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Dispersion Forces

* Driven by quantum fluctuations
e Casimir
* Van der Waals (vdW) & Casimir-Polder (CP)
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Zero-point Energy

(mE¥+kx=0 , p=mx k
* (Classical Harmonic Oscillator < p2 1 2 o 4334
= —+ -—mw*x > X
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* Xx,p classical variables
Emin =0
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(H Y(x) =EyY(x) , H= p—+%mw2x2
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e Quantum Harmonic Oscillator |

E = hw (n+5) n=0,12,..

* x,p QM operators
1
Emin = Efl(l)
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Zero-point Energy: Electromagnetic Field

 Maxwell equations (potentials) ==——p wave equations
* Single-mode equation: Ay, + c?k?Ayr = 0

e Each mode of EM field ===p harmonic oscillator

Emin(k) =0

 Quantum Electromagnetic Field
1
Emin(k) = Eha)k

* Infinite modes mm==Pp infinite zero-point EM energy
* Excitation of EM oscillators =g photon
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vdW Forces

 Mediated by vacuum EM field ==—=p exchange (virtual) photons

* Photons propagate at finite speed =——p retardation effects

e Short distance: non-retarded London dispersion (AE « —R;S)

* Long distance: retarded Casimir-Polder force (AE o< —R_})
H. B. G. Casimir, D. Polder, Phys. Rev. 73 (1948)

1 € : energy

i - - P: polarizati
* Borrowed energy subject to energy-time uncertainty polariza °”
* small R,) =P high-frequency modes contributions .

* large R;} =P |OwW-frequency modes contributions

e Excited atoms: borrow/lend £ & P =—=p +force (resonant and off-resonant)

L. Gomberoff, R. R. McLone, E. A. Power, J. Chem. Phys. 44 (1966)
H. Safari, R. Karimpour, PRL 114 (2015)
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vdW Forces: External Fields & Boundaries

e External fields

* Dynamic Fields === excitation of vacuum EM field

 Nearzone: AE < —R_,
(pair-orientation averaged)
 Farzone: AE « +R_

T. Thirunamachandran, Molecular Physics 40 (1980)

*  Static Fields ======p AE,; o< +R_; & AE,, « —R.S
R. Karimpour, D. Fedorov, A Tkatchenko, PRR 4 (2022)
R. Karimpour, D. Fedorov, A Tkatchenko, PRL 121 (2022)

e Boundaries

e Scattered modes from boundaries

Field = Field© + Field Macroscopic QED ¥

S. Y. Buhmann, “Dispersion Forces | & II”, Springer, 2013
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Casimir Force

* Boundaries reshape fluctuations

F Casimir

Outside the plates wmm——p mode spectrum remains full

Between the plates == some modes fit between the plates

Imbalance between inside & outside fluctuations === net pressure

T2 hc )
24-0 d*

Casimir (1948): attraction between two perfectly conducting plates (—
H.B.G. Casimir, Proc. Kon. Nederland. Akad. Wetensch 51, 793 (1948)

* Lifshitz Theory: real materials, finite temperature UXE — i%H, UxH = _iQ[E(w)E + K]

* Based on Rytov’s “fluctuational electrodynamics” (K, (r, @)K () o 8 — 17)8(w — w,)lm[e(w)]hcothzz
B

* Force == attraction/repulsion depending on setup

E. M. Lifshitz, M. Hamermesh, Perspectives in theoretical physics, Pergamon (1992), pp. 329-349.
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Zero-Point Energy: Fermionic Fields

* QM Fluctuations of Fields ==p zero-point energy

ihd ) = Hp | (09 (0 )

* Dirac equation (free fermion): a: =
d Hp = fmc? +ca-p ©o\o 0 0 -

* Solutions: u,, v, for E,= +M2cH + P22 —r 1)) = Yp(cpuy, +c5v5) , D= (—E,—p,—5)

~IR—

Y o=3,upcy + vﬁb;)
. m—  H, =E,+ Y., E,(cic, + bth,) |, Ey=— ) |E,|
Pt = Yp(upcy + vsby) b 0+ 2LpEp(cpcp + bpby) 0 E p

C. Cohen-Tannoudji et al, “Photons and Atoms: Introduction to Quantum Electrodynamics”, John Wiley & Sons, 1997
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Fermionic Casimir Forces

* Two parallel plates restrict allowed momenta perpendicular to the plates

* Massless case (m=0) with bag boundary condition (no particle current through walls):

F 7% he

7
A 960d* (Fp = ZFEM)

 Boundary Condition =—==p Attractive/Repulsive Force

M. Bordag et al. “"Advances in the Casimir effect”, Vol. 145. OUP Oxford, 2009.
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Challenges

* Infinite Energies
* Mode sum for vacuum energy (with/without boundaries) === infinite energy
* Regularization & Renormalization

2S
* Math Techniques: e.g. Zeta function (E = Z%w - E(s) = ”sz (s — %) — identify divergencies — regularize),

cutoffs, etc.

* Green function approach (e.g. in Lifshitz theory)

* Geometry

 |tis not all about modes confinement!
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Challenges: Geometry

 |tis not all about modes confinement:

* |t’s also about the distribution of stress on boundaries!
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Questions

Boundary Conditions relevant in condensed matter and solids?

Macroscopic to microscopic for fermionic fields?

 Atoms borrow polarization from fermionic field?

* Atoms response properties to fermionic fluctuations?
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