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* Motivation: cavity QED nonstationary effects

e Basic idea: dynamical Lamb effect via tunable
qgubit-photon coupling

 Theoretical model: parametrically driven
Rabi model beyond RWA, energy dissipation

* Results: system dynamics; a method to enhance
the effect; interesting dynamical regimes

* Summary



Motivation-1

Superconducting circuits with Josephson junctions

- Quantum computation (qubits)
- A unique platform to study cavity QED nonstationary
phenomena

First observation of the dynamical Casimir effect - tuning

boundary condition for the electric field via an additional SQUID
C. M. Wilson, G. Johansson, A. Pourkabirian, J. R. Johansson, T. Duty, F. Nori, P. Delsing, Nature (2011).

Initially suggested as photon production from the “free” space between two
moving mirrors due to zero-point fluctuations of a photon field




Motivation-2

Static Casimir effect (1948)

Two conducting planes attract each other
due to vacuum fluctuations (zero-point energy)



Motivation-3

Dynamical Casimir effect

Prediction (Moore, 1970)
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- Generation of photons

- Difficult to observe in experiments
with massive mirrors

- Indirect schemes are needed

First observation (2011)
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- Tuning an inductance

- Superconducting circuit system:
high and fast tunability!

C. M. Wilson, G. Johansson, A. Pourkabirian,
J. R. Johansson, T. Duty, F. Nori, P. Delsing, Nature (2011).



Motivation-4

Natural atom in a nonstationary cavity
N. B. Narozhny, A. M. Fedotov, and Yu. E. Lozovik,
Dynamical Lamb effect versus dynamical Casimir effect, PRA (2001).

Two channels of atom excitation
(nonadiabatic modulation):

- Absorption of Casimir photons
- Nonadiabatical modulation of atomic level Lamb shift:
“Shaking” of atom’s dressing.

New nonstationary QED effect: dynamical Lamb effect




Motivation-5

Static Casimir effect ---> Dynamical Casimir effect
Lamb shift of atom’s energy levels ---> Dynamical Lamb effect

- The first mechanism due to absorption of Casimir
photons is dominant

- How can the dynamical Lamb effect be enhanced with
respect to other mechanisms of atom excitation?

Our major aim is to explore the dynamical Lamb effect in
superconducting circuit systems taking into account their
outstanding tunability and flexibility.



Basic idea-1

Dynamically tunable qubit-resonator coupling

- In contrast to the optical system with a natural atom, it is possible
to dynamically tune also an effective photon-qubit coupling

Already implemented both for flux qubits and transmons
No Casimir photons!

- A lot of potential applications: decoupling qubit and
resonator

- Understanding of the role played by the dynamical Lamb
effect is of a practical importance.

Phys. Rev. A 91, 063814 (2015)



Theoretical model-1

Rabi model beyond the rotating wave approximation
(one mode photon field)

H:wa%—}—%e(l—#cm) + V.

st \

photons (GHz) qubit coupling

V=gla+a")(o- +0y)

Numerical and analytical approaches

Lindblad equation:
dp(t) — T(p(t) = —i[H(t), plt)]
Lp] = r(apa’ —{a'a, p}/2) +~v(0_poy —{o40_,p}/2) +v4(02p02 — p)

Dissipation in a qubit >> dissipation in a cavity



Theoretical model-2

 Qubit-photon coupling:
V=Vi+VW

Structure of bare energy levels

V, — g((l,0+ N aJrU_,) (resonan;e)

RWA, conserves excitation number.

, : Vs
Vo =gla'ox 4+ ao_)
| 24) — & > —11)
Counterrotating wave term. -
2

Responsible for the dynamical Lamb
effect



[ Results-1: single instantaneous switching }
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Qubit excited state population wy(t) = g 5 (3 + cos 2v/2gt — 4 cos 2wt cos \/§g1‘.)
due to the dynamical Lamb effect Sw o
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Good news: the excitation is possible.
Bad news: the effect is weak.




[ Results-2: single instantaneous switching }

Number of generated photons

Nph (t)
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An excellent agreement between an analytical treatment and numerics
The effect, however, is weak. Strong coupling regime?



Results-3: how to enhance the effect }

g(t) = gf(cos2wt) -- parametric driving

w4 (t) = 7%(1 — cos V2gt)

w4 (t)
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Huge enhancement of qubit excited state population



Results-4: parametric driving

nph (t)

(b)

Mean number of generated photons is also enhanced



Results-5: energy dissipation vs driving

We(1)

Dissipation is of importance: Qubit relaxation is opposite to the dynamical Lamb effect
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No cavity dissipation for the moment...

No effect at long time

Phys. Rev. A 93, 063845 (2016)
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Results-6: energy dissipation vs driving

Ladder of bare energy states

Two processes:
Vo—v—-Vi—7
Vo —v—=Vs

Energy dissipation brings the driven system down



Results-7: energy dissipation assisting driving

g (t) is sign-alternating

Qubit excited state population

Mean photon number
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Qubit excitation survives at long time



Results-8: energy dissipation assisting driving }

Ladder of bare energy states
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Two processes:
Vo—v—-V1—7
Vo —y =V

- Energy dissipation brings the driven system UP
- New channel of photon generation with assistance of dissipation
- This dynamical regime does not exist in a dissipationless system



Results-9: cavity relaxation

Qubit excited state population
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In a certain domain of parameters the effect can be enhanced



[ Results-10: rotating wave vs counterrotating wave physics }
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Counterrotating wave physics near the resonance, provided parametric periodic
modulation of cavity frequency is applied

arxiv: 1607.03054



Summary

 Dynamical Lamb effect can be observed in
tunable-coupling superconducting qubit-
resonator systems

 Parametric pumping as an efficient method to
enhance the effect

* New interesting dynamical regimes due to the
energy relaxation in a qubit which can amplify
photon generation from vacuum with the help of
the dynamical Lamb effect

* Counterrotating wave physics near the resonance
under the periodic parametric driving

Phys. Rev. A 91, 063814 (2015); Phys. Rev. A 93, 063845 (2016); arxiv: 1607.03054






Resonator frequency— 10 GHz
g —1-100 MHz

Decoherence — 1-30 MHz or smaller in new
transmons

Quality factor 1074
Resonator size - centimeter

Bifurcation oscillators, Josephson ballistic
interferometers, 1 picosecond
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C momoIbio 3THX OMEPATOPOB BhipaxkeHue (2.6.5) MOXKHO 3amucaTh Kak
E(t) = 2&e( X5 cos vt + Xqsinvt), (2.6.10)

T. €. 9PMHTOBBIE olepaTopbl X7 U X5 MOXXHO pacCMaTpUBATh KaK aMILIUTY/Ibl ABYX
KBaJpATyp NoJisl, UMeoIuX paznocth (hasz, paBayto 7 /2. Corytacto (2.6.9), cootHoenue
Heolpe/leJIeHHOCTEN 3TUX aMILJIUTY/] UMeeT BH/I

AX AX, > % (2.6.11)

YeaoBueM CxXKaToro COCTOSHUS SIBJISIETCS BhITOJHEHUE HEPaBECHCTBA

(AX;) < i (i =1 umnm 2). (2.6.12)

(AX1)* = (a] X7]a) — ({a] X;]a))®



[nnonbHoe npubanKeHme

B pamkax BTOpoOro moaxoaa Mbl pacCMaTpUBaeM aTOM Kak 3JeKTpUue-
CKUH MHIOJb C AUIMOJbHBIM MOMEHTOM { = er. 37ecb I 0003HauaeT KOoop-
TIHUHATYy 3JeKTPOHA OTHOCHUTEJbHO MPOTOHA. BHOBb HamoMHuHaeM JHUMOJbHOE
npuOJIMKEHUE: HANPSKEHHOCTh 3JIeKTpUUecKoro noJsi B ajekTpomarHut-
HOW BOJIHBI ONTHUYECKOrO0 AHarna3oHa He MeHsieTCsl 3aMeTHbIM 00pasoM Ha

pasMmepe atoma. CJenoBaTesbHO, AHUNOJNbL 0OJajgaeT MOTEHUHAJbHOH 3Hep-
ruem

H.g = —er-E(R,t) (14.1)

B asektpuueckoM noje E(R,t), B3sitom B Touke ¢ koopauHaTo#l R 1eHTpa
UHEPLHH.



HekoTopble NoOACHeHUs

Penakcauua B nosnoctu ycunusaet 3pPekT Bo3byxkaeHua Kybuta!

PenaKkcaumna nonoctn o4eBUAHO OFPaHUYNBAET POCT
$OTOHOB, NepeBoAA CUCTEMY B CTaLlMOHAPHOE COCTOAHMUE,
yem iyylle NoaocTb, Tem 6onblie GOTOHHbIX COCTOSAHUN
MOXKET 3aCe/INTbCS.

KauecTBeHHO ycuneHme
HACe/IEHHOCTU MOYKHO 0O BACHUTL
NnosB/IEHWEM HOBOTO KaHana
«npuxoga» B Bo3byxaeHHOe
COCTOAIHME.




Cucrtema ypaBHEeHUN

OCHOBHaA cucTema ypaBHEHUIM ANA SNE€MEHTOB MaTPULbl MNOTHOCTU C y4ETOM
3aTyxaHuA KybuTa:
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Results-5: parametric driving

First-order photon
correlation function
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Second-order photon

correlation function
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Results-6: parametric driving

Universal behavior
2
wy (1) = —(1 — cos v/2g1)
JT

- Qualitatively correct result, but quantitatively not so
good.

- Universality, however, does exist



Results-7: parametric driving

Squeezing
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FIG. 4. Numerical results for the squeezing parameter Ax(7) at
w /g = 20 within 20 Rabi periods after the beginning of the parametric
driving. Only lower and upper envelope curves are shown, while
Ax(t) experiences fast oscillations between them.

Ax = %\/((a +a')?) — (a A-I—_af)?
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