
Introduction Ab-initio QED Long-wavelength limit Applications Outlook

Ab-initio Quantum Electrodynamics:
Beyond the Model Paradigm

Michael Ruggenthaler1, C. Schäfer1, R. Jestädt1, V. Rokaj1,
D. Welakuh1, M. Penz1, J. Flick2, M. Sentef1, H. Appel1,

and A. Rubio1,3,4

[1] Max-Planck Institut für Struktur und Dynamik der Materie, Hamburg, Germany

[2] Department of Chemistry, Harvard University, Cambridge, USA

[3] Nano-Bio Spectroscopy Group and ETSF, UPV, San Sebastian, Spain

[4] Center for Computational Quantum Physics, Flatiron Institute, New York, USA

MOLECULAR POLARITONICS 2019
Theoretical and Numerical Approaches

Miraflores de la Sierra, Madrid, July 8, 2019

M.Ruggenthaler Ab-initio QED



Introduction Ab-initio QED Long-wavelength limit Applications Outlook

Introduction and motivation

Light and matter (quantum electrodynamics)

project.slac.stanford.edu/e158/experiment.html

Ĥint=
1
c

∫
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Ĵµ(r) charge current
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Ĥint →
∑N

i>j
1

|ri−rj |

Particles only

Light (q-optics)

Schoelkopf et al., Nature 451, 664 (2008)
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Limitations of models and standard approximations1,2

GaAs quantum ring in a cavity (weak coupling).

nλ − n0 (exact) nλ − n0 (three levels)

Superconductor in cavity (strong coupling)

exact rotating wave approximation

1C. Schäfer et al., PRA 98, 043801 (2018), 2M. Sentef et al., Science Adv. 4 (11), eaau6969 (2018)
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Limitations of models and standard approximations3,4,5

Molecule (strong coupling).
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3J. Flick et al., JCTC 13 (4), 1616 (2017), 4V. Rokaj et al., J. Phys. B 51, 034005 (2018),5C. Schäfer
et al., in preparation (2019)

M.Ruggenthaler Ab-initio QED 2 / 10



Introduction Ab-initio QED Long-wavelength limit Applications Outlook

Limitations of models and standard approximations3,4,5

Molecule (strong coupling).

10 20 30 40 50 60 70 80

Electronic box size (Å)
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Translation by 3.18 Å
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Non-relativistic quantum-electrodynamics6,7

ĤPF(t)=
Ne∑
l=1

1
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−i~∇r l +

|e|
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Ne∑
l
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Zmw(|r l − Rm|) +
∑
k,λ

~ωk â
†
k,λâk,λ,

Â
tot
⊥ (r , t) = Â⊥(r) + Aext(r , t), B̂

tot
⊥ (r , t) =

1
c
∇× Â

tot
⊥ (r , t)

w(|r − r ′|) L→∞
= e2/4πε0|r − r ′|

6D.P.Craig and T.Thirunamachandran, Molecular QED, Courier Corporation (1984)
7H.Spohn, Dynamics of Charged Particles and their Radiation Field, Cambridge University Press (2004)
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⊥ (r , t) = Â⊥(r) + Aext(r , t), B̂

tot
⊥ (r , t) =

1
c
∇× Â
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Â
tot
⊥ (r l , t)

)]2
+
|e|~
2m

σl ·B̂
tot
⊥ (r l , t)

+
Nn∑
l=1

1
2Ml

[(
−i~∇R l

−Zl |e|
c

Â
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Many-body methods for Pauli-Fierz field theory8,9,10

ĤPF(t)= T̂+Ŵ (t)+
∑

~ωk â
†
k,λâk,λ− 1

c

∫
d3r Ĵ(r , t)·Âtot

⊥ (r , t)

Ĵ(r , t)= ĵp(r)+ ĵm(r)+Â
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l e
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Ne∑
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ĤPF(t)= T̂+Ŵ (t)+
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†
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Quantum-electrodynamical density-functional simulation∗

∗see also poster 14. Real-time solutions of coupled Ehrenfest-Maxwell-Pauli-Kohn-Sham equations:
fundamentals, implementation, and nano-optical applications by R. Jestädt
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Introduction Ab-initio QED Long-wavelength limit Applications Outlook

Long-wavelength limit1,4

Â⊥(r) ≈ Â⊥(0)⇒
∫

d3r Ĵ(r , t) · Â⊥(0, t) = R̂ · D̂

R̂ =
∑

l |e|(−r l+ZlR l) and D̂ =
∑

k,λ ε(k , λ)
1√
2ωk

(
âk,λ+â†k,λ

)
︸ ︷︷ ︸

=qk,λ

Ĥ(t)=T̂+ Ŵ+
∑

~ωk â
†
k,λâk,λ − D̂ · R̂ +

1
2

∑
k,λ

(
ε(k , λ) · R̂

)2
+
∑
l

|e| (v(r l , t)− Zlv(R l , t))

1C. Schäfer et al., PRA 98, 043801 (2018),4V. Rokaj et al., J. Phys. B 51, 034005 (2018)
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∫
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†
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Cavity QED: ab-initio lifetimes and bath description11

3 4 5 6 7 8 9 10 11 12 13 14 15
h̄ω (eV)

st
re

ng
th

fu
nc

ti
on

(a
rb

.u
.)

λ = 0

λ = 2.77

λ = 5.55

λ = 8.32

λ = 11.09

Rabi splitting

Absorption Spectra (Benzene)

6 7 8 9 10 11 12 13
h̄ω (eV)

0

0.04

0.08

0.12

0.16

st
re

n
g
th

fu
n

ct
io

n
(1

/
eV

)

(a) Absorption Spectrum (Benzene)

6.8 6.85 6.9 6.95
h̄ω (eV)

0

0.04

0.08

0.12

0.16

st
re

n
g
th

fu
n

ct
io

n
(1

/
eV

)

∆E

(b) Π−Π∗ transition

0.0

0.2

0.4

0.6

0.8

1.0

9.95 9.97 9.99
h̄ω (eV)

0

0.05

0.1

0.15

electronic

photonic

(c) σ − σ+ transition

4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0
h̄ω (eV)

st
re

n
g
th

fu
n

ct
io

n
(a

rb
.u

)

LyLz = 28.00Å2
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LyLz = 0.28Å2
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Applications of ab-initio QED theory†,12,13,14
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†see also poster 19. Modification of excitation and charge transfer in cavity quantum-electrodynamical
chemistry by C. Schäfer, 12 C. Schäfer at al., PNAS 116 4883 (2019), 13 J. Flick et al., ACS photonics
5, 992 (2018), 14 V. Rokaj et al., accepted to PRL, arXiv:1808.02389 (2019),
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Conclusion

Ab-initio description via Pauli-Fierz field theory
Many-body methods extended and implemented
Universally applicable to light-matter problems

Outlook

Full simulation of chemical reactions
Fundamental physics (mass renormalization, ...)
Alternatives (dressed KS, RDM theory and beyond)

Posters: 14. Real-time solutions of coupled Ehrenfest-Maxwell-Pauli-Kohn-Sham equations:

fundamentals, implementation, and nano-optical applications (R. Jestädt), 19. Modification of

excitation and charge transfer in cavity quantum-electrodynamical chemistry (C. Schäfer)
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