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Dynamical Casimir effect: intuitive idea
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Simplest case: perfect mirrors <4mmm Boundary conditions
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) Dissipative force on the mirror. Dimensional analysis:
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Performing the calculation: f(¢) = —
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Less than a photon/day.....
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Parametric amplification in resonant cavities
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Oscillating mirror The number of created photons
g(t)=a & Sin(Qt) grows exponentially when
Q=2 w,

2
1 (m;m
(M) = sinh? ( < ) Ety The number of created photons is
Q limited by the Q-factor of the cavity




« Similar calculations for TE and TM modes of the electromagnetic field,
for cavities with different geometries

* Intermode coupling 1f |(Dm T (Dj| = Q
* All modes coupled in 1+1 (or TEM 1n 3+1)

*Time dependent electromagnetic properties: Padova experiment,
Gothenburgh experiment....

Review article: D.Dalvit, P. Maia Neto, FDM (2011)



In this talk: imperfect moving (and deforming) mirrors

Analysis of the Dynamical Casimir effect taking into account
the microscopic degrees of freedom of the moving mirrors
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Functional approach, dissipation, and dynamical Casimir effect

Main idea:

Vacuum field + microscopic degrees of freedom on the moving mirrors

Dissipative effects H‘Vacuum persistence amplitude‘ <1



Functional approach, dissipation, and dynamical Casimir effect

Main idea:
Vacuum field + microscopic degrees of freedom on the moving mirrors

Dissipative effects H‘Vacuum persistence amplitude‘ <1
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of freedom

The motion of the mirrors can produce excitations of the
electromagnetic field and/or of the microscopic degrees of
freedom in the mirrors



Different sources of dissipation:

» photon creation

 excitation of internal degrees of freedom due to exchange of virtual photons
(vacuum friction)

« excitation of internal degrees of freedom due to inertial forces



Different sources of dissipation:
» photon creation

 excitation of internal degrees of freedom due to exchange of virtual photons
(vacuum friction)

« excitation of internal degrees of freedom due to inertial forces
Technical points:
For simplicity we will work with a scalar vacuum field and thin mirrors
We will compute the Euclidean effective action and then obtain the

vacuum persistence amplitude using a Wick rotation, and the force
on the mirror using a retarded prescription
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The Euclidean effective action

S = Sf+S.,,,,+SI

1
Vacuum field Si(p) = gfdd*lzc 0,p(z)0,p(z)
1 ,
Internal d.o.f. Sm(ﬁM) — §/dd0\/ 9(0) [9“'3(0)%5(0)635(0)
+ u*e(0)],
M is the spacetime volume swept by a deforming mirror

g afs Induced metric

Internal degrees of freedom = quantum field theory in curved

spacetime




Integrating the internal degrees of freedom

e_r‘-rn(V’;M) = /D€ e—Sm(ﬁ;M)—SI(GP,E;M)

[i(M) =T'n(p; M)|p=0, == Inertial effects.

Do not depend on
the coupling to the
vacuum field

[y(p; M) = Tm(p; M) — T (03 M) =0

N

In some particular limits provides a boundary
condition for the vacuum field



The acceleration of the mirror excites the internal
degrees of freedom

Ty (M) = %TrlnlC

K = —0a|g"/2g°0s| + g% = "2 (= Am +4?)

Known result from Quantum Field Theory in Curved Spacetimes:
for massless internal d.o.f:

1 _L
LM) = —grer [ #0v/5@) [a1Ras(-A)F Ras
-1 CLQR(—A)_éR:l + Iiocal + ...



The acceleration of the mirror excites the internal
degrees of freedom

Ty(M) = %TrlnIC

K = —0a|g"/2g°0s| + g% = "2 (= Am +4?)

Known result from Quantum Field Theory in Curved Spacetimes
In 2+1 dimensions. For massless internal d.o.f:

LiiM) = =57 x123/2 / dBU‘/gT’)[a_A)—%RQ'B

+ azR(—A)—%R] + Tiocal - \ (35)

A

Nonlocal effective action curvature associated to the mirror




The acceleration of the mirror excites the internal
degrees of freedom

Ty (M) = %TrlnlC

K = —0a|g"29°%05| + g"/2u® = g% (— Apa+ 1)

Known result from Quantum Field Theory in Curved Spacetimes
In 2+1 dimensions. For massless internal d.o.f:

1 1
LM) = —gre [ #0v/5@) [a1Ras(-8)F Ras

+ ayR(~A)~ R] + Tiocat 4 (35)

Effective action fro graphene: massless Dirac field



For standing waves on the mirror

y(0°,0',0%) = yo cos(Q0”) cos (o' /L)
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Comparison with the usual DCE (perfect mirrors)
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Comparison with the usual DCE (perfect mirrors)
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Coupling to the vacuum field: sidewise and normal
motions Vacuum field

Internal d.o.f.
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The effective action is of the form:

e~ a1 — /DCPD¢ oS0 (0) =S (¥) =S5 (0,9)

1
For a scalar vacuum field So = §/d4$ [(590)2 + m2<,02]



The effective action is of the form:

Tara) = [ DyDye-So =S W S e

1
For a scalar vacuum field So = §/d4~"7 [(890)2 + m2902]

After integration of the internal degrees of freedom (linear response theory)

e~ TlaL.q)) — /D(p e~ S0(p)=S1(p)

Sr(p) = % / d'zd'z’ p(')V (z,2")p(z)

V(z,2") = §(z3 — q1(z0)) A(:z:o,w”;:v{),wﬂ) (x5 —q1 (xp))

Here we are neglecting the term independent of the vacuum field.



V(z,z') = 6(m3 — ql(mo)) A(a:o,a:”;:z:f),xfl) J(mg — ql(:pf)))

Example 1: a set of harmonic oscillators on a static mirror generate a
delta-potential for the vacuum field

1 .
S = E/dﬂ?o/d%” [Q(ﬂ?u,ﬂvo)2 +92Q(93||,fl70)2]
St = ig [ d'aQ(a), 20)6(zs)p(a@0, 21, 29),
A(zo, z; 20, 7)) = A(zo — 24) 62 (z) — )

Mzo — ) — (%)25(:50 —zy) 9,{) — o0



Example 2: relativistic massless fermions coupled to the
electromagnetic field

S, =~ [d’y &’y A,(3.OIL,(y,y)A4,(',0)

ﬁab (k) = ezéab (k) | k| +— 2+1 dimensional momentum

No dimensionful constants

Static Casimir force proportional to —

Fosco, Lombardo, FDM, PLB (2008)

Graphene sheet if C <> V. Bordag et al PRB (2009)



Effective action for a single mirror:

e LTlaL.q)) — /DQO e~ S0(p)—S1(p)

1 1
I'(q1,q)) = 5 logdet(—0% + V) = i'l’rlog(—c?2 + V)

Effective action for two mirrors:
1 1

'(qr,qr) = 5 logdet(—8% + Vi, + Vg) = §'I‘rlog(—82 + VL + Vg)
Each one can have normal or sidewise motion

We will assume that V is spatially local in the rest frame of the mirror

A(wo,ﬂ?u;mf),wﬂ) = Azo — 336) 5(2)(93” - fl»'ﬂ)



Normal motion

- = d*k; -
I'r(ar,qr) = / Tr(log K)
(27)?

We perform an expansion in powers of q.l
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On general grounds we expect: linear term

Fl(QJ-) — /dﬂ?o gl (330 W Usual static Casimir
force between thin mirrors

Explicitly:
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The quadratic term:

1
— 5 /d$0/d$6 q_L(SUO)F(xo —33'6)(]_]_(336)

!

F(x,) = fdxo F.(xo—Xx'5)q(x'y)

I's in— out(QJ_ /d$0/dx0 gl xO)En out(CEO_fBO)q_L( )



Fourier transform of the form factor F=FQ <4 F(2)

d2k c(v+w) I/2+k”
FO(w ___/ / n
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Fourier transform of the form factor F = F(l) 4 F(z)

&2k, v tw),/v?+ki+
FO (w ___/ / |
27)2 (v + w, k“) —b2(1/—|—w k)

— d2k
(2) |
F (w) 87!' /d + v, k” b2w+u k” 62Vk|| —b%ll@
v (w+v)2 +kﬁ+m2

[ (w+ v,k )e(v, ke

b(w + v, ky)b(v “a\ @)tk tm? —a,[v2 k] +m2]

Poles at resonant frequencies for perfect mirrors. Breakdown
of perturbative calculations



1+1 dimensions, “graphene-like” coupling

X(w) = C|w| (no additional dimensionful constants)

!

The vacuum field propagates at a velocity 1/+/]1 + g

Electromagnetic analogy: ( =¢-1

————

1 X
F(Q) ((.d) = —% /dV IV + wl |V| X2 — e—2a|v+u|

w+vllv]  (x*+e7)

— 1
o .+ —2a|w+v|
F2)(w) = o /dVe (x2 — e~2alwtv]) (52 — e—2alv])

X =(2+¢)/¢



Limit of perfect mirrors: E—=0 or x—1 (strong coupling)
Foo(w) = F& () + F (w )

|w|3 Wi
3 ( 2 E : 27r2
12w 6a TS w w? + "o

6/// T
Fret(xo) = lévr()) 6a2 —=0(t) Z 6’ (o — 2na)

n>0

- —0 Z 6" (zo — 2na)
n=>0

Well known result: Jaeckel & Reynaud, Maia Neto & Mundarain



Weak coupling E—0 or y—>»

e 1 e—2a|u+w|
F)(w) = ~mx dv|v+wl||v| (1+ 2 )+...
—— 1
F2)(w) = e dv |w + v||v|le2¢w vl 4
~ 1 1
Flw) = ——|w|* - ; [6_2“"‘"(1 + alw|) + alwl|] + ...

6Ty dTady



Weak coupling E—=0 or X —>

— 1 e—2alv+w]
FO(w) = ~mx dv v+ wl||v| (1+ " )+ ...
— 1
F2)(w) = "oy dv |w + v||v|e 2l
Fw) = — 2w — = [e=21(1 + qlw]) + alw]] + . ..
6Ty 4dmrasdy?

Leading term independent of a and similar to perfect conductor



Weak coupling E—0 or y—>»

—— 1 e—2a|u+w|
F)(w) = ~mx dv v+ w| |v| (1 + X2 )+ ..
l%(w) =3 ! dv |w + v||v|e~2¢lwtvl 4
mx?
- — 1 3 1 —2a|w
F(w) = ~omx —— |w|® — yP— e 1+ a|lw|) +alw|] + ...

1/x?-retarded contributions are proportional to §'(zo), §(zo —2a), and &’ (zo —2a)

(the time of flight between the two mirrors does not depend on )



Sidewise motion (Barton 1996)

We consider two parallel mirrors:

Vi(z,2') = 6(z3) Mzo — 2)6P (2 — z|) d(z5)

Vr(z,z') = 8(z3 — a) Mzo — zp) 8[z1 — z7 — q)(=0) + q)(z0)] 0(z2 — x5) 6(25 — a)



For constant velocity

5> X e—2a\/pg+p%+p§ ~

d°p X(po)A(po + p1v)

N~ —
6473 pg +pi + D3

The usual static Casimir force depend on the velocity



For constant velocity

> /d3 o—207/p3+p3+p} _

F% )\ 'X + v
643 p p% _|_p% +p% (po) (pO P1 )
For the particular case: X(w) = (|w|
T3¢? |vf?

And we expect:  F, =—— f(V)
a



Summary

Interaction between internal degrees of freedom and vacuum field

!

Vacuum persistence amplitude‘ <1

|

Dissipative
effects

Reaction force due to
photon creation

.
S

Vacuum friction

Excitation of internal d.o.f.

l

Analogue of QFTCS

In 2+1 dimensions

We are studying the generalization to the electromagnetic field and to realistic internal
degrees of freedom, using the Schwinger-Keldysh formalism

Non perturbative?
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Conclusions

We have studied dissipative effects on imperfect moving mirrors using the
functional approach. The analysis of the vacuum persistence amplitude allowed us
to consider on the same footing different kinds of dissipative effects

For “normal motion” we obtained general expressions for the effective action in
terms of the (analogous of the) polarization tensor that decribes the interaction
between the vacuum field and the internal degrees of freedom of the mirror

Explicit examples in 1+1 dimensions

For “sidewise motion” we found that in general there is “vacuum friction” between
thin mirrors even for constant velocity. The interaction must be non local

We described a new dissipative effect related to the excitation of the internal
degrees of freedom of the mirrors due to the acceleration.

For simplicity we worked with a scalar vacuum field. We are studying the
generalization to the electromagnetic field and to realistic internal degrees of
freedom, using the Schwinger-Keldysh formalism



For constant velocity

5> e—2a\/pg+p%+p§ N
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The structure is similar to Pendry’s result:

h/ d2k o —2lkld ko
(27F)2 0

dw

A(po)X(Po + p1v)
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