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Vacuum Fluctuations
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Vacuum Fluctuations
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Casimir Force
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Casimir Force
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Problem

U(L) diverges even at T' = 0 (ultraviolet catastrophe),

U(L) = 7;—72626.
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Problem

U(L) diverges even at T' = 0 (ultraviolet catastrophe),

U(L) = 7;—72622

Discussion:
* Perfect mirrors?
* Cutoff frequency
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Problem

U(L) diverges even at T' = 0 (ultraviolet catastrophe),
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Discussion: Regularization: Riemann’s

* Perfect mirrors? zeta

* Cutoff frequency * 20 =¢(=s) (ifs < -1).
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Problem

U(L) diverges even at T' = 0 (ultraviolet catastrophe),

_WhCZg

Discussion: Regularization: Riemann’s

* Perfect mirrors? zeta

* Cutoff frequency * 20 =¢(=s) (ifs < -1).
mwhe
* Us(L) =520

U(L) = oo+ lim U(L)

s——1

mhe

= 00+ 5¢(=1)
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Casimir Effect
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Casimir Effect
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Casimir Effect
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* Quantum fluctuations of the electromagnetic field manifest
themselves as an attractive force between nearby surfaces.
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Casimir Effect

mhe

P U(L)=o0—oT
. dU (L) mhe
FIL) === =~z

* Quantum fluctuations of the electromagnetic field manifest
themselves as an attractive force between nearby surfaces.

* In 3D+ two polarizations (TE y TM):

m2he A
240L4

F(L) =
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Resurgence

* Known since 1948 (Casimir).
* Confirmed in 1958 with 100% uncertainty (Sparnay).

* Measured again in 1997 with a torsion pendulum
(Lamoreaux) with 5% uncertainty and L ~ 600nm.

1
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Resurgence

= (Mohideen)

* AFM’s have allowed ~ 1% precision down to L ~ 100nm.
Small but significant deviations.

* Atom manipulation through zero point field. . .

* Casimir and Cosmology: G depends (?) on vacuum
fluctuation energy. ..
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Nano Machines

* The Casimir force decays very fast with distance oc L=*, but
at 10nm it is equivalent to ~1atm! It might play a role In
micro and nano machines.
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Nano Machines

* The Casimir force decays very fast with distance oc L=*, but
at 10nm it is equivalent to ~1atm! It might play a role In
micro and nano machines.
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Real Materials
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Real Materials

* van der Waals:

p1 — By < p1/R> — py x agE; — Ey « pa/R3
(p1) s

R6

—U=—E-p) < —
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Real Materials

* van der Waals:

p1 — By x p1/R? — py x anEy — B o« po/R3
(p%>a2 . Q10
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Real Materials

1 2

* van der Waals:
p1 — By x p1/R? — py x anEy — B o« po/R3

2
= pi)c ote!
—>U:—E1~p10<—<}12>62 > — }1%62
U= _ o du o (1u)as (1)

6
7TR 0
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Superposition

U = Zij (77;]' ¢ fd37“1d37“2 RL?Q 0.¢ %
° Fox L3
° Retardation: R}, — R
* Additivity?
* Geometry and the sign of the force.

Zj,F—>L_4
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Elementary Excitations of a Solid

o+ 1 2 +

* An enumeration and a sum over all diagrams would require
a specific microscopic model for the material.

|
Col. Nal., 7/IX/04 — p.11



Dressed Photons

* Within a material ¢ — ¢/\/e

* ¢ =e(w) — €4(w), a = material or vacuum.
2

—

° V24 + ea(w)i_?A — 0 + B.C. = normal electromagnetic

modes. From normal modes =- energy and force.
But. ..
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Dressed Photons

* Within a material ¢ — ¢/\/e

* ¢ =e(w) — €4(w), a = material or vacuum.
2

—

° V24 + ea’(w)i_?A — 0 + B.C. = normal electromagnetic

modes. From normal modes =- energy and force.
But. ..

* ¢,(w) are complex, i.e., they display temporal dispersion and
dissipation. Electromagnetic modes do not form a complete
orthogonal basis.

* Fluctuating sources j(7,t). (j;) = 0, but (j;j;) # 0.
* Hidden assumptions: homogeneity, isotropy, locality. . .
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General Derivation

* Real system:

* Detailed balance:
Coherent reflection r$. Incoherent emission 1 — |rg|?.

Within the cavity everything depends on & exclusively!
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Fictitious System

| I Ir=V |
: ’I“S‘ /tgv :
| |
| |
| / |
| |
| |
| Ly . Ly | Lirr |
<0 <1 z2

* Choose r¢ as in the real system,
* Choose t& to conserve energy. No absorption!
®* Ly < Ly, Lijr — 0.

* Perfect mirrors at zg, z3 to quantize and count modes.. ..
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EM Modes

* spol.: E = (0, E,(z),0)e(@Qu—wt), Q‘ /0= (/1

d2 k
® (ﬁ+k2> Ey:O, k2:w2/c2—Q2
%

* Apply B.C. at z; =0, 2o = L (and at zy and z3).
* Obtain stress tensor within cavity for each mode.

* Relate to energy of mode, I.e., to frequency and occupation
number.

* Sum over modes to obtain total momentum flux.
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Green’s Function

. Er(2) = eih(z=L) 4 pse=ik(==L)  gpheys B.C. at right side,
Ej(z) = e % 4 rie” obyes B.C.at left side.
Es(zo)EZ (2
* Electric Green’s function: G, (z,2') = —* ( <I)yy ( >).

* Magnetic Green’s function: £, — B, r) — —r;.

a

* Local density of states:

. 1

1 1+ Tsrs€2z’l~cL
— _Re 12" |,
27k 1 — rirse?kl
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Momentum Flux

For each photon:
°* Momentum p, = +hk, -
* Velocity v, = +ck/q,

* Contribution to momentum flux —¢,, = +hck?/q,

Adding tzzpy: over all modes, using 7. — [kdk, > 5 —
A/(4r) [ QdQ, and « = s, p we obtain the stress tensor T, within
the cavity. Substracting the stress tensor on the outside we ob-

tain the force on a slab. ..
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Lifshitz Formula

F he [ k3 1 1 1
= d / dk — Rer( + )
A 27T2/o QQq>0 qf A\ —-1 & —1

* f= N +1/2 =occupation number of state Q, k, «,

* £ = (rfrge?ihh)~
Unlike Lifshitz’ and other’s derivations, we made no assumptions
about the slabs except symmetry along z — y and isotropy around
z; they may be semiinfinite, finite or thin films; homogeneous,
Inhomogeneous, layered, ordered, or disordered; transparent or

absorptive; conducting or insulating; local or non local. . .
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Spatial Dispersion

° ) =¢cF
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Spatial Dispersion

* D=eb— D(w) =¢(w)E(w)
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Spatial Dispersion

* D=¢eF— D(w) =¢(w)E(w)
— temporal dispersion D(t) = [°_dt'e(t —t')E(t').

* |nertia leads to a delayed response.
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Spatial Dispersion

* D=¢eF— D(w) =¢(w)E(w)
— temporal dispersion D(t) = [°_dt'e(t —t')E(t').

* |nertia leads to a delayed response.

* Similarly, the response at  might depend on the excitation
at 7 +# 7,

D;(7,t) = /d?’r’/dt’ e (775t — ) E; (7, t).
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Spatial Dispersion

* D=cFk— DWw) =¢(w)E(w)
— temporal dispersion D(t) = [°_dt'e(t —t')E(t').

* |nertia leads to a delayed response.

* Similarly, the response at  might depend on the excitation
at 7 +# 7,

DZ(F, t) = /dS’I“//dt/ Eij(ﬁf/;t — t/)EjOﬂ,t/).

* For an isotropic, homogeneous medium,
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Hydrodynamic Model

Semiclassical compressible fermion gas

* Longitudinal wave: - w}%
— ) — .
n—n-+on,onxV:P. e (w)=1 w2 +iw/T
* Energy: oU  on. °
2
* Presion: P o« 90U /dn. Liz ) —1— “p |
Fuerza: f oc —VP . w? +iw/T — B¢?
¢ L] X — X
Vénocvv-f’:—cffm. ° w§:47m62/m.

o —w?PL x...—¢?PL. * % =vp/3 — 3vp/5.
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cConsecuencias

2

"(w) =

* Ondas transversales: ¢° = ¢

* Ondas longitudinales: V- D = 0 = ¢(q,w) = 0,
¢ = (W —wp)/ B

* Apantallamiento:

KTF = wp/P
15| T .L(ﬁ::.52//,,/”’/ - ’
°* ABC's = rg, 1p.
- e
i 1 T T T —
3
0.5 | i
0 | | | | |
0 0.5 1 1.5 2 2.5 3
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Resultados (1)

* Parametros ajustados a Au.
o [ = 2L/ Ap.
o ['=(\,/2m)*F/ Ahc.

° \p = 2mc/wp.

10000 T T l\l\l llll T T T T lllll T T T llllll T T LI l T T TT lllll I T T I
100 - . i ]
1 \\\ Ideal oc L—* - - 0.1 E_ —;
\\\ . &
0.01 | - = i ]
2 Joe . K 0.01F E
0.0001 - N 1 ) F ;
Local \;\\ \ : L§
leoe - NG 0.001 |- 4
1e-08 | -
le_lo 1 1 11 lllll lllll lllll 1 1 11 11 0-0001 1 1 11 lllll llll lllll 1 1 11 11
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L L
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Parametros d

* La no-localidad disminuye F'. Generacion de
plasmones...o

10F T T T
® Leg> L, Fy <Fp. _ ‘FE-
5 i
. J— [ dz zén = 0'15
T f 5n : E:Q, 0.01}
° Tp%?“%—l—(..,)d_ 0.001E
0.0001

0.01 0.1 1 10 100
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Discusion

* La correccion no local puede ser cercana al 100%.

* d funciona para L > 0.1

* d(0) y d(w) = resultados similares.

Jalium

0 on

1
0.1;—
i 0.01;—
* Elcentroide de carga 7
se desplaza haciael = | .
vacio P00k Sy
., le-05 Ll v wiiiil il
°* La correccion no- 0.01 01 ! 10 100
local cambia de
signo.
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Conclusiones

* Deduccion de la formula de Lifshitz que permite calcular la
fuerza de Casimir entre materiales arbitrarios.

* Sistema ficticio no-disipativo, sin grados de libertad
materiales.

* El Unico ingrediente del calculo es la amplitud de reflexion
de cada superficie.

* Modelo hidrodinamico simple = calculo exacto. La fuerza
de Casimir se reduce significativamente por los efectos no
locales.

* Interpretacion en términos de d.
* |os valores estaticos de d dan buenos resultados. ..

* Calculos de jellium autoconsistente = d tiene el signo
contrario = la correccion no local cambia de signo y la

fuerza de Casimir aumenta.
|
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