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The Casimir and Casimir—Polder effects

Van der Waals, Casimir—Polder and Casimir forces'

a van der Waals (quasistatic fields) b Casimir-Polder (waves/retardation) € Casimir effect (macroscopic bodies)

Fluctuating ®
dipole P2
Induced
dipole /@
p,
» § </4>/\_/\-Z A
~J
,/
@
L/
v P

a A fluctuating dipole p; induces a fluctuating electromagnetic dipole field, which in turn induces a
fluctuating dipole p on a nearby particle, leading to van der Waals forces between the particles

b When the particle spacing is large, retardation/wave effects modify the interaction, leading to
Casimir-Polder forces. When more than two particles interact, the non-additive field interactions lead
to a breakdown of the pairwise force laws

c In situations consisting of macroscopic bodies, the interaction between the many fluctuating dipoles

present within the bodies leads to Casimir forces.

i Rodriguez, Capasso, and Johnson, Nature Photonics, 5, 211 (2011
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The Casimir and Casimir—Polder effects

The Casimir force

/\/

Casimirk

plates Vacuum

fluctuations

The force is attractive because the mode density in free space is larger than that between the plates.
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The Casimir effect

(@)

b 01

(b)

Fig. 1. Twa ships roll heavily on a long swell and there is no more wind to
damp their rolling. In this situation a strange force, “‘une certaine force
attractive,’” will pull the two ships toward each other. From P. C. Causseé:
*the Mariners Album,’” early 19th centnry.

Fig. 3. (a) Two ships at close quarters roll on a long swell. (b) They re-emit
the absorbed power as secondary waves.

Nowadays, realized in white noise acoustic experiments’.
TA. Larraza B. Denardo, Phys. Lett. A, 248 (1998), 151-155
J.-C. Jaskula et al., Phys. Rev. Lett. 109 (2012) 220401
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The Casimir force

The Casimir and Casimir-Polder effects’
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The Casimir and Casimir—Polder force

The Casimir-Polder force. The Lifshitz rarefying procedure’
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TE. M. Lifshitz, Sov. Phys. JETP 2, 73 (1956)
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The Casimir and Casimir—Polder force

The Casimir force. Gecko vertical walk"

TAutumn, Liang, Hsieh, et al, Nature, 405, 681 (2000)
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The Casimir and Casimir—Polder force

Pull
perpendicular &
o surface
¢ Pull

Pull parallel f perpendicular
to surface | to surface
(gravity,

vgertica! 7 «
running)

Pull parallel
to surface

The foot of a Tokay gecko has about 5.000 setae/mm? and can produce 10 N of adhesive force with

approximately 100 mm? of pad area. Weight of a Tokay gecko is approx. 50 to 150 grams.
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The Casimir and Casimir—Polder effects <

Casimir force for perfectly conducting planes

hem®  13x 10—27Nmz 0.013 dyn
240d* a4 d4(pm) cm?

The Lifshitz approach

Sl T = —Z—Z kydky {In[1- ™ rfRe 299 ] +In[1 - r{¢rife 249}

Pcas = —

oF
P=-—, ([ (D)= [/m?], [P] = [}/m’])

kgT
qi=1\/ k] +&,¢= 2711% — Matsubara frequences
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Effective action

Effective action expansion

Seff[A, m] = Nylndet D 4

-1 1 —1 4 -1
= Nilndet Do + Ntr (D, A)+§thr(lD0 ADG A) +...

Dy=i(V+ied)+m

Nt is the number of two-component fermion species. For graphene
N;= N4+ Ng =4 —sum over sub-lattices A and B.

Effective action of the second order

The first term has to be subtracted, the second is tadpole and the third is
effective action in the second order (D = 3,4)

) ’
Seldml =2 / dPx d?yA; (Y (x5 ) A5 ()
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Effective action

SeH[A,m]zw@ + WGM«M 4+ ...

V.
Polarization tensor

. dPk ) )
' (p) = ie? / (ZE)Dtr(y’lDal(k)Y]lD(jl(k—p))

(Yk)+m
T k2—m2

Dyt (k) =
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Effective action
Total action, D = 3 + 1 (with bulk)

1 ..
S=Sm+SEIA ml, Su= —Z/d‘*xFijF’J

1 .
S&[A,m) = 5 / d*x d*y A; ()T (x; ) Aj ()

Maxwell field in a media

| A\

1 [dp . - = 1= =
S—E/W[EE(—p%E(p)—u E(-p)-E(p)]

Dielectric permittivity € and magnetic permeability p are expressed in
terms of polarization tensor — I1% and tr(IT) = IT;. For Dirac materials (with
bulk): Bordag, Fialkovsky, NK, and Vassilevich, PRB, 104, 195431, (2021)
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Effective action <

3

=const

Total action, D =2+ 1. Plane x

1 99
SM = —Z/d4xFijFl]

SGlA m) = / d*x &y ATV (x - y)A;(p)
8

5A_0:»a]1:’f+5(x a)/d3yl'[”(x NAj(y) =

Boundary conditions x® = a, 7 = (0,0, 1)

(Hlx7i=], [E]-Ti=—-p, J*=0PE,
O_ab _ Hab Hana .

LT
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Effective action, graphene

Dirac electron D=2+1(m<0.1eV)

Da=i(V+ied) + m=iy' (0; +ieA;) + m

7 =9° 7' = vey!, ¥ = vpy?

Algebra of gamma matrices (¢ — vg ~ ¢/300)

Yy + 77 =28
77 =887, e F¥) =0

(1 0 o0
g/=10 -2 0
0 0 -uvf
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Effective action, graphene

The Lorentz invariance is broken

1
A== /d4xF2 + /d3x1p [7"(0, — e Ap) — m] Wlz=q j
A’=—i / d*x'F”? + / &SP [0, — eAl) — m] Y| ;=4

f”’ — van+ un(l _ vF)’ﬂ ¢}~;n, [un] = (u(), u1,u2)

Lorentz boost

Boost K — K': x' = Ax, ¢/ (x') = Sy(x), ¥'(x) = ¢ (x)S™!

Y —-yv _ —io A
A_(—yv I+(Y—1)%)’S_e ’ '

0

i, 0
o'k = Z[YZ,Y’C], ikl = (v v), v=', 7).
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Effective action, graphene

Polarization tensor’, T=0, u=0, B=E=0

2m

p)]

m.,n
Hmn:i2 w(gmn_p f )+iV12:(/)€manl]
v p
_ |2
w=(Na+Np)|1 (2m+ p )arcth(
B 2m p
(p—(NA—NB) 7&1‘Cth(%)—l

¢ is parity anomaly*: j’

éeikojk sgn(m). ¢ = 0 for graphene®.

TBordag, Fialkovsky, Gitman, and Vassilevich, PRB, 80, 245406 (2009)
¥Redlich, PRD, 29, 2366 (1984)
ﬁSemenoﬁ, PRL, 53, 2449 (1984)
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Effective action, graphene

Conductivity tensor
o — e’ — = (Utm 0 )
iw 0 Ote
iw w? — p?

p
(HZ ar —pz Hoo)

1
Otm=—> Moo, Ote = —
p iw

Reflection coefficients

We can not use standard formulas which connect reflection coefficients
with dielectric properties in the Lifshitz formula. Reasons:

@ Graphene is 2D material

@ Reflection coefficients = reflection matrices

One way is the scattering matrix approach’.

TReynaud, Canaguier-Durand, Messina, Lambrecht, and Maia Neto, Int. J. Mod. Phys. A 25, 2201(2010)
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The Casimir energy

Scattering matrix approach

(z,9)
E; Eji
WYAVAAVVAVAVAVAVAVAVAVAVAL 2 (VAVAVAVAVAVAVAVAVAVAVAVAVAC 2
= = !
z _'E] =8 _E] — r] t‘,]
E]+1 Ej+1 t] r]
R AAAAVAAVAVAVAVAVAVAVAYA, S VAVAVAVAVAVAVAVAVAVAVAVAVAS
E] EjJrl
z = Z]'

Transmission and reflection of the EM waves.
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The Casimir energy

The Casimir energy' (kg = /é2+ k2,0 = i¢)

1 d?k [
E=—— IndetS(ky, ko, k
o (271)2/0 ndetS(ky, k2, k)

ksdks
K+ K3

— 1 d*k ° —2akg .1 (3 3
&= E W/_oodf lndet(l —e Erl(lkE)rH(lkE))

w =i

In general
rterte 0
ri"n 7 ( IOH rtmrtm) = & # Ee + Etm-
1 '

TFialkovsky, NK, and Vassilevich, PRB 97, 165432 (2018))
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The Casimir energy

Conductive plane’ (5 =270, ks = Vw? — k?)
. w’n—k®kn+Iwksdetn

=== , t=1+r.
rer w?try — kkn+ wks(1+detn) r

For veritable graphene with B=T=p=T=0

0=Al+Bk®k, 0= A, 0tm=A+k*B.

JrFialkovsky, NK, and Vassilevich, PRB 97, 165432 (2018))
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The Casimir energy

., dPk ) .
" (p) = ie? / omD tr(ylm—l(k)yfm—l(k— p))

@ Non-zero temperature’ T (Matsubara frequencies):

/dkof(ko):ZniT Y f@eriT(k+1/2)), po— 2ninT

k=—00

@ Chemical potentialJr i 09 — 0g —ip, ko — ko +

e Impurities’ I': ko + il sgn ko

TFialkovsky, Marachevsky, Vassilevich, PRB 84, 035446 (2011))
1:Fialkovsky, Vassilevich, EP] B85, 384 (2012); NK and Vassilevich, arXiv:2402.06972, submitted in PRB
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The Casimir energy <

.. D . .
' (p) = iez/ (gﬂ)’; tr (y’lD_l(k)YfID_l(k— p))

e External EMF F;j: 0y — 0y +ieA; (Faraday rotation in graphene”)

e Strained graphene’ vy — v}{ib =vp

59 — g (Zu“b+6“bug)]

@ Casimir effect for doped graphene?

: Fialkovsky, and Vassilevich, EPJB, 85, 384, (2012)
f Bordag, Fialkovsky and Vassilevich, PLA 381, 2439 (2017)
¥ Bordag, Fialkovsky and Vassilevich, PRB 93, 075414(2016)
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Casimir-Polder force for anisotropic molecules’

The basic idea

- — = 19
ey = 8 +4nNag; | Eo(N, ay) op = — lim F7nEc(N, azj)

p=1 z _ z
0 a /'0 a
Qi

05 Tij

d’k [~ d \/
SCPz//_Z/ —ée—Za €2+k2rab [fzaba+amk0kb+a33kakb]
4= Jo \/ &2+ I

Aap = Agp (i) and r is the reflection matrix of the plane.

T Antezza, Fialkovsky, NK, PRB 102, 195422 (2020))
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Casimir—Polder force for anisotropic molecules

Orientation of molecule

The orientation of molecule is

described by 3 angles 8, ¢,y. ;
The vectors éj,é,,é3 are the

eigenvectors of polarization é
tensor a;,;. The conductive 2 é .
plane is (x, y)-plane. e
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Casimir—Polder force for anisotropic molecules

The general form of tensor conductivity

ke k

o=XI+Y 2

+Ze€ (Z is the Hall conductivity)

Casimir-Polder energy. a;;(w) = a;; (i)

Ecp=Exp+AEPO,9,7) AEcp = —sin®0(Gr2cos”y + Goz)'

Ep = // dkdée 2VER (0 + a0) Ak, €, 0) + ass Bk, £, @)
0

Gij= // dkdée 28VE R (0 — 0 )Gk, €, 0)
0

The angle y gives contribution in the case a1; # a2z, only.
f sin?  was observed in Thiyam, Parashar, et al, PRA 92, 052704 (2015)
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Casimir—Polder force for anisotropic molecules

Perfect metal: o0 — co

((:CP = 8 +A8CP|

1
el
CP~ " 3onat

g—00

/ dze ?{tra(l +z+2z%) + ass(1 + z— z°)}
0

g 20 00
Adcp= _38?—4 / dze *(az — az)(1+2z-2°)
i tra(O)
ES|, == Sogt (#O) —ra)/3)

aij(w)=a;jliz/2a)
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Casimir torque for anisotropic molecules

Casimir torque

Ecp=ELp +AECPO,9,7)

I
My = ~0pEcp =sin20(Grzcos’y +Goz) = o

My =-0pEcp=0 . é
r '
My =-0yEcp = sinzesin2y912 . |
0 f

Zero torque with minima en- 4 Ly

ergy Ecp describes the equi- *—7 N 7 ;

librium states.
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Ecp = EQp —8in®0G3, Mp = sin20G,3, My = My =0

M =0 & extrema of energy E¢,, = (EXp,, EQp — 23, EQp) for 0, = (0,5, 7).
0 =0,7 < CO; L to plane; 8 = /2 < CO; || to plane.
The Casimir torque My tends to rotate molecule to direction axis z and as the

result molecules can go through the membrane.
May 30, 2024 30/54
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CO;,: Plane with constant Hall conductivity: o = Ze

2
_ o0 L2 _ id
gcp = ECP — SIn 0923 = mgcp
Constant Hall conductivity: o = Ze
Position of CO» L to plane is preferable
Ecp 10-2 G
0 T T T T O T T T
— 0=
—0.2 —0=0,7|
—04|
—0.6}
708,
“lo 20 40 60 80 100 0 20 40 60 80 100
a (nm) a (nm)
Eeo = 1+ 2% Ecp 1+Z2 923 oo __tral0) (_ d )
- e 7T T Z2 e T Brat T “Plamco
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CO;: Graphene

Casimir torque for CO,

102 Cor/lEe| 102 Cor/lEc| q0-2  Eor/IES
0 : 0 : :

T T T 0 T

0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
a (nm) a (nm) a (nm)

The Casimir torque Mpy tends to rotate molecule to direction axis z and as
the result molecules can go through the membrane
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CO;: Graphene

. kek
Mg =sin(20)Go3, 0 = XI+ Y 2 +Z€
Casimir torque for CO,. The influence of the Hall conductivity
0 102 923/|58%‘ 102 g23/|gg%\
T T w_X 7\ 0 . 103 T
ol —X=01|| —p2| T |
05 —X =05 By
_04 | —4.38 i
—1f a=10nm s \
_06 = 0.00 0.62 0.64 0.66 D.bs 0.10
—1.5| :
—0.8} :
_9 . . . L 1 . . . . .
0 1 2 3 4 5 0 02 04 06 08 1 12
% Z

o

Left panel: A plane with constant dc conductivity (Y = 0). Right panel: Graphene.
The torque is shown to be enhanced by enlarging the Hall conductivity
contribution of the conductivity tensor of the membrane
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Stack of planes with tensorial conductivity'

Equidistant stack of planes

Scattering problem
Ei Ei E; E
=g P LY =8 S#T[S;
(En+1) (En+1) (Ej+1) ! (E]+1) H

TEmelianova, NK, and Kashapov, PRD, 107, 235405, (2023)

\
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Stack of planes with tensorial conductivity

Obtaining S-matrix

One represents the set of connected scattering equations in the form

(A, C;, 0 0 - 0 0 ][ E ]
0 A Cg 0 0 0 E;

0 0 A3 C3 - 0 0 Es |—o

_0 0 0 0 An+1 Cn+1‘ _En+1_

(ri -Iy . (0 &) [E
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Stack of planes with tensorial conductivity

R T rj t _
total stack — § = (T R’)’ Sj= (tj r;. — specific plane

S-matrix for stack of n planes

S— ( KK (—1)"“15521) e (KH K12)
D™ (K —Ki2K5) Ka1) KoK, Ky Ko
recurrent relations — K;,+; =B,+1K,, B; = Ci_lA,-

The Casimir energy

//(2 )3/ déIndetD,

D, = (- D"t Kzztltz tn 1=I+..., D1 =Dy =1

Nail Khusnutdinov
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Stack of planes with tensorial conductivity

Solving the recurrent relations

Ky+1=B;11Ky > Dyyo=uDy, 1 +vDy,

u=T+e 2kdq142r) v=—e2ked(q 4 )2

To solve the recurrent relations one uses a generation function method
extended for matrix-valued coefficients

o0
G=) D,z =Dy+ (D1 - uDg)z+uGz+ vGz’

s=0 @

Do+ (Dy—uDgy)z x s
G= Dot (D 2") = (Do + (D) —uDg)z) Y Mz° =Y z°Dy
I—uZ—vZ s=0 s=0
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Stack of planes with tensorial conductivity

Solving the recurrent relation

D, =M, -M,_ie 241 +2r)

(3]
M; = IX: w2yl
=0

The matrix r maybe diagonalized with eigenvalues ri and r,.

e O ) (Dg,e 0 )
r = = D =
( 0 ’m "\o Dpn

En=EX+EM= //(2 )3/ dé (InDY +InDI™),
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Stack of planes with tensorial conductivity

The energy: Solving the recurrent relation

—(n—1)(kgd) £2—
X=e(n )(E)fx n
n 1+t

1t
1+6 1-f2"  _ 1- 20D y
2 ¢ 2 | &=
fX 1_fx 1_fx L+

fx= \/(cosh(kEd) + t,sinh(kgd))? — 1 + cosh(kgd) + tsinh(kgd), x = te, tm

The matrix r maybe diagonalized with eigenvalues r and rp,.

e O ) (D;e 0 )
r= =D, =
(0 Ttm "o D

=& +EN = //(2 )3/ dé (InDyy +InDy"),

f NK, Kashapov and Woods, PRD 92, 045002 (2015)
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Stack of planes with tensorial conductivity

(@,9)
1 2 3 s—1 s s+1 s+2 n—-1 n ]:]; Eﬁl
d d d d z
”””””””””””””” ~“\VVVWWWVWWWHANNNVVVW
dte d—e E; E;n

The force: Solving the recurrent relation

En(E) En(O) X —1 7~/
Fg,=— — D, "D
o 8_’0 € x=te, tm// (2”)3 / do " "

e—(n—l)(kEd)fxz—n 141, l_fxzn 1 _fXZ(n—l)
2 — ¢ 2
fX 1 _fx 1 _f;<

o= \/(cosh(kEd) + t,sinh(kgd))2 — 1+ cosh(kgd) + t.sinh(kpd)

X _

no 1+ )"

, X =te,tm
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Stack of planes with tensorial conductivity

r}lm &, — co. The energy for unit plane & = hm Enlnis finite. The force
—00

acting on the plane s in the stack, F; = hmn_,OO Fs 5, is also finite.

Infinite planes in stack: n — oo

//(27[)3/ dé (InD* +InD™)
ST tetm// @ )3/ 4Gy

—Z
D*= lim /D% = &
n—oco 1+ 1,

2zt2 22079
— e fi(l+ 1)

: —1 yx/
G{=1lim D' "D =
ST pmeo n
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Stack of graphenes

d—0and d — oo

€| e B m2e?(n—1) 1
md—0" 43> “nld—o0 = Tusn B(md)? | m2d>

"Two graphene &_.o ~ ﬁ; graphene/perfect metal €40, ~ ﬁ.

1-Bordag, Fialkovsky, Gitman, Vassilevich, PRB, 80, 245406 (2009)
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e Casimir energy per un

x1073
T

ot

En

& [ x10=4 |
2 10121416
1 |
0 Il Il Il Il Il Il Il T
0 2 4 6 8§ 10 12 14 16
p=md x1072

m=0.1eV, n=2,4,6,0c0 from the bottom
upwards. The insert shows the figure’s
neighborhood of origin

x1072
5

m = 0.1 eV, d = d;,10d.,20d, from the
top down, where d; = 0.3345 nm is inter-
plane distance in graphite.
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x1073

\ —n =20

4| n =10
\
\

2 | f
\

a \

S I — b
9 i
4| B

Il Il Il Il
0 5 10 15 20

The Casimir force ¥, acting
on the graphene s in the stack
of 10 and 20 planes.

x10~2
4.95 .
4.95 x10-3
14f T
1.2
4904 00
K 940 £ 08
% 06
0.4
4.94 - ) AT
3 4 5 6 7 8 9 10
n
493\ L L L L L L

3 4 5 6 7 8 9 10

The Casimir force ¥, act-
ing on the first and second
graphene in the stack

Nail Khusnutdinov

Polarization tensor approach for Casimir effect




Stack of graphenes

The binding energy per unit atom

For graphite interplane separation d, = 0.3345 nm, we obtain the following
energy per unit plane in an infinite stack of graphene E, = 59.23 erg/cm?.
The binding energy E;j, = Eoo/d:pc, where p. = 2.23 g/cm? is the graphite
mass density. For these values, we obtain E;;, = 9.9 meV/atom, which is
by 10% smaller than for constant conductivity case!. From the first prin-
ciple, the cohesion energies are 24 — 26 meV/atom? and 24 meV/atom®.
The experimental data gives cohesion 35 + 10, 15 meV/atom* and 61 +5
meV/atom®. Most likely, the Casimir energy gives an essential contribu-
tion to the binding energy.

lNK, Kashapov, and Woods, PRD, 92, 045001 (2015)
2Schabel and Martins, PRB, 46, 7185 (1992)

3Rydberg, Dion, et al, PRL, 91, 126402 (2003)

4Benedict, Chopra, et al, Chem. Phys. Lett., 286, 490 (1998)
SZacharia, Ulbricht, and Hertel, PRB., 69, 155406 (2004)
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he conductivity of moving graphene

The conductivity tensor in the co-moving frame K’ is defined by relation
J' = O'IZJE;- and ¢’/ =1I'Y /iw'. In laboratory frame K: '/ —?

[Au()] =0, K [A;l(k)] =0,
[F¥Y(k)] =M"P(k)A,(k), P (k)] =H'Vp(k)A;)(k),
u® —u
A=[ty e
—u I+ %

JrAntezza, Emelianova and NK, Nanotechnology, 35, 235001, (2024)
NK, Emelianova, Physics, 6, 148-163, (2024)
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The conductivity of moving graphene

o=iI1+ibkek+is(kev+vek), i,=i,(wk,v)

Real frequency representation

d’k
//(2 )3 _I+)y ?z//(zn)g (]—+]+);

I+:/ dwlndet[l e*20ks @ (4 a)
0

00 e*2iaks (tr R(+ k3) — 2e*21%%s det R(+ k3) )
I =/ dwk3
0 det [I— e*2aks R(+k3)]

Here R(+k3) = r}(xks)ri(ks), and k3 = Vw? - k.

.
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The conductivity of moving graphene

Cy [Casnmr friction || W Norrnal Casimir L]

= ®
% / |

Here, €, — 0, R — 00, €3 — 0.
&, = &1 —the normal Casimir effect (L to planes)
&1 = & - the Casimir friction (|| to planes)

V-
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For graphene vy = 1/300 ~ 106m/s and situation v < vy takes place in laboratory. For
m =0, v = vy one has the upper boundary A,,eglg/eﬁg =0.33%.

8
3l 6
& 4
2|
gs gs o &,
=y Sl 4
EN B =2
“ BN
H R
< <
0
| | | | 1 | T
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
v/e v/e

Here vg = ¢/300. Left panel: ma = 0.05 (m = 0.1 eV, a = 100 nm). The quadratic behavior
occurs, A, &8 ~ v2/c? for small velocities v < vp. Right panel: ma = 0,0.05,0.1,0.3,0.9,2

(from the bottom upwards). The maxima occurred for critical velocity v§§ =VUp+ %(ma).
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Normal Casimir force. Perfect metal/graphene: A, & im

g £
BY BN
g —2 N 5| |
- 4 -1
nd‘s:] . . _ x107! a&.): —6 . . )
< 02 04 06 08 < 0 0 02 0'411/9‘6 08 1
—4 -
—0.5 al
76 1 1 1 1 1 1 T L
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
v/c v/e

Here vp = ¢/300. Left panel: ma = 0.05 (m = 0.1 eV, a = 100 nm). The correction, AVEJg_g ~0
for small velocities v < vg. Right panel: ma = 0,0.05,0.1,0.3,0.9,2 (from the bottom
upwards).
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Lateral moving graphene’

//(2 )3{95 ks

1 1
+¢dwk3 ar - }},k?,:\/wz—kz
Y+

1-e?laksr2 (k) 11— e2aksy2 (ks)
Here, 2 (+k3), 2 (+k3) are eigenvalues

1 1
- + -
1— e daksy2 (—k3) 1-e2iaksy2 (— k) ]

ri(xks)ri(tks) = (rthkS) 0 )

0 ré(tks))’
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Lateral moving graphene’

The Casimir friction

The contributions to these integrals come from the complex roots w
1—e*2aks 2 (413) =0, 1- €212 (1k3) = 0.

The roots exist if and only if

|rin(Eks)| > 1, |ré (2ks)| > 1.

For v =0, there are no I'OOtST

|ron(2ks)| <1, |ré (2ks)| < 1.

TE. M. Lifshitz, Sov. Phys. JETP 2, 73 (1956)
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Lateral moving graphene’

Mixing between positive and negative frequencies of the spectrum is the
origin of the Casimir friction'.

The threshold for Casimir friction

v =0, the spectrum I~cz—w2 ka2 Oswolk +UF.
v >0, the spectrum k' = 0 - v2k” = 0 = wi:

2
L(i)?v? + (kv)* — 207 (kv) =0,

(@H% - vk +

UZ 2

_”@v>y $
v2(1-v ) F

+ - 2
w, <0orw, >0 cos“p>1-

1-M. E Maghrebi, R. Golestanian, and M. Kardar, PRA 88, 042509 (2013)
1[M. B. Farias, C. D. Fosco, E C. Lombardo, and E D. Mazzitelli, PRD 95, 065012 (2017)

Nail Khusnutdinov Polarization tensor approach fo; mir effect May 30, 2024



Thank you for your attention!

Polarizati ch fi imir effect



