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Decoherence by radiation
pressure: master equation,
results at zero and finite
temperatures

20



decoherence by radiation pressure

Master equation for the particle center of mass:

O radiation pressure coupling: quadratic in the electromagnetic field
operators

O external harmonic potential (optical tweezer): frequency 2

- master equation for reduced density operator of the bead CM
Similar to quantum Brownian motion models -
Caldeira & Leggett (1985), Unruh & Zurek (1989), Hu, Paz & Zhang (1992)

l | damping l diffusion

unitary evolution

[environment = quantum electromagnetic field]

DAR Dalvit and PAMN, Phys. Rev. Lett. 84 799 (2000); Phys. Rev. A62, 042103 (2000)



decoherence by radiation pressure

Master equation for the particle center of mass:
equivalent to Fokker-Planck equation for the Wigner "
function W(x, p, 1) o~
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DAR Dalvit and PAMN, Phys. Rev. Lett. 84 799 (2000); Phys. Rev. A62, 042103 (2000)



decoherence by radiation pressure

Master equation for the particle center of mass: O
equivalent to Fokker-Planck equation for the Wigner "
function W(x, p, 1)
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decoherence by radiation pressure

Master equation for the particle center of mass: O
equivalent to Fokker-Planck equation for the Wigner "
function W(x, p, 1)
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decoherence by radiation pressure

Master equation for the particle center of mass:
equivalent to Fokker-Planck equation for the Wigner

function W(X,p, l‘) .2 ............ .
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decoherence by radiation pressure

Decoherence from diffusion in phase space

; 2 W
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The less classical the state 1s, the faster 1s decoherence




decoherence by radiation pressure

Damping and diffusion coefficients @)

Weak coupoling to the environment

Long times ¢t > 27/€2: damping and
diffusion coefficients become constant

L

om

o

Anti-symmetric 1

correlation function E1) = ([F(1), F(0)]) === 7~ 4mhQ

Symmetric

1
correlation function o(t) = ({F(),F(0)})) == D~ ZO' (€2)

LT >ho D= 2kBTm§y(T)§

Diffusion vs damping:
Low temperature

DAR Dalvit and PAMN, Phys. Rev. Lett. 84 799 (2000); Phys. Rev. A62,

Fluctuation-dissipation »0
. theorem.when 5(9) — COth( > E(Q)
environment is at thermal 2kpT
equilibrium, temperature T
High temperature .~ oo .

E(Q)

radiation pressure

042103 (2000)



decoherence by radiation pressure

Decoherence time #,. P,
2

1 _p (A_) Bzl |
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High temperature kzT > 71Q: effect of thermal ‘black-body’ photons
h
Thermal de Broglie wavelength Ay =

, \/2mkgT
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Physical origin of the thermal drag
force: Doppler effect

Take uniform velocity v

h V
Unbalanced momentum AP

=—2m—
exchange per photon:
) S < 0 C C
< —> Recoil force
w-20v/c w+20Vv/c
AP AE v
> == F = —_—— = — 2 >
Vv At At ¢
Using 3D density of modes and (k, T)
thermal photon number... F 7= 15 A PR




decoherence by radiation pressure

High temperature | X f
kT > 1 - — T(ph

We consider large spheres: semiclassical Mie scattering regime of

black-body photons
hc
R > /IT(ph) = ﬁ ~ 76,le @7 =300K
B

1 87 c¢R*(Ax)

fiee 45 5
“ (’1T(ph)>

= l4ec = 0.15us @R =10pum, Ax = 1 nm

Lo = 36us @T = 100K



Part B) Dynamical Casimir effects with atoms

@ Geometric and non-local Casimir atomic phases
@ Quantum Sagnac Effect

Conclusion



Geometric and non-local Casimir
atomic phases
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introduction: atom interferometers

PHYSICAL REVIEW LETTERS week ending

PRL 95, 133201 (2005) 23 SEPTEMBER 2005

Observation of Atom Wave Phase Shifts Induced by Van Der Waals Atom-Surface Interactions

John D. Perreault and Alexander D. Cronin
University of Arizona, Tucson, Arizona 85721, USA

Atom-Surface Shift of the
interaction in the ===  5tomic =t

nano grating fringes o

gap width = 50 nm Y
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w
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atom

FIG. 3. Interference pattern observed when the grating G, is
inserted into path a or B of the atom interferometer. Each
interference pattern represents 5 s of data. The intensity error
bars are arrived at by assuming Poisson statistics for the number
3 of detected atoms. The dashed line in the plots is a visual aid to
help illustrate the measured phase shift of 0.3 rad. Notice how
the phase shift induced by placing G, in path a or 8 has opposite
sign. The sign of the phase shift is also consistent with the atom
experiencing an attractive potential as it passes through Gy.




introduction: atom interferometers

° Eur..Phys, J. D 62, 309-325 (2011) m
Bragg atom interferometer DO 8,10/ 01 108847 PHYSICAL JOURNA
Regular Article
o"’ .-\
- ey = N nanograting Atom interferometry measurement of the atom-surface
» ; / N : van der Waals interaction
l m \ S. Lepoutre!, V.P.A. Lonij?, H. Jelassi'®, G. Trénec!, M. Biichner!, A.D. Cronin?, and J. Vigué!-*
! Laboratoire Collisions Agrégats Réactivité IRSAMC, Université de Toulouse-UPS and CNRS UMR 5589,
118 route de Narbonne, 31062 Toulouse Cedex 9, France
2 Department of Physics, University of Arizona, Tucson, Arizona 85721, USA
3 Centre National des Sciences et Technologies Nucléaires, CNSTN, Péle Technologique, 2020 Sidi Thabet, Tunisia
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Fig. 2: (Colour on-line) Atom interference fringes recorded with
(A) both arms (visibility V.4 = 32%), (B) one arm (Vs = 34%),
or (C) neither arm (Vc=72%) passing through the nano-
structure, with a lithium beam velocity v = 1062 + 20 m/s. The
counting period is 0.1s per data point.



introduction: atom interferometers

Casimir Atom Interferometry: Local theory

.‘,nﬂA G
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non-local Casimir phase

atom-surface van der Waals
Interaction: /@:,?’
fluctuating dipole interacts with its T

own field, after reflection by surface

interferometer: self-interaction also
with a different wave-packet
component

—

F Impens, R Behunin, C Ccapa-Ttira and PAMN, EPL 2013
F Impens, C Ccapa-Ttira, R Behunin and PAMN, Phys RevA 2014



Atom interferometers as open quantum systems

Full quantum theory of Casimir interferometers

Atomic center-of-mass as an
open quantum system :
coupling with electromagnetic
field and atomic dipole

position of atomic
center of mass

Va\

ra
Electric field e .
. _ Hamiltonian in the electric
dipole moment:

internal atomic K(r) dipole approx.
degrees of freedom
d Metallic plate HAF =-d- E(ra)



Casimir disturbance of the environment by the system

Initial state: [4/(0)) = % (105(0)) + [¥5(0))) @ [¥pr(0))
ey e’/

internal dipole + field
external/CM

Interaction Hamiltonian: H,z=—d - E(&,)
Final entangled state: |¢(T)) = \%W}E(T))@ Whp(T)) + \f!%( )@ [Uhp(T))

i (T .77
U o(T)) = Te # Jo dHarCe@)| g (0))

1
Coherence: pm(r,r’;T):Q(I‘WE(T><¢E( )|1“>

\ — 67:(1)12

Influence of the Environment!



Atom interferometers as open quantum systems

A

Interaction Hamiltonian: ﬁAF(rk(t),t) = —d(t) - BE(rg(t),t)

Effect of the environment

* Influence functional: e'®12 = (wCX(T) |y AT))
12 = (Upp(0)|Teh i #Har 2O T4 i dHar O g 1 (0))
Imaginary part of @, : decoherence

Real part of @,: local and non-local interferometric phases



Atom interferometers as open quantum systems

Second-order term obtained from first-order along
each path

2

Influence functional:

12 = (Upp(OffTeh 7 WhlarraONe i 7 flarri©)w e 0)

NON-LOCAL DOUBLE-PATH DIAGRAM!



Casimir Interactions: Diagrammatic Picture
Influence of the environment:
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Casimir Interactions: Diagrammatic Picture

Non-local double path atomic phase:

o= ) [ wa g o) (G5, @) - G5, n@))
+92(t:t') (955 (ri®),ma()) — G5 (ra(8), ma(¢) )

Fluctuations: Linear response susceptibilities:

(0] (), 00 GE (6t = 16t~ £)(0] (1), 01 ()

GH (x r') =



Dynamical Casimir-like non-local atomic phase

Atom Interferometer:
One arm parallel to the plate
Other arm going away from the plate
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«Cross-talks» between the two paths

Asymmetry avoids cancellation!



Non-local double-path Casimir atomic phase

Double-path phase:

= 4/\0 471'60 Zg
For narrow wave-packets and
in the saturation regime where 2o L v T K Ao

87Rb atom:

arp(0)/(4mep) = 4.72 % 10-29m3 Atomic polarizability

981 /9 —9pP1/2 and 581 /5 —dp3 /o transitions

Distance of the wave-packet center to the plate: zo = 20 nm

Narrow atomic packets: rllg,rrow,DP = 3 X 10_7 rad
wids P

Wide atomic packets:

19 = 3% 107 % rad



Quantum Sagnac effect



GHz rotation of optically trapped nanoparticles

nature LETTERS 3

nanOteCh l]Ology https://dol.org/10.1038 /541565-019-0605-9 ]L9>2({n‘m DM
= = = = OBJ
Ultrasensitive torque detection with an optically .- , -

. Lens )

levitated nanorotor , e ’ DET
, 4 0 m .

: PBS

Jonghoon Ahn', Zhujing Xu?, Jaechoon Bang', Peng Ju?, Xingyu Gao? and Tongcang Li©"234*
«
vacuum. Our system does not require complex nanofabrica- 1.550 nm ( (
tion. Moreover, we drive a nanoparticle to rotate at a record , .

high speed beyond 5 GHz (300 billion r.p.m.). Our calculations

GHz Rotation of an Optically Trapped Nanoparticle in Vacuum

René Reimann, Michael Doderer, Erik Hebestreit, Rozenn Diehl, Martin Frimmer, Dominik Windey, Felix

Tebbenjohanns, and Lukas Novotny
Phys. Rev. Lett. 121, 033602 - Published 20 July 2018; Erratum Phys. Rev. Lett. 126, 159901 (2021)

Ph)’?ST& See Focus story: The

Opportunity to probe dynamical Casimir effects....?



Sagnac Atom Interferometer

Rotating @

frame

Ex: embarked atom
interferometer




Sagnac effect in an inertial frame?

Inertial frame and rotating
conductor



Quantum Sagnac phase near a spinning

particle
Casimir phase:

Ap1a = Y11 — P22 + P12 — P21

Spinning o = 4 [ 25 dtdt’ |8 (1. )GES (xu(t), (). ¥) + (R o H)
nano-particle i
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Quantum Sagnac phase

Local Quantum Sagnac phase (in the
non-retarded approximation)

A ~
Q _ 9 woay g r(wo) f dr - £2xr
P 78

vdW.,k = 2 (4mep)?

Real part of the spherical particle 44 p(w) = Relag(w)]
polarizability |

0464 = static atomic polarizability

68

G. C. Matos, Reinaldo de Melo e Souza, PAMN, and F Impens,
Phys. Rev. Lett. 127, 270401 (2021).



Estimation of the Quantum Sagnac phase in an atom-Interferometer

Atomic wave-packets of finite width

Total phase = quasi-static van der Waals
+ quantum Sagnac phase

¢(Q7 'CC? Z7 v) — ¢de (:E7 Z’ U) _|_ QSQ ('CC? Z) 1 2 Velocityév [km/s]

4 5

Accessible quantum Sagnac phase
—Q0 — — s
¢ (Qa U) = Qb(ﬂ, U) — qb(O, ’U) Fo

averaging over wave-packet width
(as in Alexander D. Cronin and John D. Perreault,
Phys. Rev. A 70, 043607 (2004))

a = 35 nm

D

= 5 km/s

Width w [nm]

() =27 x 5 GHz
Nanosphere radius @ = 30 — 50 nm Na atoms

Atomic beamof ., — 10 — 100 nm O
width b
| ¢ (2,v) ~ 0.1 mrad
Atomic v=1-5km/s ( )
velocities



Conclusion:

€ Influence of the enviroment of the system
of interest: decoherence, phase shift in an
atom interferometer

® Dynamical Casimir effects: emission of
photons, non-unitary non-local phase in an
atom interferometer; quantum Sagnac phase

& Methods: master equation/Fokker-Planck
equation; influence functional
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