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Institut d'Lfudes Scientifiques de Cargese

The institute started in the 60’s as anindependent non profit association

in « villa Menasina » under the direction of Maurice Levy, an eminent theoretical
physicist. At that time two or three schools of theoretical physics were held

in the venue during summer. In 1975 the association was granted by
governmental institutions with new facilities allowing a progressive increase in the
activity of the institute. During the last 10 years, the IESC opened up for emerging
disciplines such as biophysics of membranes, environmental sciences, social, and
economic sciences and humanities.

Since 1996 the institute is affiliated to Centre Nationale de la Recherche Scientifique,
University of Corsica and University of Nice Sophia Antipolis. The IESC is open
from February to November. The typical format is one week for a workshop

and two weeks for 3 School. Applications are welcome. See
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Summary of course
Imporant events
Lorentz invariznce of Casimir energy
- Accelerated observer &Unrub effect
- the UV catastrophe (Einstein equation,
sonoluminescence, C3simir momentum)
Fluctuation-dissipation theorem
Casimir force between idesl plates
~..and on g metallic shell
- Proximity force gpproximation, dispersion, finite T,
Casimir —Polder gttraction
Lifshitz formuls
Quantum friction
Connection with QED:
- Gasimir mass and Casimir momentum of H,
Bibliographyv



1.1 Casimir energy
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Black body radiation (Planck, 1912 7, Einstein & Stern, 1913 2 )

hv N 1
exp(hv/kT)—1 2
Isotropic radiation with power spectrum P is Lorentz-invariant
(Einstein, 1917 °);
Van der Waals force 1/ as 3 dispersion force due to
quantum fuctuations (London, 1930 #)
Relation to Cosmological constant (Paull, 1934, Davies, 1984 %)
Casimir Polder Force 1/r7 (1948 ¢)
Lamb shift (Lamb & Retherford’, 1947, Bethe,  1947);
anomalous magnetic moment of electron (Schwinger *1948)
Attraction between metallic plates (Casimir, 1948 7°),
refuted by Pauli as « absolute nonsense »
Lifshitz formula for dielectric bodies (Lifshitz, 1956 1)
“The general theory of Van der Waals forces”
(Lifshitz, Dzyalonishiniskii, Pitaevskii 1961%7)

hv=(kT—%hv]+%hv=kT+O(l/T)



1.2 Casimir energy

10.

17,
12,
13

4.

15.
16.

Observation of Casimir effect (Sparnaay © (100 %), 1958,
Lamoureux #(5%), 1997), Mohideen & Roy ™, 1998, Ederth ™ (1%), 2000)
(the third for plane sphere-on cantilever geometry,
the latter for crossed cilinders)
Stability of the electron (Casimir, 1956 77, Boyer, 1968% )
Unrubh effect & Hawking radiation (Hawking 1974, Unruh 197620)
Dynamical Gasimir effect (« moving mirror radiation »),
Fulling and Davies, 1976
Bag model for hadrons (Jaffe etal, 1974%2)
Cosmological constant problem field theory(Weinberg, 1989%)
Confined Casimir energy has inertial mass (Jeakel &Reynaud, 1993%4)



1.3 Casimir enerqy

17. Sonoluminescence as dynamical Casimir effect
(Schwinger, 19932%, Eberlein, 1996%)
18. Quantum friction and shearing the quantum vacuum (Levitov, 1989%;
Pendry, 199775)
19. Casimir dies 3t age of 90 (May 4, 2000)
20. Casimir momentum in magneto-electric media (Feigel, 2004 %)
21. An attractive Gisimir force theorem for dielectrics (Kenneth, Klich, 2006 %)
22. Repulsive Van der Waals force in colloids (Feiler etal, 2008%) ,
quantum Casimir levitation of silicon sphere (Capasso etal 200972)
23. Casimir energy has gravitational mass (Milton, Fulling etal, 20077)
24. Scattering theory for Gasimir energy: finite temperatures ,beyond Proximity
Force Approximation, corrugated surfaces
(Lambrecht & Reynaud, Dalvit etal, Bordag etal 7).
25. Observation of dynamical Gasimir effect with SQUID (Wilson etal 2011)%
26. Observation of thermal Casimir force between plates, favoring Drude model
(Sushkov, Dalvit, Lamoreaux, 2011) %



1.4 Casimir energy before Casimir

"At this point it should be noted that it is more consistent here, in
contrast to the material oscillator, not to introduce 3 zero-point
energy of 1/2 hw per degree of freedom. For, on the one hand. the
latter would give rise to an infinitely large energy per unit volume
Jue to the infinite number of degrees of freedom, on the other
hand. it would be principally unobservable since nor can it be
emitted, absorbed or scattered and hence, cannot be contiined
within walls and, as is evident from experience neither does it
produce any gravitationsl field.”

Paul;, Die Allgemeinen Prinzipien der Wellenmechanik,
in Handbuch der Physik 241 (1933)



2.1 Casimir energy Is Lorentz invarant (to be continued)
dl(6,w) = p(w,0)dawd cos@ =d(4E* + 4 B?)

B= (ck+scos¢x+ssm¢y)

O

E (E v \
a)'=7/a)(1—,30) _7/\ i 7/+1 | y,
C— 4
c'= p . v |B'=y B-Bx /
l—ﬂC T/’ \ y+1

dw,c)_ 1 g “—p :
d(w,c)  y(1-fe) | dr=y (1—fydl

p(@',c') = p( | ,cjﬁ(l—ﬂcf

0
y (1= fic)

plw,c)=w Lorentz invariant (Einstein, 1917 3)
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3.1 The Casimir effect. .. ix

Remove modes

F(L)= o _3(' ' )TZ Negative pressure

No momentum exchange between matter and radiation



3.2 The Casimir effect. ... P

n

...

/g'\ttpouz‘T /.
...

— 2% V. hk 2 2 7 12
R)ut(e):F(At 2L/cos€co): x Y hk x cos . So €08 X2:>Pom:ﬂz K
A 4 2L V modes k

%0 2 )
P=p,-p, =" | d’k (n7/L)
L n=1 (272') \/k2+(n7z/L)2
o0 ) )
_% dkzj d k2 k.
T 0 (272') \/k2+k22




3.3 The Casimir effect....
F(n):nZJ.Ooo dx 1 - :nzrj @

X+n \/;

ne, ()] L R
P=t (Lj {Z‘ F(n)—;‘;an(n)}

2
7t he,

=== K F(0)= o F"(0)+ Yooy " (0) +...]

T

O O N,
7 he, p
=540 1 130 nN/ cm? / L4 (um)
Casimir energy diverges in UV but...

THE Casimir effect is 3 low energy phenomenon



3.4 The Casimir effect of scalar bosons in 1D

v
|
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¢
2L ‘= 2 L 2y
h
20222 i Znexp(—lm) j dnnexp(—lm)j
_ — 7 e,

24 7



Hendrik Casimir, _

Proc. Koninklijke Nederlandse Academie voor Wetenschappen i
51 (1948), 79 10 A
(thank you Asttid Lambrecht for providing) A=

F

"4 In order to obtaln a finlte result it is necessary to multiply the integrands
by a function [(k/ka)} which is unity for k{{ km but tends to zero sulli-
ciently rapidly for (k/ka) —+ @, where ku may be defined by f(1) = 1.

= The physical meaning is obvious: lor very short waves (X-rays eqg.)
our plate is hardly an obstacle at all and therelore the zero point encrgy

_n-f these waves will not be inlluenced h'}" the Imiiliﬂﬂ 'I.'ll this Iﬂll,
Tnirnm_aJ_—_*'
Ve are thus Jed to the following conclusions, There exists an attractive

force between two metal plates which is independent of the material of
the plates as long as the distance Is so large that for wave lengths
comparable with that distance the penetration depth is small compared with
the distance. This [arce may be interpreted ns o zero point pressure of
electromagnetic waves.

Although the ellect Is small, an experimental conlirmation seems not

unlfeasable and might be ol a certain Interest.
———seeesselEEEEEEeEEEEE




3.5 The Casimir effect at finite temperatures. ...
|

I\, T |L
e

7° he 16 kL]
P:_ O 1+ +"’ Ko [} / / bo 40

L=10 um, T =300K : correction= 19

@>>1:P:—2.4 KT

hic, 4rd’




3.6The Casimir effect for g shell  (Casimir 1956 7)

Does Casimir force stabilize the electron ?

hc, A hic
FCasimir — _() (31 =~ 2—3 ?
hw \ e Ve 7.

/@ F =+ e L

\ Coulomb 8 72'50 7"62 N\
e2
But force is repulsive! Zs e 0.0073..
Boyer (1968) 8 ol
FCasimlr — +O 094 Zlc()
F e




4.1 Fluctuation dissipation theorem at finite temperature

1 . %
P = Eexp(_ﬂH) H = Zk: ha)k (akgakg +%) B Trpakgak'g' = fkgkk'ggg'
fi=— )
' exp(fha,)-1 Trpapga, =/, +1)040g,
- ¥
Vacuurn

E(r,t)= Z i( f;a)" ] (ak. B (N exp(—iayt)— aZgEZ L(r)exp( a)kt))

kg €9 _ .
Positive frequencies — hegative frequencies

E(w,r) = j: dtE(t,N)expiiat)  E(o) =E(-w)



4.2Fluctuation dissipation theorem 3t finite temperature

E.(NE,. (") Classical retarded/advanced
kg kg

Green function

for electric field

G*(a,r,r")=>

e (a)iiO)2 —w;

C ha’
w>0: <En(r,a))Em(r , @) )>=27z5m. 5

i\ G (@,r,r) =G (.r,/) | f, +])
o

(E,(r-@)E,(r'~a))=213,, f“’z

(G, (@r.r -G, (rm]f,

No negative frequencies 3t
=0

g,

—hw”

(E,(r.®)E, (I'.0)+E (r-0)E, (' -0))=275,, ImG. (o,r,r")2f, +1)

G (0)=G"(-o) ; E, (NeR cotanh(fShw/2)



4.3 Fluctuation dissipation theorem at finite temperature

What if medium is dissipative (finite conductivity)? Vo

[50 + 47Zi0(r)}a)2E(r, @) +VxVxE(r, o) =, o)

@
dissipation Current fAluctuations
>0 (j(rw) (') =K x41eo(r)x215,,5,0,

E(r,0) = [dX G (r,%,0)-j(r, o)
= (E,(ro)E,(I',0)) = [ax[ aXG,(r,x, o) j(r,)j,(1',@))-G,,(6T,0)

=2n0, K <r ‘G* (0)4rnwo(X)G (W) r'>
=275, . ﬁz (rlG*(@)-G ()1
— £l
ho' . —ho’ N
K =——cotanh( fhw/2) (E,(r.0)E, (r',0"))=275,, ImG;, (o,r,r)2f, +1)
T8, TTE,

Positive and negative frequencies added



4.4Fluctuation dissipation theorem gt finite temperature

o 52
What if medium is dispersive and dissipative ¢

[g(r) 37 J(r)}a)zE(r, ©)+V xVxE(r, ) = |(r,®)
@
dispersion  dissipation current fluctuations

o>0 <jl.(r, )] (I",a)')> = K x4rwo(r)x2ro, 0.0,

(Yo T o

Substitute  wto)=\{enEr.0)  and show that

—ha'

A E(N)e(r')

Pangerous to quantize macroscopic media!

ImG; (o,r,r2f, +1)

(E,(.o)E,(r',e))=273,,




2. 2 Continued:  Csimir energy Is Lorentz invariant

a T,U —
01 o, 1 2 .
—| &E°+—B +c,V-¢,ExB =0

2 | TY, =
0,(e,ExB)+ V- 1(80E2+132j5y—[801w].+1BZ.BJJ =0

2 Hy Hy Tyv:]:/,u

W’ coz 1
_G (0) K) = ( i kikjj w2 2 12
c; c; (0+i0) /¢, —k

3 2 2
(T,,) o —2h1mj dk 1 Jera ohia
277 (27) (w+i0) 12 wk, /¢, ki,

o« 1

I |
, , T Lorentz covariagnt
Lorentz invariant tensor

me3astire Lorentz scalar




2.3 continued :  C3simir enerqy Is Lorentz invariant

L w/c doesn‘t allow Wick rotation
m.[) 277 (w+i0) e (Milton, chapter 10; 1997 4°)
_ z _
- do| @ /c k*
Im 0 —1({=Im =—| d
L 27| (w+i0) yE '[ 27 (w+i0) yE "- ;C:+k2
} G i ¢ G
Im|[” dor (ki) [ Kk
. \2 2
0 27 ((()+le) —k2 0 é/z_l_kz
CO CO
1 0 O
0O % 0 O
w—>T )=E_. T%,=0
< ,UV> casi 0 0 % 0 U i Kgluy
0O 0 0 X%

Not cosmological constant but ultrarelativistic dust F=3P (L & L, Theory of Fields)

Divergence of Lorentz invariant theoty is not Lorentz invariant! 74

]



2.4 continued Csimir energy Is Lorentz invariant

Wick rotation when regularized invariantly: Analytic fu ”?f 1on
B @ 3 i B é/ 47( bounded in C
Tey
0=id: (Tu) =g, o %] Raelia kk f(&"+k)
hco [ dss )] i ¢C°S g0
%6,sin' g
he, 8¢

=g 5|, B =Fuig (-
Regularized quantum vacuum is 16rma/ candidate for cosmological constant

87zGT :>A:8ﬂGE /

4 )% 4 casi
0 C

R, —Rg, +Ag, =-—

Ac;

0
i =P =10"GeV/cm ——j dss’ =a~13um @@

Is regularization result of stabilized extra, large « enrolled » dimensions 4 > 4 of this size!




2.5 Non Newtonian gravity deduced from Casimir experiments

=F, > L=13 um

1 mm thick plate (10 g/cm?) F

1030 B T T T T T TTT T T Tl ||||| T T =T ']
1027 K 2 V

- - =aexpr/A)

I W =
o 95 % excluded - v

_ 10?% N Ederth il
E B i

1018 : : ]ﬂl:l
10% - Morid - x\ﬂ ’

: ohiceen : 1{}“ ZALLE / 95 7

1) I:m:uns 0

- s = 10 ¥
1012 B Casimir E , A

: Lamoreaux : }_g” g o = \5‘\ eXCluded
109 R e ot Bos g of e £ e . ;__,; \\

A [ml 0P e _P‘_E_S-“_EP%"ET? ________
T 104 . dilaten e~ 1N
E. Adelberger et al 10'1-.. e
(2003) 1 o =3
Kapner etal, 200742 o s A .
Sushkov, Kim, Dalvit, — =~ 01 1 10

Lamoregux #2011 A (um)



2.6 Accelerated Casimir energy becomes Planck law
Constant acceleration 3 in comoving frame with speed v (Milonni, 1994 #)
\ Y

—

du//'_du//l 1 dv ( vzjm

— = s=a for U=v=>—=q/l-——
df dt 7/(1—v-u/c§) dt c;

at
\/1+a2t2/c§

W) =

—_— dr=\1-V [t = 1(r) =L sinh -

x(?) =c—§ 2
a —> ()=
a

Jl+ac —1] % Oj

4
C, . ., QT
X (7)—t*(r) =——%sinh’ —
a 2c,



2.7 Accelerated Casimir energy becomes Planck law

E—d A <An(r,a))Ajn(r',a))> 275, —hImG+ (o,r,r)(2f, +1)
t 72'6‘0

T:O;a¢0:<An(O,t:O)Afn(r(t),t)>=g£ j: da)j (jﬂ';{c —kzjé exp(Kr(¢)—iat)

h o) . ha’/c;

nm

- 3 2 2,2
(27m)’c, r™—cyt

T#0;a=0:(A, (0,6 =0) A (r= 0t)>=—j do|

__W&T/R) /g
smh{ﬂkTrj
h

ha
27kc,

T =

Unruh/Hawking temperature




4.1 Inertial Casimir mass?

T

NN\~

question /

72'2 2
o/ gy g M A Eai/ A M4 Vnohicy | L y

2 2
C, c,




4.2 Casimir triction?

g/uesz‘/’on

F/A=-yV /



4.3 vacuum force on moving object

l/-“(f)
Fulling and Davies (1976 %") $
h "
F(t)=——2""() l TZ( t)
o,
=0 for uniform speed (by Lorentz invariance)
or gcceleration (Unruh effect)



4.4 vacuum force on moving mirrors: C3simir mass

Jaekel and Reynaud(1993 24)

Retarded reaction force from mirrror 2 via vacuum F(f)
on mirror 1 & TZ ( f)
h m m m ] i
() =—(z""O)-2,""t-1)+z""(t-27)F...
67,
heywt | , , _ %
- 1§L3 (z, (t)—\zz (t—7)+z'(t-27)F...) %
Retarded varizton in Casimir force %r; (1) ==F'(z,—z)xz'"(t)xT T l
Keep z~z, constgnt: z’=z,=z,’ Z 7( t)
OF,,,(w) = 2(”10)2 za)hcozr Tj(l —exp(iwt) +expRiwt) ¥ ...)z(a))
6 12
iho( ,
671’ C e 27° i
_ 0 . __ A 2
= st S AiT@) ==, s iok() ram L 2@

F
hr m == C3simir mass
I Co

Quantum friction (not found by ref 24)? r=—



5.1 Van der Waals and Casimir Polder interagction

—ha'

Al e(N)e(r')

ImG: (o,r,r")2f, +1)

(E,(r.o)E,(I'.0))=275,,

1 5 1 . = dor dK (5. s
<j dr{ig(r)E (r,t)+2—ﬂOB (r,t)}>_ 2h1m| . [ (27[)3(/« 5, —kk )G (0kK)(2f,+1)

G+(((), ka k') = G:)r(a)a k)5kk' + Gz)r(a)a k) ) Tkk'(a)). Gz)r(a)a k')
T-matrix of 2 point dipoles:

t( a))ei(k—k')rl n t( a))ei(k—k')rz n tng (o, rlz)[eikr] ikt ke ]

Tyolo)=
() 1-’G(a,1,,)
G*(a) k)— 1—C‘§kk/a)2 . .
’ _(a)+i0)2/c§—k2 e \
k/
2 2 2
@) =— a0 w, / c; I(

2 2 .
Wy, —w" —%iyw/c,



5.2 Van der Waals interaction

Van Tiggelen, 1999 )

<5E>:—h1mTrjO°° ga)w dd Rlogr(w) +log—*(0)G (1)
T Q

:hImTrI @210gt(w)+hImTrJ? ?10g(1—t2(a))(32(0),l’12))
T

0 2
l o, <@,/ ¢
(6E)=2x%ha,

A 2
Ground sz‘fz‘e energy < s E> B TmTr J»Ooo dw {tz (a))( 1-3rr j }

- 2 4w’y | c;
C3simir energy
(this anticipates Lamb shift ol s ((Z(is))z 3 . a 0y’
as 3 « Casimir effect ») 0 22l dg ) 2 1 (477)2 s

Van de Waals energy = Casimir energy



5.3 Casimir Polder interaction

EE=-nmTe] 0 Rlogi(o) +logl - ()G ()]
T 0,

=hImTr[ ?ﬂogt(wﬂhlmTrE ?log(l—tz(a))Gz(w,nz)
T /A

(6E)=2x%ha, / l Iy > @/ €

Ground state energy " (0)2
_ > _ho

- (5E) ="

o ImTrro @0)462(0), I
C3simir energy C,

0 2

_ ha(0) J-oo ds E flsr/c,)” 23 hc,a(0)

cg N 2r& (4727”)2  4x (472)2r7

Casimir PO/G(C’/' Intergction enef-g/v 6



5.4 UV catastrophe in sonoluminescence (> 1934)

o[ _|| e
| k'S

Schwinger (1993) 7

(3= 40 i)

AE(bubble)=fd3r [f dk %ha)k(bubble inwater)—f d’k %ha)k(water no bubble )

YG QM@_LJ%M)MGV «— cut-off in the UV ?
o c: Je
Dimensional reqularisation 4! —— <6E> =J‘dd>8r —23hc,a(0)’
(4r)’r’

Identity of the van der Waals Force and the Casimir Effect and the Irrelevance
of These Phenomena to Sonoluminescence

2
Iver Brevilk* + 23 hCO ((9 (O) - 1)
LDhivision of Applied Mechanics, Norwegian University of Sclence and Technology, N-7481 Trondheim, Norway —
Valery N. Marachevsky’ 1 53 672- L

Deparmment of Theoretical Physics, 5t Petersburg University, 198 904 5t Petersburg, Russia _

, =0.001el AL

Kimball A. Milton
Department of Physics and Astronomy, The University of Okfafoma, Norman, Oklafoma 73019 —

(Recelved 12 October 1998)
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1
1
oy
II
2
(6E) = Nx %, 1 > 23hc,a(0) :
2= (4z)’lr, —rj‘
1 23hc,a(0)* 1 23hc,a(0) 1 23hc,c(0)?
=N><%ha)0——z 30()7+— Z 30()7+— 30()7
2T, (4r) rl.—rj‘ 2 <=1 (477) rl.—rj‘ 2 y<ia-21 (477) rl.—rj‘

2 3 2 5
) a

l a a a 2 3 2 (4r)r’
Contribution to 0.11 #c.c(0) 23 #e (£(0)=1)
otent hegt v dlJ Ikgl= s O + o((0)-1)
(47)" @’ xP; mu 15367 L
s Regularized Casimir energy
Liguid helium a)=24" a=34 stems ﬁ'gm missing atoms far outside

p=0.15g/cm’ =q=14J/g (Kawka, 2010) +



5.7 The magical mystery world of reqularization

'K xd_pr(p;d) © ]
[ iy oo | 3 L=cl) ®ers
(272-) (472_)0’—1 F(pj n=1 n
2

_hco d’k (nz /L)’ _ hey (- %) [nirjz nrw
= ZI (27)" \/(mr/L) +k’ 47[an=:‘ F(%)

_ 7 hey (_A) he, n° 27 1 7’ he, %
SR T

4 L' T(n) LY 4 Jr 120 420 I

| B « Reqularized » Casimir pressure
7' 2Mr(d 4 +1j

1
d* d’y = d>yl2
f *Ja ‘X_yy (d—y)r(d/z)r(dﬂ—y/z)( >772)

_ 2 AT2 _1)\2

:>j' d3x d3y 230( N7 _ >+23(5 1)

x<a y<a 472-‘)( i y‘ 7;7 1536 a

« Reqularized » Casimir enerqy of N dipoles distributed in a sphere
Brevik etal, 1998 4



5.8 Lifshitz formula  Two weakly polarizable bodies 1and 2
(6 E)=—h1Im TrJ' czl_a) S, (@), ()G (w,r,,)
T

0
4
=—hlm TrJ‘OO do na, (a))drl Xma, (a))drz w—46 (o,1,)
0 21 Cq

h

27

<Ecasi> -

; jdrl j dr, J-: dss*|e (is) 1], (is)-1]Tr G (is, ;)

e
L]

I 7

h

4
2,

<Ecasi> =

j dr, I dr, JOOO dss* [51 (is) — 1][52 (is) — I]Tr G*(is,r,,)

2
A » 1-3¢F
= — Ad* | d*x|  dss’|e lis)—1]e,(is)—1]Tr
T R AR P o

o 2(4312)2 ALZF Jy dslalis)=1le.(is)-1]




5.9 Rigorous Lifshitz formul3

(B E)=-ImTe] " dG)logll~T,(i¢)-G .19 T.(1€)-G ()]

— LT dZ10g]l-T,(19)-G(06)- T,6)- Gy i)

:% f d¢ logdetl - T,(i8)- G, (i) T, (i) - G,,(i&)]

a(12) Roundtrip opergtor

Real-valued for imaginary
r?equencies
Controversy:

G(21) What model for &(@) ?



5.10 Thermal Casimir force: Drude or plasma model?

2
P

e(w)=1-

Drude

o +iyw

2

a)p
5(0)) :1—?

700

GO0 -

pNxum)

400
300 —

200 +

Force x separation

100

3 ]

P

1 2 3 4 5 6
plate separation (um)

8

]

Plasma ¢

— Exp-theo:
Drude wins ¢

0.7 1 2 3 14 5
plate separation (um)

T electrostatic

Sushkov, Kim, Dalvit Lamoreaux, 2011%



5.71 Proximity Force gpproximation

H /Q 3
R>>L:<6E>=—7Thc°£2(1 . j
720 L

R

M. Bordag, V. Nikolaev, 2008 37

““““““““““““““““““““““““ i t-t
< 157 exact P | Scalar field with Dirichlet BC's
5 jos Gies & Klingmiiller,
E ] I S — b —-i-=-_.__+ - 2006 48
. 05 L —— numerical values ~ "\
Bulgac et al. 'RQ'M_H
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5.12 Casimir force sphere-plane at ambient temperature

Proximity force approximation

F(T) 1.1 ——PR =0.1nm ! ' I|II
e B = 0,2 1M ; |
F(T - O) 1.08 R = 0.5 pm K P
F=1pm ; f
1.06|——R=2um ’ -
A ——FH=5pmm ,'r {
35’223 1.0z —— 2, S
1 e == —-:"_;"'"‘-__-__-_:_ / ] ]
== / Repulsive
0.98} (a) < SRR« A | thermal
0 ' photons
' 8.5 1 2 5
Lipm)|

A. Canaguier-Durand, P. A. Maia Neto, A. Lambrecht, S. Reynaud, Phys. Rev.
Lett. 104, 040403 (2010). Reaf 35



6. Quantum vacuum friction: friction or fiction?



6.2 Quantum vacuum friction: friction or fiction?
A little (nonexhaustive) history:

Einstein 1917: friction of moving atom in thermal field (and zero at T=0) 3
L Levitov: Van der Waals friction between moving dielectric bodies, Europhys Lett. 1989 27
). Pendry 1997 Quantum vacuum shearing J. Phys. Cond Matt. 1997 28: disagrees with Levitov

Dupays, Rizzo etal: quantum friction from vacuum induced magnetic moment
by rotating neutron stars, EPL 2008 49> paper seems unnoticed in Casimir community

Philbin etal: macroscopic G-function diagonal: no poor man’s friction 3 la Pendry, 2008 5°

). Pendry returns: poles of G Doppler shift in complex plane: friction = fact no friction,
2010 5'(but in fact Ref 50 claims diagonaility throughout the complex plane)

Hoye and Brevik, dissipative quantum friction for T > O between moving oscillators,
EPL 2010 %2, claims agreement with Barton

Volokitin and Persson (2011) 53 contest Ref 50 since no excitations. Contested by Ref. 50 54 .

G. Barton, Van der Waals friction between atoms and between halfspaces
(claims aareement with Pendry, contests Levitov, contests Hove & Brevik ) 2010, 2011 55



6.3 Quantum vacuum shearing : friction or ﬁcZz‘/’on./

—_ V 2 L
A B

John Pendry,*8: friction caused by evanescent low frequency modes

(T,.) oc (E,(2.K,)E.(z.K ) for v0

k.= 2%y e do —k, LYk ImR,(@+k v)ImR
X A 2 (27[) LO 2—7T sign(w)exp(—k, L)k, ImR, (w+k v)ImR, (w)
2(27[) [ e[k [ —GXP<—"//L>’< ImR, (k,v—)ImR, ()

No dissipgtion 2 F=0
S



6.4 Quantum vacuum shearing : friction or ﬁ’gz‘/’on./

—_ V 2 L
A B

John Pendry,*8: friction caused by evanescent low frequency modes

o F  5heg v
: = =% 2 2716
—-iwg, A 2°7oc° L

g(w)=1+

v=1m/s,c=0.1/Qm, L =1nm = F/A=3-10"N/cm’

Largel, but......



6.5 Quantum vacuum shearing : friction or ﬁ’gz‘/'on./

— v 2 T

‘ I X ¥
7
T. Philbin, U. Leonardt 2009°

d’K, = d "

<]-;Cy(r//7z>:j (27[)//2 Io 2_:<80Ex(29k//)Ez(Z7k//)>
d’k, (= do o’
:—2hj (27[)€L Ec_glmGXZ(Z’Z,a),k//)

Green function is diaggonal!
No friction?
Quantizing dissipative media (9%
neglects exitytions /
Real microscopic theory?
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7.2 « Momentum from Noz‘/zl'ng »

eek ending
VOLUME 92, NUMBER 2 FLEDESLIE AL I ANENT 1L STHINEINS 6 JANUARY 2004

Quantum Vacuum Contribution to the Momentum of Dielectric Media

A. Feigel™

Department of Complex Systems, Weizmann Institute of Science, Rehovot 76100, Israel
(Received 3 February 2003; published 16 January 2004)

Momentum transfer between matter and electromagnetic field is analyzed. The related equations of
motion and conservation laws are derived using relativistic formalism. Their correspondence to various,
at first sight self-contradicting, experimental data (the so-called Abraham-Minkowski controversy) is
demonstrated. A new, Casimir-like, quantum phenomenon is predicted: contribution of vacuum

applications lie in fields of microfluidics or precise positioning of micro-objects, e.g., cold atoms or
molecules.

DOI: 10.1103/PhysRevLett.92.020404 PACS numbers: 03.50.De, 42.50.Nn, 42.50.Vk
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7.3 Bi-anisotropic Media
D)= &(w)Elw)+g(w)Ble)
H(w)=9" () E(@)+ plo) Blo)

Fresnel dispersion law

2
det[é,‘a)z—k2 +kk —wg-(s-k)+w(£-k)-g*]:0

Co Co Co

g,l0]=i0 80, o (y)=(1_g); L &l0)=g(EB-BE)

Rotatory power _ C - ic bi '
yp Fizeau effect o Magneto-electric birefringence

,
Vv
10-8

T

\l/

Eox By
_jl.

10-15




7.4 phenomenological continuum theory

0.(pV+eExB)=-V.T

1 1 1 1 vy
]Z.]Q Z(SOEz +sz5ij —[gOEI.Ej +BiBjj Observed in X-ray

81 Ho 4n My
1 1 2 ho,
—j A’k —ho, xg(w)E,xB,== 3a)c4 g E,xB,
ExB Co 2 37 ¢
=
V
| ] dkgne <)1) = puy
G 2 C,
Photonic momentum in dielectric medial TP
2 classical « Abraham » contribution already controversial @@

WV catastrophe of vacuum energy ¢
Lorentz invariance of guantum vacuum?
Inertia of quantum vacuurm?



7.5 Casimir momentum not excluded by Lorentz invariance

L(E,B) =%(E2 _B?)+2v(E? —~B?) +§(E-B)2

E= Eo + E(a)) «—— Bi-anisotropic
Lorentz-invarignt vacuum
B=B,+B(w)

i(r',@)|0) =—2ha? ImG, (1,1, ) x 278 00— )

Fluctuation-
Dissipation <O AL

xB 4
<O‘ C E*XH‘O>=O <O‘ i, ‘O>=—§VK E,xB,

infinite momentum density

K= n| do|dQp,(@,Q
Rikken & Rizzo (2003) 5 (27,) /) .[ j Po(@,£2)
Van Tiggelen, Rikken, 2009 57 Infinite Lorentz scalar

Zero energy fow




........ but does it satisty general relativity?

3G
R,uv _Rguv +Ag,uv - et TﬂV = T'“V B ]:/”
0
/ Ecasi (E>< H)casi = O\
(EX B)casi
T =

v — —% VEcasi(EO X B()) []; :Igasi

. #0 4




7.7 The Abraham Force

Macroscopic

Maxwell - @GM +V.- T:—f
G, =DxB

f=FEVe—HVu
Minkowski



7.8 The Abraham Force (see Brevik >°)

G, =¢u,ExH

_1g 0G,+V- T=-F—¢,(e. -1/ )0,(ExB) Abraham =
iN =B 0G, V- T=-—¢,(.-1)0,(ExB) Nelson °
2
== PEMBW-Ex0B1] reicts
exp F= (g_l)VatEo (t)xB, (1)  Walker & Walker,

1976 ©

th Abrabam momentum = kinetic momentum, Barnett
co Minkowski momentum = conjugate moment (2010) ¢2
Nelson momentum = pseudo momentu Nelson
(1991) ~°



7.9 The Abraham Force (Nelson version)

Macroscopic — 8t(DX B)_at (PX B) —I-V-T:— —(2 (PX B)

Maxwell

f=—EVe—HVu
Maxwell-Lorentz force

on induced polarization —_— atpv —|—V. U :f -|-81(PX B)

and current

+
M}‘\f\;isnglil"c —_— ﬁt(pv +¢,Ex B)+V -T,=0
. l
#=ExH

symmetric



7.10 Classical Abraham momentum in crossed EM fields

B
1 OVO v
Eo(t) T

N, = Ri%(x)
mit, =+qE(tHqi xB+f(,)  2mR +gXxB=constant=0
g’ /m

2
@,

2mR =

E,()xB,

No controversy exists in microscopic description
Consistent with Abrahams and Nelson version

g’ /m _e-1




7.11 The UV catastrophe is real in macroscopic description
Free electron (electric dipole)2

Wp _h 39 _
8(60)_1=_§ pcasi_cgf() dow 6()2 ©
Lo o, ) magnetic-dipole
e m W + w
w) = = 0 _(E'B°% — (E°.B%s..
.gME( w%m?’]\/p[ (wg _wg)g( (A ( ) f})
, 1 00 1 00 1 0 0
Electric quadrupole

7] o
Pcasi=;fd7”f0 dCOCO3g(6())EO><BO=OO

0 Rizzo etal, 2003, 2009 6, Babington & BAVT, 2011, ¢4

_ hCOg(S(O) B 1) EO > BO?

a Dimensional reqularization for object of size a?
BAVT 2009 &

P

casi




7.11 Observation of the Abraham Force

FO=450 V/mm; BO=TT

Ex: Helium a[0/=0.22 107°Cm?V (16.62])
p=0.17 kg/m3(room T) (S1 unrts)
¢=0.017 10 *m/VT

cof0)EB Classical Abraham
Ve = — 2( ) ~ (0.3 nm/sec Force F, =7 102 N
m
! —13
T h NatF;lbr oC 10 N
VFeigel =Z 7 gEB~0.02 nm /sec Semi-classical QED with cut-off
Pre 0.1 nm (Feigel 29)

2 .
VoeD % Vape X (Z?OC) ~0.001nm/sec  Rigorous QED (Kawka, 2010 )



dt

P 4(0)

dE
di

X B

Abraham force

Acoustic  Pla|=P + a(0)X EXBXwmXcoswtXnX L

ressure
P V= 8 nm/sec+- 0.8
T 1| | Feigel correction: 2 nm/sec
E}  B® Excluifd by errorbars
: T :
Mic A Mic B 8 furan /
PSD % NE 61 Abraham E=450 V/mm:
= C2H2 B=1T:
s ’ f=7.6 kHz
| co,
oP/(EB) 1 = |
3 | air
[He
0 ; - :
0 2 4 6 8 10
oy, (10740 Cm2IV) a(O)

Rikken / Van Tiggelen, 201167




Casimir momentum: 1/6
QED of atom in crossed fields

‘Eo
1
0\/\/6 > 50 AOZEBoxr p=-E,-r

Coulomb Gauge

H = : (pl_eAO(rl)_eA(rl))2+ :

~ 5 (pz +8A0(r2)—|—eA(r2))2
m, 2m,

+ek, -1, +V(r,)

+ Z ho, (ai*ai + %)



C3simir momentum: 2/
QED of atom in crossed fields

|
@ .

Confugate momenta P, =m\V,+eA ()
# kinetic momentum D, =mV, —eA,(r,)

N

1
Pseudo momentum K = P, +p2_|_5€BO Xr,, = Pkin + eBO X r

Pseudo momentum is _ Coulomb Gauge
conserved [K ’ H ] =0




Ground state changes due to coupling with quantum vacuum

!

2
OMv+ 1Qn

- 1 (Wiqn.0Qool”
) = [1-53 0
o) (Eoqoo — Eiqn)?

™~

(leAlyp)] N Z Vian. OQDO
an EUQOO — Liq

1Qn)

0Qo{0})

0.84a°

a(w=0, u+ ou)

/

T aY fIIrf Lot
f;:,Q“n, 1" Q'n Q'n".0Qp0 |EQR>

%_ .
T y: EOQOU — Eiqn)(Foqeo — Eirqrn’)

iQn i’ Q'n’

@Qn 0Qp0

— Woq,0,0Q,0 Z

/ 1Qn
(O] AJO)=

EOQDO —

fz,Q*n,)

5)11Qn) )



Casimir momentum: /s
QED of hydrogen atom in crossed fields

E
@vo I
;BO

K=mvVv,+m,v,+eA(r,)—eA(r,)+eB,xr,, +Z hki(ai*ai +12)

No multipole approximationin ~ A(T ) oc Zg EXp(ikr) a, +c.c
gk

W K| W) = M\/+5MV+§£V
Co

+e,a(0)B, xE, +¢&,0u0,0(0)B; xE, +K, +K,

nk
A2 k*12m + Fikc

mym,

oM =6 (m,+ m,) 5,u=5(

om, = nahf dk

l
my+ m, 3




Casimir momentum: 4/s
QED of hydrogen atom in crossed fields

E
.WIO
- B,

=m\V, +m,V, +eA(I’) eA(r,)+eB, szl"‘z hK . (a a, +1j

2
Ly, +idem 2 Atomic bmq’mg enerqy
20 5 dominated by Casimir energy

Y, |K|V,)=Mv+oMvV +——V—§£V
3¢, 3¢

+¢,a(0)B, xE, +5(,Lt)805ﬂ a(0)B, xE,
+K1+K2+P_<_R

mym,

hk

oM =06 (m,+m,) ou=0o
[yt ma) o n*k/2m + hke

) om, = 3nahf dk

m+m,



Casimir momentum: 5/
QED of hydrogen in crossec/ fields

@il .

1
><E— 0 rn)- Anlrl0
3a0(32 zzn:< |47l'80 % (En—EO)2 vl 0

= —¢,0(0)B, xE,a’( 0.208+0.0045 )=-0.210a" KA

K, =+¢.a(0)B,xE, a O|r|n nlir|0
) 0()00274%80%;“” <||>

= +£,0(0)B, xEya?( 0.079+0.018 ) =+0.16* K,

\ Continuous spectrum

Discrete Rydberq states assuming
plane w aves for electrons




Casimir momentum: /s
QED of hydrogen in crossed fields

|
@ve .

Relativistic contribution:

2
e

K :_2meMc§ (0, |p2(Bo xX)[0z)
me

M

OCOC2

KA



Casimir momentum: /s
QED of hydrogen in crossed fields

w > BO
m

<K>=(me+mp)v+E—§v+ K,-01a’K ,+0(a’,a” —%)
Co m

K, =¢,0(0)B, xE,

Casimir momentum of H atom exists
and slightly reduces the classical Abraham momentum

P

Casimir mass being equivalent to binding energy is same physics

BaVT, Kawka, Rikken, submitted to EPJD 68



SUMMARY
Casimir momentum in crossed E,B

Classical Abraham force , linear in E, and By,
is observed for neutral atoms
(and for strong dielectrics)
QED contribution by Feigel is not observed
UV divergencies disappear in mass renormalization .
or cancel.
Need to go beyond multipole approximation
Quantum vacuum contributes to
Abraham momentum in order -(1/137)>
Will this be -(Z/137)2 for Z > 12



Magneto-Chiral Casimir momentum?

<ExB>=¢gB,¢

* Classically no equivalent Abraham version in charge
neutral systems
g must be a pseudo scalar
- medium must be chiral (on nanoscale)

* Describe chirality microscopically,

not phenomenologically using Lifshitz formula

via « magneto-chiral « index of refraction (An=q B,.k)
* Would separate enantiomers using magnetic fields

= Pasteurs dream !

*  Medium must have induced magnetic dipole since <E x H> =0



Pasteur’s dream with a Casimir momentum P=g B, ?

€

By

Chiral geometry with electric polarizabilities with Zeeman splitting
Pinheiro and BAVT ¢

47[(% Y

alo, o)=
’ 2 2 2 . : AN
w, W —w,tiocVB+iyw,

B = 14,H = (0| dr ExB|0) o<{0|[ dr ExH|0) = 0




A Gasimir momentum P= g B, ¢ Pasteur’s dream/!

U
U
M u —
BO

Chiral geometry with magnetic polarizabilities with Zeeman splitting

2
@,

X(w’0)=X(O)a)2—a)§+ ic VB+iyw
<OUdrE><H\O> =0 Aic 5 /1.4 % 10*
() o (255

Na Tetraeder L=10 nm 2 ¢/m =1 nm/sec/T
Babington , BaVT, 20117°

(0][ drExB|0) = gB,
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