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Dipole-dipole interactions between neutrons

Outline

• Motivation

• Static and frequency-dependent dipole polarizabilities

• neutron-neutron Casimir-Polder interaction

• neutron-Wall and Wall-neutron-Wall interactions

• Summary and outlook
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Casimir-Polder interaction between two neutral objects

Phillips Lab., Netherlands

• Overbeek, 1940: suspensions of quartz powder ⇒ no van der Waals tail

• Casimir & Polder: r−6 → r−7

(Retardation effects: c finite)

• Niels Bohr: “zero-point energy”
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Casimir-Polder interaction between two neutral objects

Casimir

Welton & Weisskopf

Schwinger

· · ·
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Casimir-Polder interaction between two neutral objects

Feinberg & Sucher, PRA 2, 2395 (1970), Spruch & Kelsey, PRA 18, 845 (1978)

VCP ;ij(r) = − α0

πr6
Iij(r) ,

Iij(r) =

∫ ∞
0

dω e−2α0ωr
{[
αi(iω)αj(iω) + βi(iω)βj(iω)

]
PE(α0ωr)

+
[
αi(iω)βj(iω) + βi(iω)αj(iω)

]
PM(α0ωr)

}
,

PE(x) = x4 + 2x3 + 5x2 + 6x+ 3 , PM(x) = −(x4 + 2x3 + x2) .

neutron-neutron:

VCP,nn(r →∞) ∼ − 1

4πr7

[
23(α2

n + β2
n)− 14αnβn

]
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Detour: van der Waals of the nuclear force
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Detour: van der Waals of the nuclear force

Detour: gravitational physics
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Polarizabilities: induced response to an applied external field

Heff = −4π

[
1

2
αEE2 +

1

2
βM H2

]
Nucleon/nuclear Compton scattering

= TBorn + Tnon−Born

Hagelstein, Miskimen, Pascalutsa, Prog.Part.Nucl.Phys., 2016

TBorn =
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Polarizabilities: induced response to an applied external field

Hagelstein, Miskimen, Pascalutsa, Prog.Part.Nucl.Phys., 2016

Tλ′γλ′NλγλN
= ūλ′

N
(p
′
)ε
?
λ′γ,µ

T
µν

(q
′
, q, P ) ε

?
λγ,ν

uλN(p)

(8π
√
s)φ1 ≡ T−1/2−1/2 = T+1/2+1/2 ,

(8π
√
s)φ2 ≡ T−1/2+1/2 = T+1/2−1/2 ,

(8π
√
s)φ3 ≡ T−1/2+3/2 = T+1/2−3/2 = T+3/2−1/2 = T−3/2+1/2 ,

(8π
√
s)φ4 ≡ T−1/2−3/2 = T+1/2+3/2 = T+3/2+1/2 = T−3/2−1/2 ,

(8π
√
s)φ5 ≡ T+3/2+3/2 = T−3/2−3/2 ,

(8π
√
s)φ6 ≡ T−3/2+3/2 = T+3/2−3/2 .

T
J
H′H(ω) =

1

2

∫ 1

−1

d(cos θ)TH′H(ω, θ)d
J
HH′(θ) ,
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Polarizabilities: induced response to an applied external field

Hagelstein, Miskimen, Pascalutsa, Prog.Part.Nucl.Phys., 2016

f
1+
EE
MM

=
1

8

[(
φ

3/2
1 ∓ φ3/2

2

)
+ 2
√

3
(
±φ3/2

3 − φ3/2
4

)
+ 3

(
φ

3/2
5 ∓ φ3/2

6

)]
f

1−
EE
MM

=
1

2

(
φ

1/2
1 ∓ φ1/2

2

)
[
αE(ω)

βM(ω)

]
=

1

ω2

[
2f

1+
EE
MM

(ω) + f
1−
EE
MM

(ω)

]
our fits:

αn(ω) = αE(ω) =
αn(0)

√
(mπ + a1)(2Mn + a2)(0.2a2)

2√
(
√
m2
π − ω2 + a1)(

√
4M2

n − ω2 + a2)
[
|ω|2 + (0.2a2)2

]
βn(ω) = βM(ω) =

βn(0)− b2
1ω

2 + b3
2 Re(ω)

(ω2 − ω2
∆)2 + |ω2Γ2

∆|
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Our fits:

αn(0) (10−4fm3) βn(0) (10−4fm3)

Set 1 (fit parameter) 13.9968 4.2612

Set 2 (PDG) 11.6 3.7

Set 3 (Kossert et al., 2003) 12.5 2.7
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HB-χEFT: Hildebrandt et al., EPJA 20, 290 (2004)
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HB-χEFT: Hildebrandt et al., EPJA 20, 290 (2004)
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HB-χEFT: Hildebrandt et al., EPJA 20, 290 (2004)
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HB-χEFT: Hildebrandt et al., EPJA 20, 290 (2004)
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HB-χEFT: Hildebrandt et al., EPJA 20, 290 (2004)
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neutron-neutron Casimir-Polder interaction

Iij(r) =

∫ ∞
0

dω e−2α0ωr
{[
αi(iω)αj(iω) + βi(iω)βj(iω)

]
PE(α0ωr)

+
[
αi(iω)βj(iω) + βi(iω)αj(iω)

]
PM(α0ωr)

}
,

• r . 20 fm ⇒ (2α0 × 20 fm)−1 ∼ 670 MeV

• r ∼ 50 fm ⇒ (2α0 × 50 fm)−1 ∼ 270 MeV ∼ ω∆

• r & 100 fm ⇒ (2α0 × 100 fm)−1 ∼ 135 MeV ∼ mπ
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neutron-neutron Casimir-Polder interaction
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Thin blue curve: static limit of the polarizabilities (V ?CP,nn)
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neutron-neutron Casimir-Polder interaction
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Thin continuous lines: arctan parametrization (O’Carroll & Sucher 69, Arnold 73)
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neutron-Wall Casimir-Polder interaction
(Zhou & Spruch, PRA 52, 297 (95).)

VCP,nW (r) = −
α0

4πr3
JnW (r), JnW (r) =

∫ ∞
0

dω e
−2α0ωrαn(iω)Q(α0ωr), Q(x) = 2x

2
+ 2x+ 1

Thin blue curve: static limit of the polarizabilities (V ?CP,nW )
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neutron-Wall Casimir-Polder interaction
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neutron-Wall Casimir-Polder interaction
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• UC neutrons: vn ∼ 3-25 m/s

• Fermi pseudo-potential: VF = ρa (2π~2/MN) [Ni ≈ 252 neV, Al ≈ 54 neV]
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Wall-neutron-Wall

VCP,WnW (z, L) = −
1

πL3

∫ ∞
0

dt
t2 cosh (2tz/L)

sinh (t)

∫ t
α0L

0
dωα(iω)

+
α2

0
πL

∫ ∞
0

dωω
2
α(iω)

∫ ∞
α0Lω

dt
e−t

sinh (t)

= −
1

α0πL
4

∫ ∞
0

u
3
duα

(
i
u

α0L

)∫ ∞
1

dv

sinh(uv)

[
v
2

cosh

(
2z

L
uv

)
− e−uv

]

−L
2
≤ z ≤ +

L

2

Zhou & Spruch, PRA 52, 297 (95).

Kharchenko, Babb, Dalgarno, PRA 55, 3566 (97), for Na atoms.
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Wall-neutron-Wall
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Left: z = 0.45L. Right: z = 0.0L.
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Wall-neutron-Wall
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Tetraneutrons and nn VDW/CP interaction?

8He + 4He → 4n + 8Be → 4n + 4He + 4He

K. Kisamori et al. Phys. Rev. Lett. 116, 052501 (2016)
K. Hebeler et al., Constraints on Neutron Star Radii Based on Chiral
Effective Field Theory Interactions, Phys. Rev. Lett. 105, 161102
(2010).
J.P. Schiffer and R. Vandenbosch, Search for a Particle-Stable Tetra
Neutron, Phys. Lett. 5, 292 (1963).
F. M. Marqués et al., Detection of Neutron Clusters, Phys. Rev. C
65, 044006 (2002).
Steven C. Pieper, Can Modern Nuclear Hamiltonians Tolerate a
Bound Tetraneutron?, Phys. Rev. Lett. 90, 252501 (2003),
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Experiment indicates existence of 4n resonance cluster
Modern theory with usual inputs can not reproduce experiment

Would the addition of nn VDW/CP interactions in the
theory alter the impasse?
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Summary

• Casimir-Polder interactions: retardation effects, alters the van der Waals tail,
zero-point energy

• Dipole polarizabilities: existence of a dipole-dipole dispersive interaction between
neutrons [book of Rauch and Werner, Neutron Interferometry (Sec. 10.11)]

• Same book: neutron through a wire ⇒ topological quantum phase

• Dipole polarizabilities: fit to RB-χEFT of Lensky et al., up to the onset of ∆

• ⇒ improvement over the arctan parametrization

• neutron-Wall and Wall-neutron-Wall: UCN, confinement in bottles, wires, etc.

• Perspectives: better modeling/extraction of dipole polarizabilities, magnetic
moment interactions, quadrupole polarizabilities, Fermi pseudo-potential, etc.
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Our fits:

αn(0) (10−4fm3) a1 (MeV) a2 (MeV) βn(0) (10−4fm3) b1 (MeV) b2 (MeV) ω∆ (MeV) Γ∆ (MeV)

Set 1 13.9968 12.2648 1621.63 4.2612 8.33572 22.85 241.484 66.92 65

Set 2 11.6 2.2707 2721.47 3.7 8.67962 24.2003 241.593 68.3009

Set 3 12.5 5.91153 2118.79 2.7 9.27719 26.328 241.821 70.8674
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Thank you
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