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Summary of course
1. Important events
2. Lorentz invariance of Casimir energy

- Accelerated observer &Unruh effect
- the UV catastrophe (Einstein equation, 

sonoluminescence, Casimir momentum)
3. Fluctuation-dissipation theorem
4. Casimir  force between ideal plates

- ..and on a metallic shell
- Proximity force approximation, dispersion, finite T)

4. Casimir –Polder attraction
5. Lifshitz formula
6. Quantum friction
7. Connection with QED: 

- Casimir mass and Casimir momentum of H.
8.  Bibliography



1.1. Black body radiation (Planck, 1912  Black body radiation (Planck, 1912  11, Einstein & Stern, 1913  , Einstein & Stern, 1913  22 ) ) 

2.2. IsotropicIsotropic radiation radiation withwith powerpower spectrumspectrum 33 isis LorentzLorentz--invariantinvariant
(Einstein, 1917(Einstein, 1917 33);                                 );                                 

3.3. Van der Van der WaalsWaals force 1/rforce 1/r66 as a dispersion force due to as a dispersion force due to 
quantum fluctuations (London, 1930  quantum fluctuations (London, 1930  44))

3.3. Relation to Relation to CosmologicalCosmological constant (Pauli, 1934, constant (Pauli, 1934, DaviesDavies, 1984 , 1984 55) ) 
4.4. Casimir Polder Force 1/r Casimir Polder Force 1/r 7 7 (1948(1948 66) ) 
5.5. Lamb shift (Lamb  & Lamb shift (Lamb  & RetherfordRetherford 77, 1947, Bethe,, 1947, Bethe, 88 1947); 1947); 

anomalousanomalous magneticmagnetic moment moment ofof electronelectron (Schwinger (Schwinger 19191948)1948)
7.7. Attraction Attraction betweenbetween metallicmetallic plates (Casimir, 1948 plates (Casimir, 1948 1010), ), 

refutedrefuted by Pauli as by Pauli as «« absoluteabsolute nonsensenonsense »»
8. 8. LifshitzLifshitz formula for formula for dielectricdielectric bodies (bodies (LifshitzLifshitz, 1956 , 1956 1111))
9.9. ““The general theory of Van The general theory of Van derder WaalsWaals forcesforces””

((LifshitzLifshitz, , DzyalonishiniskiiDzyalonishiniskii, , PitaevskiiPitaevskii 1961 1961 1212) ) 
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1.1 Casimir 1.1 Casimir energyenergy



10.10. Observation Observation ofof Casimir Casimir effecteffect ((SparnaaySparnaay 13 13 (100 %), 1958, (100 %), 1958, 
Lamoureux Lamoureux 1414(5%),  1997), (5%),  1997), MohideenMohideen & Roy & Roy 1515, 1998, , 1998, EderthEderth 16 16 (1%), 2000)(1%), 2000)

((thethe thirdthird for plane for plane spheresphere--on cantilever  on cantilever  geometrygeometry,,
thethe latter for latter for crossedcrossed cilinderscilinders))

11.11. StabilityStability ofof thethe electronelectron (Casimir, 1956 (Casimir, 1956 1717 , Boyer, 1968, Boyer, 1968 18 18 ) ) 
12.12. Unruh Unruh effecteffect & & HawkingHawking radiation (radiation (HawkingHawking 1974 1974 1919, Unruh 1976, Unruh 1976 2020))
13.13. DynamicalDynamical Casimir Casimir effecteffect ((«« movingmoving mirrormirror radiationradiation »»), ), 

FullingFulling andand DaviesDavies, 1976, 1976 2121

14.14. BagBag modelmodel for hadrons (Jaffe for hadrons (Jaffe etaletal, 1974, 1974 2222))
15.15. CosmologicalCosmological constant  constant  problemproblem fieldfield theorytheory(Weinberg, 1989 (Weinberg, 1989 2323))
16.16. ConfinedConfined Casimir Casimir energyenergy hashas inertialinertial massmass ((JeakelJeakel &Reynaud, 1993&Reynaud, 1993 2424))

1.2 Casimir 1.2 Casimir energyenergy



17.17. Sonoluminescence  as Sonoluminescence  as dynamicaldynamical Casimir Casimir effecteffect
(Schwinger, 19932(Schwinger, 199322525,  ,  EberleinEberlein, 1996, 1996 2626))

18.18. Quantum friction Quantum friction andand shearingshearing thethe quantum vacuum (quantum vacuum (LevitovLevitov, 1989 , 1989 2727;  ;  
PendryPendry, 1997, 19972828))

19.19. Casimir Casimir diesdies atat age age ofof 90 (May 4, 2000)90 (May 4, 2000)
20.20. Casimir Casimir momentummomentum in in magnetomagneto--electricelectric media (media (FeigelFeigel, 2004 , 2004 2929))
21.21. An attractive Casimir force  An attractive Casimir force  theoremtheorem for for dielectricsdielectrics (Kenneth, (Kenneth, KlichKlich, 2006 , 2006 3030))
22.22. RepulsiveRepulsive Van der Van der WaalsWaals force in force in colloidscolloids ((FeilerFeiler etaletal, 2008, 2008 3131)) ;;

quantum  Casimir quantum  Casimir levitationlevitation ofof siliconsilicon spheresphere ((CapassoCapasso etaletal 20092009 3232))
23.23. Casimir  Casimir  energyenergy hashas gravitationalgravitational massmass (Milton, (Milton, FullingFulling etaletal, 2007, 20073333))
24.24. ScatteringScattering theorytheory for Casimir for Casimir energyenergy:  :  finitefinite temperaturestemperatures ,,beyondbeyond ProximityProximity

Force Approximation, Force Approximation, corrugatedcorrugated surfaces  surfaces  
((LambrechtLambrecht & Reynaud ,  & Reynaud ,  DalvitDalvit etaletal, , BordagBordag etaletal 3434--3737).).

25.25. Observation Observation ofof dynamicaldynamical Casimir Casimir effecteffect withwith SQUID (Wilson SQUID (Wilson etaletal 2011)2011)3838

26.26. Observation Observation ofof thermal Casimir force thermal Casimir force betweenbetween plates, plates, favoringfavoring Drude Drude modelmodel
((SushkovSushkov, , DalvitDalvit, , LamoreauxLamoreaux, 2011) , 2011) 3939

1.3 Casimir 1.3 Casimir energyenergy



“At this point it should be noted that it is more consistent here, in 
contrast to the material oscillator, not to introduce a zero-point 
energy of  1/2¯h per degree of freedom. For, on the one hand, the 
latter would give rise to an infinitely large energy per unit volume 
due 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 contained 
within walls and, as is evident from experience, neither does it
produce any gravitational field.”

Pauli, Die Allgemeinen Prinzipien der Wellenmechanik, 
in Handbuch der Physik 24 1 (1933)

1.4 Casimir 1.4 Casimir energyenergy beforebefore CasimirCasimir



2.1 Casimir energy is Lorentz invariant (to be continued)
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3.1 3.1 TheThe Casimir Casimir effecteffect……..
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3.2 3.2 TheThe Casimir Casimir effecteffect……..
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3.3 3.3 TheThe Casimir Casimir effecteffect……..

Casimir energy diverges in UV but…
THE Casimir effect is a low energy phenomenon

130 nN/ cm2 / L4(μm)



3.43.4  TheThe CasimirCasimir effecteffect ofof scalarscalar bosons in 1Dbosons in  1D
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Hendrik Casimir, 
Proc. Koninklijke Nederlandse Academie voor Wetenschappen

51 (1948), 79  1010

(thank you Astrid Lambrecht for providing)
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3.53.5 TheThe CasimirCasimir effecteffect atat finitefinite temperaturestemperatures……..
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(Casimir 1956 (Casimir 1956 1717 ))

DoesDoes Casimir force  Casimir force  stabilizestabilize thethe electronelectron ??
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3.6The Casimir effect for a shell3.6The Casimir effect for a shell

But force But force isis repulsiverepulsive!!



4.1 Fluctuation dissipation theorem at finite temperature
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4.2Fluctuation dissipation theorem at finite temperature 



What if medium is dissipative (finite conductivity)?
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What if medium is  dispersive and dissipative ?
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Dangerous to quantize macroscopic media!



2. 2 Continued:       Casimir energy is Lorentz invariant
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2.3 continued :     Casimir energy is Lorentz invariant

2
2
0

2

2
0

2

0 0
/

2
Im

k
c

i
cd doesn’t allow Wick rotation 

(Milton,  chapter 10; 1997  40)

2
2
0

2

2

0
2

2
0

2

2

0
2

2
0

2

2
0

2

0 02
Im1

0
/

2
Im

k
c

k
d

k
c

i
kd

k
c

i
cd

0

000
000
000
001

3
1

3
1

3
1

casi TET

ultrarelativistic dust  E=3P (L & L,  Theory of Fields)

Kg

2
2
0

2

2
3

1

0
2

2
0

20 02
Im

k
c

k

k
c

i

kkd ji

Not cosmological constant but
Divergence of Lorentz invariant theory  is not Lorentz invariant?



gEsfsds
c

g

dsfsds
c

kf
kkki
ki

k
dd

c
Tci

ij

jij

i

casi
3

02
0

4
3

1

22
2

0

3

03
0

22
2

22
3

0
4
0

0

)(
8

sin0
0cossin

)(
2

)(1
8

: k

Wick rotation when regularized invariantly:

2.4 continued Casimir energy is Lorentz invariant

Regularized quantum vacuum is formal candidate for cosmological constant
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2.5 Non Newtonian gravity deduced from Casimir experiments

E. Adelberger et al 
(2003) 41

Kapner etal, 200742

Sushkov, Kim, Dalvit , 
Lamoreaux 43 2011

95 % 
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2.6 Accelerated Casimir energy becomes Planck law

Constant acceleration a in comoving frame with speed v (Milonni, 1994 44) 
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2.7 Accelerated Casimir energy becomes Planck law
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4.2 Casimir friction?
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4.3 vacuum force on moving object4.3 vacuum force on moving object
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4.4 vacuum force on moving mirrors: Casimir mass4.4 vacuum force on moving mirrors: Casimir mass
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5.1 Van der Waals and Casimir Polder interaction
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as a  « Casimir effect »)

Van de Waals energy = Casimir energy



5.3 Casimir Polder interaction
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E bubble d 3 r d3 k
1
2 k bubble in water d 3k

1
2 k water no bubble

Schwinger (1993)  Schwinger (1993)  77

5.4 UV catastrophe in sonoluminescence  (> 1934)5.4 UV catastrophe in sonoluminescence  (> 1934)

cutcut--off in the UV ? off in the UV ? 

Dimensional regularisation Dimensional regularisation 4646??
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5.5 Casimir energy of dielectric sphere
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5.7 The magical mystery world of regularization5.7 The magical mystery world of regularization
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5.8  Lifshitz formula5.8  Lifshitz formula
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5.9  Rigorous Lifshitz formula5.9  Rigorous Lifshitz formula
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5.10 Thermal Casimir force: Drude or plasma model? 5.10 Thermal Casimir force: Drude or plasma model? 
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5.12 Casimir force  sphere-plane at ambient temperature
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6. Quantum vacuum friction: friction or fiction?6. Quantum vacuum friction: friction or fiction?



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

Einstein 1917: friction of moving atom in thermal field (and zerEinstein 1917: friction of moving atom in thermal field (and zero at T=O) o at T=O) 33

L Levitov: Van der Waals friction between moving dielectric bodiL Levitov: Van der Waals friction between moving dielectric bodies, Europhys Lett. 1989 es, Europhys Lett. 1989 2727

J. Pendry 1997 Quantum  vacuum shearing J. Phys. Cond Matt.  199J. Pendry 1997 Quantum  vacuum shearing J. Phys. Cond Matt.  1997 7 2828: disagrees with Levitov: disagrees with Levitov

Dupays, Rizzo etal: quantum friction from vacuum induced magnetiDupays, Rizzo etal: quantum friction from vacuum induced magnetic moment c moment 
by rotating neutron stars, EPL 2008 by rotating neutron stars, EPL 2008 4949 paper seems unnoticed in Casimir communitypaper seems unnoticed in Casimir community

Philbin etal:  macroscopic GPhilbin etal:  macroscopic G--function diagonal: no poor manfunction diagonal: no poor man’’s friction s friction àà la Pendry, 2008 la Pendry, 2008 5050

J. Pendry returns: poles of G Doppler shift in complex plane: frJ. Pendry returns: poles of G Doppler shift in complex plane: friction = fact no friction, iction = fact no friction, 
2010 2010 51 (51 (but in fact Ref 50 claims diagonaility throughout the complex plbut in fact Ref 50 claims diagonaility throughout the complex plane) ane) 

Hoye and Brevik,  dissipative quantum friction for T > 0 betweenHoye and Brevik,  dissipative quantum friction for T > 0 between moving oscillators,moving oscillators,
EPL 2010 EPL 2010 5252, claims agreement with Barton , claims agreement with Barton 

Volokitin and Persson (2011) Volokitin and Persson (2011) 53 53 contest Ref 50 since no excitations. Contested by Ref. 50 contest Ref 50 since no excitations. Contested by Ref. 50 5454 . . 

G. Barton, Van der Waals friction between atoms and between halfG. Barton, Van der Waals friction between atoms and between halfspacesspaces
(claims agreement with Pendry, contests Levitov, contests Hoye &(claims agreement with Pendry, contests Levitov, contests Hoye & Brevik )  2010, 2011 Brevik )  2010, 2011 5555



6.3 Quantum vacuum shearing : friction or fiction?6.3 Quantum vacuum shearing : friction or fiction?
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6.4  Quantum vacuum shearing : friction or fiction?6.4  Quantum vacuum shearing : friction or fiction?
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7. Casimir Momentum7. Casimir Momentum

Work done in collaboration withWork done in collaboration with

Geert Rikken (LNCMI)Geert Rikken (LNCMI)
James Babington (LPMMC)James Babington (LPMMC)
SSéébastien Kawka  (LPMMC)bastien Kawka  (LPMMC)

Support ANR PhotonimpulsSupport ANR Photonimpuls



7.2 7.2 «« Momentum from NothingMomentum from Nothing »»

,, ,g,g
k,',k

E0

B0

P=mvP=mv

Ref 29



gij 1 ijl

vl

c0

+=

+=
T BEgH

BgED
1)(

0000
jijiij EBBEg=g

MagnetoMagneto--electric birefringenceelectric birefringence

Fresnel dispersion lawFresnel dispersion law

kx

7.3 Bi7.3 Bi--anisotropic Mediaanisotropic Media

Fizeau effectFizeau effect

ky

vv

gij i g ij

EE0 0 x Bx B00

Rotatory powerRotatory power

1010--15151010--88
1010--22

0*det
00

2
2
0

2

gkkgkk
cc

k
c



004
0

3

4

3
2 BEg

c
= c

Observed  in XObserved  in X--ray ray 
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Photonic momentum in dielectric media? Photonic momentum in dielectric media? 
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UV catastrophe  of vacuum energy ? UV catastrophe  of vacuum energy ? 
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7.6  7.6  …………..but does it satisfy general relativity?..but does it satisfy general relativity?
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7.7 The Abraham Force7.7 The Abraham Force
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Nelson Nelson 5959

Abraham Abraham 5858

Abraham momentum  = kinetic momentum, Abraham momentum  = kinetic momentum, 
Minkowski momentum = conjugate momentumMinkowski momentum = conjugate momentum

Peierls Peierls 6060(t)(t)(t)(t)= tt 00005
2... BEBEf

(t)(t)V= t 001 BEF Walker  & Walker, Walker  & Walker, 
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Nelson momentum = pseudo momentumNelson momentum = pseudo momentum NelsonNelson
(1991) (1991) 5959
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7.8 The Abraham Force (see Brevik 7.8 The Abraham Force (see Brevik 5858))



7.9 The Abraham Force (Nelson version)7.9 The Abraham Force (Nelson version)
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7.10 Classical Abraham momentum in crossed EM fields7.10 Classical Abraham momentum in crossed EM fields
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P P0 0 E B cos t n LAcousticAcoustic
pressurepressure

Abraham forceAbraham force

Rikken / Van Tiggelen,  2011 Rikken / Van Tiggelen,  2011 6767
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B=1 T; B=1 T; 
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Casimir momentum: Casimir momentum: 3/63/6
QED of hydrogen atom in crossed fields QED of hydrogen atom in crossed fields 
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Casimir momentum: Casimir momentum: 4/64/6
QED of hydrogen atom in crossed fields QED of hydrogen atom in crossed fields 
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Casimir momentum: Casimir momentum: 5/65/6
QED of hydrogen in crossed fields  QED of hydrogen in crossed fields  
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Casimir momentum: Casimir momentum: 6/66/6
QED of hydrogen in crossed fields QED of hydrogen in crossed fields 
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Casimir momentum: Casimir momentum: 6/66/6
QED of hydrogen in crossed fields QED of hydrogen in crossed fields 
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•• Classical Abraham force , linear in EClassical Abraham force , linear in E0  0  and Band B0 0 , , 
is observed  for neutral atoms is observed  for neutral atoms 
(and  for strong dielectrics) (and  for strong dielectrics) 

•• QED contribution by Feigel  is not observedQED contribution by Feigel  is not observed
•• UV divergencies disappear in mass renormalization . UV divergencies disappear in mass renormalization . 

or cancel. or cancel. 
Need to go beyond multipole approximationNeed to go beyond multipole approximation

•• Quantum vacuum contributes to Quantum vacuum contributes to 
Abraham momentum in order Abraham momentum in order --(1/137)(1/137)22

Will this be Will this be --(Z/137)(Z/137) 22 for Z > 1??for Z > 1??

SUMMARYSUMMARY
Casimir momentum in crossed E,BCasimir momentum in crossed E,B



MagnetoMagneto--Chiral  Casimir momentum?Chiral  Casimir momentum?

<E x B> = gB<E x B> = gB0 0 ??

•• Classically no equivalent Abraham version in charge Classically no equivalent Abraham version in charge 
neutral systems neutral systems 

•• g must be a pseudo scalar g must be a pseudo scalar 
medium must be medium must be chiralchiral (on nanoscale)(on nanoscale)

•• Describe chiralityDescribe chirality microscopicallymicroscopically, , 
not  phenomenologically using Lifshitz formulanot  phenomenologically using Lifshitz formula
via  via  «« magnetomagneto--chiral chiral «« index of refraction (index of refraction ( n=g Bn=g B00.k).k)

•• Would  separate Would  separate enantiomers  enantiomers  using magnetic fields using magnetic fields 
= = Pasteurs dream !Pasteurs dream !

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



BB00

,
4 c0

2

0
2 2

0
2 i VB i 0

Chiral Chiral geometry with geometry with electricelectric polarizabilities with Zeeman splittingpolarizabilities with Zeeman splitting
Pinheiro and BAvT Pinheiro and BAvT 6969

PasteurPasteur’’s dream with a Casimir momentum P= g Bs dream with a Casimir momentum P= g B0 0 ? ? 

000000 HErBErHB dd



BB00

, 0 0
2

2
0
2 i VB i

Na Na TetraederTetraeder L=10 nm  L=10 nm  g/m = 1 nm/sec/Tg/m = 1 nm/sec/T
Babington , BaVT,  2011 Babington , BaVT,  2011 7070

μμ

μμ

μμ

μμ

Chiral Chiral geometry with geometry with magneticmagnetic polarizabilities with Zeeman splittingpolarizabilities with Zeeman splitting

A Casimir momentum P= g BA Casimir momentum P= g B0 0 ? Pasteur? Pasteur’’s dream!s dream!

000 HErd

000 BBEr gd

)0(



Very nonexhaustive bibliography  Very nonexhaustive bibliography  
See: James F. Babb (Harvard)See: James F. Babb (Harvard) : : https://www.cfa.harvard.edu/~babb/casimirhttps://www.cfa.harvard.edu/~babb/casimir--bib.html bib.html 

1. See M.L. Shih and P.W. Milonni , Am. J. Phys. 5959, 684 (1991).
2. O. Stern and A. Einstein, Ann. Physik 40, 551 (1913).
3. For a simplified derivation see Appendix  B of  P.W. Milonni, 

The Quantum Vacuum, an introduction to Quantum Electrodynamics, 
Academic Press (San Diego 1994) 

4. F. London, Z. Phys. 63, 245 (1930).
5. See e.g. N.D. Birrel and P.C.W. Davies, Quantum Fields in Curved Spaces 

(Cambridge, 1984)
6. H. B. G. Casimir, and D. Polder, Physical Review, Vol. 73 (4), 360 (1948).
7. W.E. Lamb  and R.C Retherford, Phys. Rev.72 (3): 241 (1947).
8. H. Bethe, Phys. Rev. 72, 339 (1947).
9. J. Schwinger, Phys. Rev. 73, 416L (1948) .
10. H. B. G. Casimir, Proceedings of the Royal Netherlands Academy of 

Arts and Sciences, 51, 7793–795 (1948).
11. E. M. Lifshitz, Soviet Phys. JETP, 2, 73 (1956).
12. I.E.Dzyaloshinskii, IE.M. Lifshitz, L.P. Pitaevskii,,Sov.Phys. Uspekhi 4 ;153  (1961).
13. M.J. Sparnaay, Nature 180 (4581): 334; Physica 24 (6–10): 751 (1958).
14. S.K. Lamoreaux, Phys.Rev.Lett.78 , 5 (1997).
15. U.Mohideen,  A. Roy, Phys. Rev. Lett. 81 (21): 4549 (1998).



16. T. Ederth, Phys. A 62, 062104 (2000) .
17. H. G. B. Casimir, Physics 19, 846 (1956). 
18. T. H. Boyer, Phys. Rev. 174, 1764 (1968).
19. S. W. Hawking, Nature 248 (5443): 30.
20. W.G. Unruh , Phys. Rev. D 14 (4): 870 (1976), . (1974). 
21. S A Fulling and P C W Davies Proc. R. Soc. A 348 393 (1976).
22. A. Chodos, R.L. Jaffe, etal, Phys. Rev. D 9, 3471 (1974).
23. S. Weinberg, Rev. Mod. Phys. 61, 1–23 (1989) .
24. M.-T. Jaekel, S. Reynaud, J. Phys. I France 3 1093 (1993) .
25. J. Schwinger, Proc. Natl. Acad. Sci. USA 89, 4091 (1992).
26. C. Eberlein, Phys. Rev. Lett. 76, 3842–3845 (1996) 
27. L. S. Levitov ,Europhys. Lett. 8 499 1989.
28. J. B. Pendry, J. Phys.:Cond. Matt. 9, 10301 (1997).
29. A. Feigel, Phys. Rev. Lett. 93, 268904 (2004).
30. O. Kenneth and I. Klich, Phys. Rev. Lett. 97 160401 (2006)
31. A.A. Feiler etal, Langmuir, 24 (6), 2274 (2008).
32. J.N. Munday, F. Capasso, V.A. Parsegian, Nature 457 , 7226 (2006).
33. K. A. Milton, S.A. Fulling etal,  J.Phys.A41:164052 (2008).



34. A. Lambrecht, P.A. Maia-Neto, and S. Reynaud, NJP 8, 243 (2006); 
35. A.Lambrecht,, A. Canaguier-Durand,,  R. Guérout  and S. Reynaud,

Lecture Notes in Physics,  834 (2011).
36. A. Canaguier-Durand, P. A. Maia Neto, A. Lambrecht, and S. Reynaud

Phys. Rev. A 82, 012511 (2010)1.

37. S Reynaud , P.A.M. Neto P. A. M., A. Lambrecht A
, J. Phys. A: Math. Theor. 41 164004 (2008). 

38. JD. A. R. Dalvit, P. A. Maia Neto, A. Lambrecht, S. Reynaud,
Phys. A: Math. Theor. 41, 164028 (2008) .

37. M. Bordag, V. Nikolaev, J. Phys. A. Math. Theor. 41, 164002 (2008).
38. C.M. Wilson etal, Nature 479, 376 (2011).
39. A. O. Sushkov, W. J. Kim, D. A. R. Dalvit & S. K. Lamoreaux,

Nature Physics  7, 230 (2011)
40. K.A. Milton, The Casimir effect, World Scientific, Singapore, 2001
41. E.G. Adelberger, B.R. Heckel, A.E. Nelson, Ann.Rev. Nucl. Part. Science 
Vol. 53: 77-1217 (2003).
42. D.J. Kapner etal, Rev. Lett. 98, 021101 (2007).
43. A. O. Sushkov, W. J. Kim, D. A. R. Dalvit & S. K. Lamoreaux, 

Phys. Rev. Lett. 107, 171101 (2011).
44. P.W. Milonni, The Quantum Vacuum, an introduction to Quantum 

Electrodynamics,  Academic Press (San Diego 1994).



45. B.A. van Tiggelen, in: Atomic Matter Waves, edited by F. David, 
Ch. Westbrook, and R. Kaiser (Kluwer, Dordrecht, 2000)

46. I. Brevik, V.N. Marachevsky, K.A. Milton, Phys. Rev. Lett 82, 3948 – 3951 (1999)
47. S. Kawka, Ph.D. thesis, Université de Grenoble 1 (2010).
48. H. Gies and K. Klingmüller, Phys. Rev. Lett. 96, 220401 (2006).
49. A. Dupays, C. Rizzo, D. Bakalov, G.F. Bignami, EPL 82 , 69002  (2008) .
50. T.G. Philbin and U. Leonhardt, New J. Phys. 11, 033035 (2009).
51. J. Pendry, NJP 12, 033028 (2010).
52. J.S. Hoye and I. Brevik, EPL 91, 60003 (2010).
53. A.I. Volokitin and B.N.J. Persson, New J. Phys. 13 068001(2011);
54. T.G. Philbin and U. Leonhardt , New J. Phys. 13 068002( 2011) .
55. G. Barton, New J. Phys. 12 113044 (2010); New J. Phys. 12 113045 (2010).
56. G. L. J. A. Rikken and C. Rizzo, Phys. Rev. A 63, 012107 (2003).
57. B.A. van Tiggelen and G.L.J.A. Rikken Phys. Rev. Lett. 100, 248902 (2008).
58. I. Brevik, Phys. Rep. 52, 133 (1979).
59. D.F. Nelson, Phys. Rev. A 44, 3985 (1991).
60. R. Peierls, Proc. Roy. Soc. A347 475.(1976).
61. G.B. Walker and G. Walker, Nature 263, 401 (1976); Nature 265, 324 (1977).
62. S.M. Barnett, Phys. Rev. Let. 104, 070401 (2010),;

S.M. Barnett and R. Loudon, Phil. Trans. R. Soc. A 368, 927 (2010)
63. A. Rizzo and S. Coriani, J. Chem. Phys. 119, 11064 (2003); 

A. Rizzo, D. Shcherbin and K. Ruud, Can. J. Chem. 87:1352-1361 (2009).



64. J. Babington and B.A. van Tiggelen, Eur. Phys. J. D 65, 367-372 (2011). 
65. B.A. van Tiggelen, Eur. Phys. J. D 47, 261-269 (2008).
66. S. Kawka and B.A van Tiggelen, EPL 89, 11002 (2010) ;

erratum EPL 98, 29904 (2012).
67. G.L. J. A. Rikken, B. A. van Tiggelen ,Phys. Rev. Lett. 107, 170401 (2011) .
68. B.A. van Tiggelen, S. Kawka, G. L. J. A. Rikken , submitted to Eur. Phys. J. D 
69. F. Pinheiro and B.A. van Tiggelen, Phys.Rev. E 66, 016607 (2002) .
70. J. Babington, B. A. van Tiggelen , EPL 93, 41002 (2011) 

Thank 
you !


