. Rev. X 10, 011008 (2020)
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Ab initio few-mode theory

Few-mode scattering

2
4tum T =
normal modes
7777777 T
projection
Canonical Hamiltonian Few-mode Hamiltonian

diagonalisation input-output
formalism

Input-output scattering

DL & J. Evers, Phys. Rev. X 10, 011008 (2020)
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Ab initio few-mode theory

Few-mode scattering

?
¢Cunmnmnn)

normal modes

projection
Canonical Hamiltonian Few-mode Hamiltonian
diagonalisation input-output
formalism
standard :
scattering theory Input-output scattering
? - L 4
e

Full scattering

DL & J. Evers, Phys. Rev. X 10, 011008 (2020)
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Ab initio few-mode theory

Few-mode scattering
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¢Cunmnmnn)

normal modes

projection
Canonical Hamiltonian Few-mode Hamiltonian
diagonalisation input-output
formalism
standard

scattering theory Input-output scattering

background
scattering
) equivalent )
Full scattering ——- Full scattering

S = S50

DL & J. Evers, Phys. Rev. X 10, 011008 (2020)
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Few-mode scattering
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normal modes

projection
Canonical Hamiltonian Few-mode Hamiltonian
diagonalisation input-output
formalism
standard

scattering theory Input-output scattering

background
scattering
equivalent
Full scattering ——- Full scattering
L Translates bath
S = Sngio to free states
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Ab initio few-mode theory

Few-mode scattering

equivalent

normal modes

projection
Canonical Hamiltonian Few-mode Hamiltonian
diagonalisation input-output
formalism
standard

scattering theory Input-output scattering

background
scattering
equivalent
Full scattering ——- Full scattering
L Translates bath
S = Sngio to free states

DL & J. Evers, Phys. Rev. X 10, 011008 (2020)
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Ab initio few-mode theory

Few-mode scattering

equivalent

normal modes

projection
Canonical Hamiltonian Few-mode Hamiltonian

diagonalisation input-output

formalism
standard :
scattering theory Input-output scattering
background
scattering
) equivalent )
Full scattering ——- Full scattering
L Translates bath
S = Sbg Sio to free states

= Few-mode theory can apply in extreme regimes!

DL & J. Evers, Phys. Rev. X 10, 011008 (2020)
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Ab initio few-mode theory
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Example: Two-sided Fabry-Perot cavity

input
5 5| trans-
. b =
reflection = =| mission

d L d
Ley & Loudon J. Mod. Opt. 34, 227-255 (1987)
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Ab initio few-mode theory

Example: Two-sided Fabry-Perot cavity

input
5 5| trans-
reflection |H Z mission
<« | =
£ £
= T =
Transmission Reflection
1.0 1.0 m
0.8 1 0.8 (
2 0.6 1 2 0.6
. .
C C
2 0.4 A b 0.4
£ £
0.2 A L 0.2 A
0.0 T T T 0.0 T T T
20 25 30 35 20 25 30 35
w [arb. units] w [arb. units]
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Ab initio few-mode theory

Example: Two-sided Fabry-Perot cavity

input
5 5| trans-
; _—
reflection | & mission
< |= Rl
= £
Transmission Reflection
1.0 1.0 m
0.8 1 0.8 1
2 0.6 2 0.6
. .
C C
£ 0.4 4 £ 0.4
e e
0.2 0.2
0.0 T T T 0.0 T T T
20 25 30 35 20 25 30 35
w [arb. units] w [arb. units]
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Ab initio few-mode theory

Example: Two-sided Fabry-Perot cavity

input
5 5| trans-
: >
reflection | & mission
<« |- Ra
= £
Transmission Reflection
1.0 ; : 1.0 7
— full
= input-output (
0.8 1 0.8 1
2 0.6 2 0.6
2o 20
C C
] 3
I= 0.4 4 I= 0.4 4

o
N]
s
o
N]
s

: — full
A === input-output
0.0 : - o

25 30 35 20 25 30 35
w [arb. units] w [arb. units]

o

=}
N
)

| = ab initio, not a fit!
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Ab initio few-mode theory

Example: Two-sided Fabry-Perot cavity

input
5 5| trans-
reflection | & mission
|5 k=)
= £
Transmission Reflection
1.0 T T 1.0
— full
= input-output
0.8 1 == background 0.8 1
2 0.6 2 0.6
=20 20
c c
] 3
I= 0.4 1 I= 0.4 1
0.2 A 0.2 — full
! — input-output
=== background
0.0 = 0.0 . — L
20 25 30 35 20 25 30 35
w [arb. units] w [arb. units]

= ab initio, not a fit!
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Ab initio few-mode theory

Example: Two-sided Fabry-Perot cavity

input
5 5| trans-
reflection | & mission
<« |- k=)
= £
Transmission Reflection
1.0 T T 1.0
— full
= input-output
0.8 1 == background 0.8 1
2 0.6 2 0.6
=20 20
c c
] 3
I= 0.4 4 I= 0.4 4
0.2 0.2 1 _ full
== input-output
=== background
0.0 0.0 : —t 5
20 25 30 35 20 25 30 35
w [arb. units] w [arb. units]

= extract resonant dynamics
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Ab initio few-mode theory

Interacting systems

cavity /potential cavity /potential
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Ab initio few-mode theory

Interacting systems

cavity /potential cavity /potential

e Many degrees of freedom
e Often difficult!
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Ab initio few-mode theory

Interacting systems

e

cavity /potential cavity /potential r
e Many degrees of freedom e Much easier to solve!
e Often difficult! e Many methods already exist!!?:3

e Advantages to model version

= Non-interacting system exact!

1 Carmichael, Statistical Methods in Quantum Optics 1(1999)
2 Gardiner & Zoller Quantum Noise (1999)
3 Kirton et al. Adv. Quantum Technol. 2, 1800043 (2019)
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Ab initio few-mode theory

Interacting systems

Effective few-mode

——

expansion
external bath
cavity /potential cavity /potential r
e Many degrees of freedom e Much easier to solve!
e Often difficult! e Many methods already exist!!?:3

e Advantages to model version

= Non-interacting system exact!

1 Carmichael, Statistical Methods in Quantum Optics 1(1999
2 Gardiner & Zoller Quantum Noise (1999)
3 Kirton et al. Adv. Quantum Technol. 2, 1800043 (2019
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Ab initio few-mode theory

Interacting systems

VAVAVAVAVAVAVAVA W

I eoe

Effective few-mode

——

expansion external bath
”””” TR
non-perturbative /non-Markovian perturbative /Markovian
e Many degrees of freedom e Much easier to solve!
e Often difficult! e Many methods already exist!!?:3

e Advantages to model version

= Non-interacting system exact!

1 Carmichael, Statistical Methods in Quantum Optics 1(1999)
2 Gardiner & Zoller Quantum Noise (1999)
3 Kirton et al. Adv. Quantum Technol. 2, 1800043 (2019)
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Ab initio few-mode theory

Benchmarks and advantages

v~ Benchmarked in linear regime ,

V" Highly open systems

v Non-linear effects :

v~ Overlapping modes features _ '_ _
= Non-trivial bath effects! wom o Lw R -

v Ab initio calculation of quantum coupllngs

wlLN wlL-Y wlL

DL & J. Evers, Phys. Rev. X 10, 011008 (2020)
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Applications

Convergence and extreme regimes

—_— T -=1 =3 — 10 —- 255
a Strong coupling b Multi-mode strong coupl.
14
2
G
=
g
g
0 T T T T T T T T
25.0 27.5 30.0 32.5 25.0 27.5 30.0 32.5
c d
1 R
\
= .
G L W
g A3 >
E I Ny >
= AN -
/ \
/
0 T T T T T T
28.8 28.9 29.0 29.6 29.8 30.0
e w L~ w[L7Y]
=17 ® strong coupling
-2 4 multi-mode strong coupling
<
=
] +
< +
= + + +
g + +
Bogdacaannn " Y @ --0--0--0--0---0----T-0--000b- - k-
T T T
10° 10 10%

Nimodes +1

DL & J. Evers, Phys. Rev. X 10, 011008 (2020)
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Applications

Convergence and extreme regimes

—_— T -=1 =3 — 10 —- 255
a  Strong coupling b Multi-mode strong coupl.
14
Z
3
g
E
0= t T = = T T T
B0 25 300 325 250 205 300 325
c
1 Y
\
2 . i\
Z L W
g Y >
£ 1 Ay >
k| A -
/ \
/
0 T T T T T T .
88 289 20 26 295 300 Convergence of light-matter
e w L7 w (L] . . INTHI
P e e e coupling models is non-trivial!
»‘%’ + multi-mode strong coupling
é + + ! e.g. Krimer et al. Phys. Rev. A 89, 033820 (2014)
= N + + + . Malekakhlagh, Petrescu, Tiireci Phys. Rev. Lett. 119, 073601 (2017)
[ ST b S, € -0--0--0--t---g----T:0--000b - bt~ Gely et al. Phys. Rev. B 95, 245115 (2017)
T T T
10° 10 10%
Nimodes +1

DL & J. Evers, Phys. Rev. X 10, 011008 (2020)
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X-ray cavity QED

New experimental platform:

cavity

response
X-rays

Pt

C

@ Dominik Lentrodt, MPIK Heidelberg EASAL, Riezlern, 20.01.2020 <



X-ray cavity QED

New experimental platform:

cavity nuclear response
response

X-Tays

Fabry-Perot 4+ Many-body ensemble

@ Dominik Lentrodt, MPIK Heidelberg EASAL, Riezlern, 20.01.2020 <



Applications

Ab initio few-mode theory for X-ray cavity QED

Linear scattering  Ab initio few-mode

—Field
= 56 e _ 02 0.6
= ) =)
2= g
2
g

E =00 0.4
s 2F <
= \/\/—/ !
= < 0.2

0k L L L L —0.2

20 -10 0 10 20 30 0.0

Depth [nm] —

! i o I
8 E goaf oon
] H £
S —pynuss E 02

H — tt
= ! e I
pam— ]
0 1 1 1 1 1 N 0 0.0 - 41, I ] -
1 2 3 4 5 6 7 8 9 10 —20 0 20-20 0 20
0 [mrad] NG AD

DL, Heeg, Keitel & Evers, to be submitted
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Ab initio few-mode theory for X-ray cavity QED

— Field
Z 56 pe
g 41 = 57}-‘0
5 mirror
z
52}
oS
(1) 1 ! I I
—20 —10 0 10 20 30
Depth [nm]
1 T
!
9 H
g :
g H
151 H
3 H
E ! —pynuss
H —parratt
= f :lﬁnL
R
0 L L L L L

1
1 2 3 4 5 6 7 8 9
0

= improves successful phenomenological mode

Dominik Lentrodt, MPIK Heidelberg

Linear scattering  Ab initio few-mode

—pynuss

— = aifmt

0.2 0.6
T
£
g
= 0.4
~ 0.0
<>
|
< 0.2
0.2
b b 0.0

‘ 0.01
1 Jn 1
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%) 'S
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T

0.00

DL, Heeg, Keitel & Evers, to be submitted

|1,2

'Heeg & Evers PRA (2013)
2Heeg & Evers PRA (2015)
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Applications

Overlapping modes effects beyond input-output models

Collective Lamb shift!

— Field i
2, = e 0.6
27| - 57Ee
2 mirror 054
52
e
B 0.4 4
ok . . L L E
—20 —10 0 10 20 30 El
Depth [nm] gOB b
1 : =
H
8 E 0.2 1
g i
3 ] o1 —— pynuss.
i — nuss L1
< : — parratt ~—— AIFMT (1 mode)
= f aifmt == AIFMT (20 modes)
e 60 0.0 .
0 L L L L L L L T T T 1 T T T
1 2 3 4 5 6 7 8 9 10 —-10.0 -7.5 -5.0 =25 0.0 2.5 5.0 7.5 10«
0 [mrad] Al

IRéhlsberger et. al. Science 328 5983 (2010)
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Applications

Overlapping modes effects beyond input-output models

Field intensity

o
S
£
]
S
o
5]
g
-4

Collective Lamb shift!

Dominik Lentrodt, MPIK Heidelberg

—— Field
. ope 0.6 1
. 5TFe
mirror 0.5 4
2
0.4
ok L L L L Z
-20 —10 0 10 20 30 Z
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1 T =
] 0.2
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i J— ss
! — pynuss 0.1 pynuss
: —— parratt = AIFMT (1 mode)
q aifmt == AIFMT (20 modes)
- 6o 0.0 L
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IRéhlsberger et. al. Science 328 5983 (2010)

= overlapping modes effect

DL, Heeg, Keitel & Evers, to be submitted
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Applications

Towards designing nuclear level schemes
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Conclusion

Rigorous construction of few-mode Hamiltonians
Exact scattering theory via input-output formalism

Non-perturbative expansion scheme for interactions
Linking ab initio theory and models in cavity QED
= Access to new regimes!

Il Explore quantum effects in X-ray cavities

= In progress: non-linear and correlation effects at XFELs

71 Extreme regimes of open quantum dynamics

Dominik Lentrodt, MPIK Heidelberg EAS41, Riezlern, 29.01.2020 -i?—




Thank you for your attention!

Jorg Evers

equivalent

normal modes

projection
Canonical Hamiltonian

Critical
questions
welcome!

standard
scattering theory

) equivalent
Full scattering

Dominik Lentrodt, MPIK Heidelberg

Kilian P. Heeg

—
diagonalisation

Christoph H. Keitel

Few-mode Hamiltonian

input-output
formalism

Input-output scattering

background
scattering

Full scattering

DL & J. Evers, Phys. Rev. X 10, 011008 (2020)

.
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