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@ What is quantum friction?

B Atom-surface interaction: equilibrium

B Atom-surface interaction: non-equilibrium

@ Fluctuation-dissipation vs quantum regression
@ Moving oscillator

@ Moving two-level atom

B Revisiting other approaches
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An intuitive picture
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An intuitive picture
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Photons and plasmon field
perceived with a Doppler
shifted frequency
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A variety of predictions

Zero temperature atom-surface quantum friction

Low velocity  Distance

Aufhors dependency dependency ST
"y -5 Approach similar to the calculations of vdW forces
Mahanty 1980 \4 Z but with mistakes
Schaich and 10 Two-state atom with a transition dipole
Harris 1981 A\ Z moment normal to a metal surface
Scheel and -8 Master-equation approach for multilevel atoms
Buhmann 2009 \4 Z and quantum regression “theorem”.
, -8 Perturbation theory using Fermi’s golden rule.
Barton 2010 \4 Z Harmonic oscillator.
Philbin and O 0 Relativistic calculations and analytical/numerical
Leonhardt 2009 evaluation of the Green’s tensor
Dedkov and 3 v Fluctuation-dissipation theorem applied to the
Kyasov 2012 V Z dipole atom as well as to the electric field
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Warm-up: Static atom Lot Alamos

A

@ vdW-Casimir force on a static atom: F,(¢t) = (d(¢) - 9., E(ra,t))

F.(t) = Re {2’ Y ao [ dreerTy [<a(t)a(t 1)) - 8.G (ra, ra,w)} }

Initial state of atom+field+matter: p(0) = p,(0) ® prm (0)

Full evolution: H = H 0+ ﬁfm + H it
How to compute the two-time dipole-dipole correlator?

® Solve the exact dynamics (when possible!)
¢ Time-dependent perturbation theory
e [arge-time limit: stationary (dressed) states, equilibrium
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Fluctuation-dissipation Lot Alamos

@ Stationary density matrix | f(00) = prms e~ BH

(Kubo-Martin-Schwinger)
@ Large time correlator C,;(7) = tr {Cii(O)CZj(—T)ﬁKMS}

@ Fluctuation-dissipation (FDT) -Linear response
- Exact result

power spectrum

S(w) = (2m) ™" / ) dre'"C(7) a(r) = (i/m)8(7)tr{[d(0), d(~7)pcns }

— 00

@ Stationary vdW-CP force

Fop = %/O déTr{a(i§) - 0.G(ra,ra,1§) }
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Quantum regression . Lok Alamos

@ Onsager regression theorem: The average regression of fluctuations
obeys the same laws as the corresponding irreversible process

@ Quantum regression hypothesis (aka “theorem”, QRT)

Ct,t—7)={(d(t)d(t — 1)) = <d2 (t)>e—i(wa—i%/2)7 -weak coupling
- Markov approx

@ FDT and QRT predict different decays

- “Short” times (77, < 1): exponential decay QRT = FDT
- “Large” times (T7q > 1): power-law decay QRT # FDT

Cij(t,t —7) = dydje”@a=Ma/2T |7 — 00 o Z,_a(wﬂ)_n

ORT predicts the wrong vdW/CP force
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Quantum friction (T=0) +Los Alamos

A

Ffric (t) — <a(t) : 83:E(ra (t)a t)> Fext (t)

@ Prescribed motion _
(ZUO? Ya, Za) for ¢ < ta maféa(t) — Fext(t) + ng(t)
r,(t) = {

(Taccel(t), Ya, 2q) forty, <t <0
(g + Vat, Ya, 2q) fort > 0

@ Stationary(t — oo) frictional force

@ No general results as in the equilibrium case ~ p(00) = 777
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NEQ FT and g-friction L% Alamos

[t is still possible to draw general conclusions about the frictional force
in the low-velocity limit.

@ Non-equilibrium power spectrum S(w;v,) = (2r)~! / dre™ ™ C(1;v,)

— OO

d?*k >
Fhric = —2/ (2#)2]%/0 dw Tr|S (kv —w;vg) - Gk, 24, w)]

@ Small velocity analysis: no linear-in-v terms

- Contributions from S (—w; v, ) cancel upon integration over k.,
- Contributions from Sp(k,v, —w;0) = equilibrium FDT!

vdW regime:
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Re SU].tS ’ Lgs Ala‘mqs

A 3
—> S(kpvy —w;0) = —0(k,v, —w)a;(kpv, — &
FDT S( )= 0 Jay(kzve — w) Fric ¢ —5

Nonzero for 0 <w < k;v, (relevance of low freq)

. . © dr .
QRT__, Cy(r:0) = didje @/ Swio)= [ Temomo)  Fhic < —¢

Neglects low frequencies

Second order
perturbation theory

Yo =0 FDT=QRT  Fiuecoce™™

. 3
Hal:momc —— Exactly solvable model Firic o UTxo
oscillator model Zg
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Moving harmonic oscillator - ie:asmes

2wa ~

; d- - E(r,(t),t)

@ Dipole moment d = dg G(t) + waq(t) =

@ Dynamic polarizability of moving atom
—1

2k
/(%) d-G(k,w+ ko) -d

Non-equilibrium FDT in classical
models have the same form

J(w;vg) :/ 'k O(w) — O(w + kpvy)] a(w;ve) - Gk, w + kpvy) - o (w;vz).

(2m)?
@ Using S (w° v )one can reobtains| Fii. ~ — 457 o (24,0) A/ (0)@
M y Ya ric 2567T2€0 I\~a> I Zg
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Orders of magnitude (lohanas

@ Near-field quantum friction
surface’s electrical resistivity

/ e static atomic polarizability
45hp*ad v3

51273 210

@ Example: ground state °’Rb flying over a silicon surface

Ffric ~

ap = 5.26 x 107 Hz/(V/m)?
,0:64><102§2m Fe. %—13X1O_20N
v, = 340 m/s = Lfric '

2o = 10 nm

@ How to enhance it? How to measure it?

- excited atomic states? - atomic interferometry?
- higher velocities? - near-field AFM?

- materials with higher resistivities? -???

- macroscopic bodies?

-?7?

Wednesday, August 20, 2014




Revisiting other approaches - izasmos

@ Previous calculations using master equations, Markovian approx,
and QRT obtained in the large-time limit F2."

fric X Vg

[ssues: - Markov/QRT give the wrong large-t decay of correlators
- Quantum friction is a low frequency phenomenon
- Results valid only small-t limit, where FDT=QRT

@ Previous calculations using perturbation theory predicted F, o b o< vy

Issues: - short times, weak coupling
- instantaneous boost of the atom

Note: This part of the work also in collaboration with Carsten Henkel (Postdam)
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Perturbative quantum friction - e aames

@ Power dissipated into pairs of real plasmons excited in the surface

1 o0 S kw. K o' U 2
P = lim — ko/ko'/ dw/ dw’h(w+w’)|<0’ w, KwW(t))
0 0

t

t—o0

Ffric — P/U:U
@ Second-order time-dependent perturbation theory for |¥(¢))
atomic transition frequency \ g(w) = w2 /7

_oonQwZ \/Wgwgw/e—““k')%
8T Vww F* (w) F*(w')

F(w) = wb —w? —iwl

(Drude-like dielectric permittivity)

(2) _
C|O;kw,k’w’) (t) T

M(#)

t t’
M(t) = / dt’ / e |/ — )t RO miler () =) (i) o (KW'}
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Dependency on boost Lok Alames

(20, Ya, 2a) for t < t,
@ Boosting the atom  r4(t) = < (zaccel(t), Ya, za) for tq <t <0
(g + Vat, Yo, 2q) fort >0

@ How acceleration phase influences the power dissipated

P =Py + Pp
4 4 N = |/O 7572 (8) i(@4w)s
T PO Vg

2
2

~ v (O
(independent of the boost) (depends on the boost)
Sudden boost Adiabatic boost
—1
az(t) = v:0(t — ta) a.(t) = == [1+cosh (t_t“)]
2T T
sudden sudden adiab) T2>1 T sudden adia
Pjgldd)<<P,(3dd) PJ(Bdb) 1>l 2 Qpédd)<<Pjgdb)
F(sudden) o Uz F(adiab) 7'92>1 U:?;
fric — 8 fric - 10
a a
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Conclusions . Lok Alamos

@ Atom-surface quantum friction from general non-equilibrium stat.

@ Non-equilibrium FDT predicts a cubic-in-v frictional force

@ Identified issues with previous approaches

- Correct low frequency behavior missed by Markov, QRT

- Perturbative calculations depend on boost history

@ At high temperatures (classical limit), QRT = FDT, and linear-in-v
friction

@ Same analysis possible for quantum friction between macroscopic
bodies
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