Fermionic and Scalar Casimir Effect within the Scattering Approach

Andreas Wirzba
Institut far Kernphysik
Forschungszentrum Julich

o g < AV > D> e KITP  Oct. 23,2008 Fermionic and Scalar Casimir Effect within the Scattering Approach  Andreas Wirzba ’J JULICH

FORSCHUNGSZENTRUM



Fermionic and Scalar Casimir Effect within the Scattering Approach

Andreas Wirzba
Institut far Kernphysik
Forschungszentrum Julich

1. General remarks about the Casimir effect and its geometry dependence

o g < AV > D> e KITP  Oct. 23,2008 Fermionic and Scalar Casimir Effect within the Scattering Approach  Andreas Wirzba ’JJULICH

FORSCHUNGSZENTRUM



Fermionic and Scalar Casimir Effect within the Scattering Approach

Andreas Wirzba
Institut far Kernphysik
Forschungszentrum Julich

1. General remarks about the Casimir effect and its geometry dependence
2. Generalization to bubbles in the Fermi sea

o g < AV > D> e KITP  Oct. 23,2008 Fermionic and Scalar Casimir Effect within the Scattering Approach  Andreas Wirzba ’JJULICH

FORSCHUNGSZENTRUM



Fermionic and Scalar Casimir Effect within the Scattering Approach

Andreas Wirzba
Institut far Kernphysik
Forschungszentrum Julich

1. General remarks about the Casimir effect and its geometry dependence
2. Generalization to bubbles in the Fermi sea
3. Map to a multi-scattering problem of a point particle

o g < AV > D> e KITP  Oct. 23,2008 Fermionic and Scalar Casimir Effect within the Scattering Approach  Andreas Wirzba ’JJULICH

FORSCHUNGSZENTRUM



Fermionic and Scalar Casimir Effect within the Scattering Approach

Andreas Wirzba
Institut far Kernphysik

Forschungszentrum Julich

General remarks about the Casimir effect and its geometry dependence
Generalization to bubbles in the Fermi sea

Map to a multi-scattering problem of a point particle

Interactions of two, three and four bubbles

= B9 =

RRRRRRRRRRRRRRRR



Fermionic and Scalar Casimir Effect within the Scattering Approach

Andreas Wirzba
Institut far Kernphysik

Forschungszentrum Julich

General remarks about the Casimir effect and its geometry dependence
Generalization to bubbles in the Fermi sea

Map to a multi-scattering problem of a point particle

Interactions of two, three and four bubbles

Interactions between superfluid bubbles

T 89N =

RRRRRRRRRRRRRRRR



Fermionic and Scalar Casimir Effect within the Scattering Approach

Andreas Wirzba
Institut far Kernphysik

Forschungszentrum Julich

General remarks about the Casimir effect and its geometry dependence
Generalization to bubbles in the Fermi sea

Map to a multi-scattering problem of a point particle

Interactions of two, three and four bubbles

Interactions between superfluid bubbles

Scalar Casimir effect

= -

RRRRRRRRRRRRRRRR



Fermionic and Scalar Casimir Effect within the Scattering Approach

Andreas Wirzba
Institut far Kernphysik
Forschungszentrum Julich

General remarks about the Casimir effect and its geometry dependence
Generalization to bubbles in the Fermi sea

Map to a multi-scattering problem of a point particle

Interactions of two, three and four bubbles

Interactions between superfluid bubbles

Scalar Casimir effect

Conclusions

SN O s 29 e =

RRRRRRRRRRRRRRRR



SN O s 29 e =

Fermionic and Scalar Casimir Effect within the Scattering Approach

Andreas Wirzba
Institut far Kernphysik
Forschungszentrum Julich

General remarks about the Casimir effect and its geometry dependence
Generalization to bubbles in the Fermi sea

Map to a multi-scattering problem of a point particle

Interactions of two, three and four bubbles

Interactions between superfluid bubbles

Scalar Casimir effect

Conclusions

Together with Aurel Bulgac (Seattle) and Piotr Magierski (Warsaw):

A. Bulgac & A.\W., Phys. Rev. Lett. 87 (2001) 120404;
A. Bulgac, P. Magierski & A.W., Europhys. Lett. 72 (2005) 327;
A. Bulgac, P. Magierski & A.W., Phys. Rev. D 73 (2006) 025007;
A.W., A. Bulgac & P. Magierski, J. Phys. A 39 (2006) 6815;

AW., J. Phys. A 41 (2008) 164003.

o g < AV > D> e KITP  Oct. 23,2008 Fermionic and Scalar Casimir Effect within the Scattering Approach  Andreas Wirzba ’JJULICH

FORSCHUNGSZENTRUM



e H.B.G. Casimir (1948): two conducting, but uncharged parallel plates attract 2
each other ip vacuum

FI(D) he w2 .1 pm?
— = o 1 N
A L4 240 3> 10 L%  cm?
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e H.B.G. Casimir (1948): two conducting, but uncharged parallel plates attract 2
each other in vacuum
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e Reason: zero-point fluctuations of the e.m. field modified | wlooi— | \
by the presence of the plates relative to the free case iy D
CASIMIR PLATES &

— change in the energy of the vacuum: Zﬁ%hwaplates@) — i%hwﬂﬂee@_)oo )
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e H.B.G. Casimir (1948): two conducting, but uncharged parallel plates attract

each other in vacuum
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2
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e Reason: zero-point fluctuations of the e.m. field modified
by the presence of the plates relative to the free case

S. L. Boersma:

Figure 7.8 Two nearby ships rolling in a swell of ocean waves. Some waves are excluded
from the region between the ships and the ships are forced together by the higher wave pressure

on their outer sides,
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from the region between the ships and the ships are forced together by the higher wave pressure

on their outer sides,

e Distinctive Feature: Casimir calculations depend on the geometry in a
non-intuitive way.
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‘ Casimir effect and vacuum energy of QFT: I ;
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‘ Casimir effect and vacuum energy of QFT: I ;

¢ Infinite zero-point energy can be subtraced (discarded) by suitable re-definition of the
energy-origin (e.g. by normal ordering)
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energy-origin (e.g. by normal ordering)
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¢ Infinite zero-point energy can be subtraced (discarded) by suitable re-definition of the
energy-origin (e.g. by normal ordering)

e However, energy-origin can be re-defined only once
(and only in homogeneous space (no b.c.’s) and only in the absence of gravity)

. Casimir effect = difference of (properly regularized)
eigen-mode sums of constrained QFT
— eigen-mode sums of free QFT

kaydeg ki,l/deg

1
V,A,C —ZS 5 hwi V,A,Q))

statistic

( gravity (e.g. non-flat metric)

: external fields (e.g. anomalies)

CesEEe 9y ¢ internal fields (e.g. QCD vacuum)
(

| geom.-dep. b.c.’s 2 plates, 2 half-spheres, ...)
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‘ Original Casimir effect: I 4

L
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‘ Original Casimir effect: I 4

L

1) EM boundary conditions: B, =0 & E; =0,

. . = 2 decoupled scalar fields
A 4 2) quasi 1-dimensional “box’geometry } P
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‘ Original Casimir effect: I 4

L

1) EM boundary conditions: B, =0 & E; =0,

. . = 2 decoupled scalar fields:
A 4 2) quasi 1-dimensional “box’geometry } P

TE-modes (sin) with Dirichlet b.c.’s,
TM-modes (cos) with Neumann b.c.s
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‘ Original Casimir effect: I

L
1) EM boundary conditions: B, =0 & E; =0,
A 4 2) quasi 1-dimensional “box’geometry
[EM . k) [
b (L) = JmAf[mrsl D 3
n | =

4

= lim hear | 3&/0)
A_>OO N 7T2 _/
background

} = 2 decoupled scalar fields:

TE-modes (sin) with Dirichlet b.c.’s,
TM-modes (cos) with Neumann b.c.s

hc\/kﬁ+(nf7r)2 \
;iw(k”,nL, LS + Z %hw(k”,nb L) e

nJ_:O )

hw(k” ,’I’LJ_,L)

(A/hc)3 U 2 /A276
E 1+1) L 720t +0O ((he)” /AL®)
bulk egEM(L)
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‘ Original Casimir effect: I 4

L

1) EM boundary conditions: B, =0 & E; =0,

. . = 2 decoupled scalar fields:
A 4 2) quasi 1-dimensional “box’geometry } P

TE-modes (sin) with Dirichlet b.c.’s,
TM-modes (cos) with Neumann b.c.s

( hc\/kﬁ+(nf7r)2 \
EM . k| S 1 T e _ el n L)
ot (L) = Ah—>n;oA (271‘)2 Z 5 hw(k”,nL,L) —1—2 §hw(k||,nL,L) €
\nj_:1 TLJ_:O )
—  lim fear| 3/ (—1+1) ARy ™ ((he)?/A?LE)
A0 om0 4wl 720L*
background bulk elEM ()

e UV-cutoff A corresponds to plasma frequency.
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‘ Original Casimir effect: I 4

L

1) EM boundary conditions: B, =0 & E; =0,
A 4 2) quasi 1-dimensional “box’geometry

TE-modes (sin) with Dirichlet b.c.’s,
TM-modes (cos) with Neumann b.c.s

( hc\/kﬁ+(nfﬂ)2 \
EJLE)M(L) = lim A// (21)? Z %%w(kn,nL,LS—i—Z %hw(k”,nL,L) N

} = 2 decoupled scalar fields:

hw(k“ ,’I’LJ_,L)

A—o0 ] 0
\M - )
. 3(A/hC)4 (A/\/hC)3 7T2 2 2.6
= lim AcAL 1+1 — h AL
Alm heAL| ==5— + (“1HD) =7 = mopga +O () /A°L)
background bulk el(/LEM(L)

e UV-cutoff A corresponds to plasma frequency.

e When the (infinitely) far separated plates are brought into a finite distance L, the
background terms as well as the bulk terms of the single plates are unaffected
and therefore removable = the Casimir energy is finite, even in the limit A — oc.
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‘ “Generalization” of concept of Casimir energy: I ‘ 1) the geometry dependencel
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‘ “Generalization” of concept of Casimir energy: I ‘ 1) the geometry dependencel

‘ Casimir energyl = vacuum energy from the geometry-dependent part
of the density of states (d.o.s)
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‘ “Generalization” of concept of Casimir energy: I ‘ 1) the geometry dependencel

‘ Casimir energyl = vacuum energy from the geometry-dependent part
of the density of states (d.o.s)

(<« shell correction energy in Nucl. Phys.)

d.o.s.: p(E) = Z(S(E—Ek) = po(E) +€bu1k(EZ+§pc(E,geom.-dep.z

E WV TV
k free case L—o0 L finite
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‘ “Generalization” of concept of Casimir energy: I ‘ 1) the geometry dependencel

‘ Casimir energyl = vacuum energy from the geometry-dependent part
of the density of states (d.o.s)

(<« shell correction energy in Nucl. Phys.)

d.o.s.: p(E)

Z 0(FE — Ex) = po(F) +€bu1k(EZ+§pc(E, geom.-dep.z

E WV TV
k free case L—o0 L finite

— Casimir Energy: &

/ dE E dpc(FE, geom.-dep.) = —/ dE N¢(E, geom.-dep.)
0 0
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‘ “Generalization” of concept of Casimir energy: I ‘ 1) the geometry dependencel

‘ Casimir energyl = vacuum energy from the geometry-dependent part
of the density of states (d.o.s)

(<« shell correction energy in Nucl. Phys.)

d.o.s.: p(E)

Z 0(FE — Ex) = po(F) +€bu1k(EZ+§pc(E, geom.-dep.z

E WV TV
k free case L—o0 L finite

— Casimir Energy: &

/ dE E dpc(FE, geom.-dep.) = —/ dE N¢(E, geom.-dep.)
0 0

E
where Nc(E) = / dE" 5pc(E')  (geom-dep. part of the integrated d.o.s)
0
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“‘Generalization” of concept of Casimir energy:l ‘ 2) matter fie/dsl
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“‘Generalization” of concept of Casimir energy:l ‘ 2) matter fie/dsl

e Here: space not “filled” with fluctuating EM modes, but with a gas
of non-interacting (non-relativistic) fermions.
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e Here: space not “filled” with fluctuating EM modes, but with a gas
of non-interacting (non-relativistic) fermions.

e Similarity : Existence of mode sums Y hw; with constant degeneracy factor
(because of Pauli’'s exclusion principle).
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“‘Generalization” of concept of Casimir energy:l ‘ 2) matter fie/dsl

e Here: space not “filled” with fluctuating EM modes, but with a gas
of non-interacting (non-relativistic) fermions.

e Similarity : Existence of mode sums Y hw; with constant degeneracy factor

(because of Pauli’'s exclusion principle).

e Difference : Existence of a 2nd scale: Fermi energy = chem. potential (at T ~ 0)
(in addition to the geometrical scales).

Physics dominated by UV scale
in contrast to long-wave behavior of usual Casimir effect.

e Concrete: Matter fields (fermions) in the space between voids

— the voids obstruct the free motion of the fermions,
— quantum pressure of the fermions on the voids depends on geometry.

. effective Casimir-type interaction between empty regions of space
in the background of non-interacting fermionic fields
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‘ Applicationsl In the inner crust of a neutron star:
7

e nuclei lose neutrons due to increasing

Crystalline solid 0 ~10° glem® :
~.__ pressure and density: below the satura-
- @ -0 @ Nl S~ax10"gem’| . tion density = chain of phases between
oo o "1 W= )/’_ 0.03 fm~3 and 0.1 fm—3.
_ __"e.ee o
Electrons < 0 A o~10"giem®
Lot / Cuter /
®°® °Ol"/ /' crust/ Inner
- . Uniform

Neutrons

nuclear matter

Exotic nuclear shapes
»pasta” phase
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‘ Applicationsl In the inner crust of a neutron star:

Crystalline solid 0 ~10° glem®

Nuclei

. ®-® $
‘@@, v
_reesa A

Electrons A " |p~10"glem®

Core

Uniform
nuclear matter

Neutrons

Exotic nuclear shapes
»pasta” phase

e nuclei lose neutrons due to increasing
pressure and density: below the satura-

A e | p%xmﬁg&ma * tion density = chain of phases between

0.03 fm—2 and 0.1 fm 3.

e liquid-drop model (interplay of
Coulomb- and surface energies):

nuclei — rods — slabs — tubes —
bubbles — uniform matter

(G. Baym, H.A. Bethe, C. Pethick, N.P A 175 ('71))
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‘ Applicationsl In the inner crust of a neutron star:
7

e nuclei lose neutrons due to increasing
_ pressure and density: below the satura-
Nuclel o ~ax10"gome| . tion density = chain of phases between

il )/’_ 0.03 fm~2 and 0.1 fm~3.

Mo~ 10 giem’lll ® liquid-drop model (interplay of
Coulomb- and surface energies):

nuclei — rods — slabs — tubes —
bubbles — uniform matter

Core (G. Baym, H.A. Bethe, C. Pethick, N.P A 175 ('71))

Uniform

nuclear matter e However, the neglected “shell energy”
of the outer neutrons is of the same
auri- - order (keV/fm?) |

A. Bulgac & P. Magierski, Nucl. Phys. A 683 (’01).)

Crystalline solid

p ~10® g/om®

Electrons

Neutrons

Exotic nuclear shapes
»pasta” phase

plasma? (
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‘ Applicationsl In the inner crust of a neutron star:

Electrons

.

Neutrons

Crystalline solid e nuclei lose neutrons due to increasing

p ~10® g/om®

_ pressure and density: below the satura-
Nuclel o ~ax10"gome| . tion density = chain of phases between

Exotic nuclear shapes

»pasta’

* phase
A A

st )/,_ 0.03 fm~2 and 0.1 fm~>.
To~10"gcm’] ® liquid-drop model (interplay of
& Coulomb- and surface energies):
/ Guter nuclei — rods — slabs — tubes —
crust/ Inner bubbles — uniform matter

Core (G. Baym, H.A. Bethe, C. Pethick, N.P. A 175 ('71))

Uniform

nuclear matter e However, the neglected “shell energy”
of the outer neutrons is of the same
auri- - order (keV/fm?) |

A. Bulgac & P. Magierski, Nucl. Phys. A 683 (’01).)

plasma? (

‘ Inside a neutron/quark star: I

e Quark dropplets immersed in hadronic matter at p > pnm
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‘ Applicationsl In the inner crust of a neutron star:
7

e nuclei lose neutrons due to increasing
_ pressure and density: below the satura-
Nuclel o ~ax10"gome| . tion density = chain of phases between

il )/,_ 0.03 fm~2 and 0.1 fm~3.

0 ~10"giem?’]| ® liquid-drop model (interplay of
Coulomb- and surface energies):

nuclei — rods — slabs — tubes —
bubbles — uniform matter

(G. Baym, H.A. Bethe, C. Pethick, N.P. A 175 ('71))

Crystalline solid

p ~10° glem?®

Electrons

/ Cuter
/' crust/ Inner
| crust Core

Uniform

nuclear matter e However, the neglected “shell energy”
of the outer neutrons is of the same
order (keV/fm?) |

A. Bulgac & P. Magierski, Nucl. Phys. A 683 (’01).)

Neutrons

Exotic nuclear shapes
»pasta” phase
A Quark-

gluon

‘ Inside a neutron/quark star: I

e Quark dropplets immersed in hadronic matter at p > pnm

e Buckyballs immersed in an electron gas (in liquid mercury)
|Inthe|ab:|

plasma? (
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e nuclei lose neutrons due to increasing
_ pressure and density: below the satura-
Nuclel o ~ax10"gome| . tion density = chain of phases between

il )/,_ 0.03 fm~2 and 0.1 fm~3.

0 ~10"giem?’]| ® liquid-drop model (interplay of
Coulomb- and surface energies):

nuclei — rods — slabs — tubes —
bubbles — uniform matter

(G. Baym, H.A. Bethe, C. Pethick, N.P. A 175 ('71))

Crystalline solid

p ~10° glem?®

Electrons

/ Cuter
/' crust/ Inner
| crust Core

Uniform

nuclear matter e However, the neglected “shell energy”
of the outer neutrons is of the same
order (keV/fm?) |

A. Bulgac & P. Magierski, Nucl. Phys. A 683 (’01).)

Neutrons

Exotic nuclear shapes
»pasta” phase
A Quark-

gluon

‘ Inside a neutron/quark star: I

e Quark dropplets immersed in hadronic matter at p > pnm
e Buckyballs immersed in an electron gas (in liquid mercury)

| In the lab: I e or buckyballs in liquid *He.

plasma? (
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‘ Applicationsl In the inner crust of a neutron star:
7

e nuclei lose neutrons due to increasing
pressure and density: below the satura-

Crystalline solid 0 ~10° glem’

T;;C;Zi o~ax10"gem?| " tion density = chain of phases between
)/,_ 0.03 fm~* and 0.1 fm~°.
Electrons 0~10"gem’] ® liquid-drop model (interplay of
2 Coulomb- and surface energies):
/ Quter nuclei — rods — slabs — tubes —
/' crust/ Inner bubbles — uniform matter

crust Core

Uniform

nuclear matter e However, the neglected “shell energy”
of the outer neutrons is of the same
order (keV/fm?) |

A. Bulgac & P. Magierski, Nucl. Phys. A 683 (’01).)

(G. Baym, H.A. Bethe, C. Pethick, N.P. A 175 ('71))

Neutrons

Exotic nuclear shapes
»pasta” phase
A Quark-

gluon

‘ Inside a neutron/quark star: I

e Quark dropplets immersed in hadronic matter at p > pnm
e Buckyballs immersed in an electron gas (in liquid mercury)

| In the lab: I e or buckyballs in liquid *He.

e Bose-Einstein droplets in diluted atomic Fermi-condensates.

plasma? (
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