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Long range neutrino forces in the cosmic relic neutrino background
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Neutrinos mediate long range forces among macroscopic bodies in a vacuum. When the bodies are placed in
the neutrino cosmic background, these forces are modified. Indeed, at distances long compared to the scale
T21, the relic neutrinos completely screen off the two-neutrino exchange force, whereas for small distances the
interaction remains unaffected.

PACS number~s!: 13.15.1g, 98.70.Vc
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Dispersion potentials arising from double particle e
change have been systematically studied in a wide variet
physical contexts and with quite different scopes and p
poses@1#. Indeed, the studies include pure QED phenom
such as van der Waals interactions@2#, two neutrino forces
among macroscopic bodies@3#, forces mediated by scala
particles@4,5# found in recent completions of the standa
model ~e.g., superlight scalar partners of the gravitino!, etc.
In particular two-neutrino exchange forces have been rep
edly scrutinized since first discussed by Feinberg and Suc
An aspect that has been reanalyzed in recent work@6# is the
observation raised in@7# that the cosmic neutrino heat ba
has an effect on long range neutrino interactions. In b
Refs.@7,6# an approximate neutrino distribution function w
used that simplified the calculations. The claim was that fo
small neutrino chemical potential, the background neutri
can be considered nearly Boltzmann distributed and this f
while only introducing a small distortion into the long rang
forces, makes the calculations much easier. But the ac
phase-space distribution for relic cosmological neutrinos
a Fermi-Dirac shape. Indeed, any fermionic species in th
mal equilibrium which at timetD and temperatureTD of
decoupling was highly relativistic followed an equilibrium
distribution n(p,tD)5@exp(E/TD)11#21. After decoupling,
the energy is redshifted by the expansion of the Unive
E(t)5E(tD)@R(tD)/R(t)#, as the number density decreas
like R23. As a result, the phase-space distribution at timt
will keep the Fermi-Dirac form with the temperatureT(t)
5TD@R(tD)/R(t)#. In the present paper we use the exa
Fermi-Dirac neutrino distribution function with arbitrar
chemical potential and observe that the long distance res
are drastically modified even for a small chemical poten
in contrast to previous claims. We neglect the effect o
neutrino mass which for the phenomenologically sugges
values would not affect the present results. We commen
passing that there has been in the recent literature@8# re-
newed interest in cosmic neutrino degeneracy which co
make neutrino scattering a viable explanation for
ultrahigh-energy cosmic ray events observed so far.

We shall adopt the notation in@7,6# and write

V~r !52E d3Q

~2p!3
exp~ iQ•r !T~Q!, ~1!
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whereT(Q) is the nucleon-nucleon elastic scattering amp
tude ~Fig. 1! in the static limit, i.e., momentum transferQ
.(0,Q), where matter is supposed to be at rest in the mic
wave background radiation~MWBR! frame. It can be cast in
the form

T~Q!522iGF
2~gV ,22gAS!m~gV8 ,22gA8S8!nI mn , ~2!

with

I mn5E d4k

~2p!4
Tr@gmOiST~k!gnOiST~k2Q!# ~3!

and S,S8 are spin operators. The operatorO is the left-
handed projector 1

2 (12g5) for Dirac neutrinos. The
temperature-dependent propagatorST has the explicit form

ST~k!5k” @~k21 i e!2112p id~k2!„u~k0!n11u~2k0!n2…#,
~4!

wheren1 andn2 are Fermi-Dirac distribution functions fo
particle and antiparticle, respectively. As discussed in@7#,
Fig. 1 evaluated with this propagator taken together with
usual Feynman rules is sufficient to calculate the potentia
Eq. ~2!, gV,A are composition-dependent weak vector a
axial-vector couplings. We focus on the spin-independ
potential, that is, thegVgV8 component of Eq.~2!. Physically

FIG. 1. Lowest order Feynman diagram for two neutrino e
change in the four fermion effective theory.
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this component in the potential arises because the hel
flip produced by single neutrino exchange is balanced by
exchange of the second neutrino and, as a consequen
spin-independent interaction takes place that leads to a
herent effect over many particles in bulk matter. Use of
first piece in Eq.~3! gives the well-known vacuum result

V0~r !5
GF

2gVgV8

4p3r 5
. ~5!

In a neutrino background, a contribution to the long ran
force can arise because a neutrino in the thermal bath ma
excited and deexcited back to its original state in the cou
of the double scattering process. This effect is described
the crossed terms contained inI mn that involve the therma
piece of one neutrino propagator along with the vacu
piece of the other neutrino propagator. This thermal piece
the tensorI mn can be written as

I T
mn52p i E d4k

~2p!4
d~k2!@u~k0!n11u~2k0!n2#

3FTr@gm~k”1Q” !gnk” #

~k1Q!21 i e
1

Tr@gmk”gn~k”2Q” !#

~k2Q!21 i e
G . ~6!

The temperature-dependent potential

VT~r !5
iGF

2gVgV8

p2r
E

0

`

dQ Q IT
00~Q! sinQr ~7!

involves theI T
00(Q) component:

I T
00~Q!5

2 i

p2E dk k3 E
21

1

dz
~12z2!

4k2z22Q2 ~n11n2!, ~8!

with n6(k0[v,T)5(ev/T7m/T11)21, m being the chemi-
cal potential of the neutrinos.

We change now the order of the integrations and perfo
first the integration overQ, followed by the angular integra
tion, that is, the integration overz. The first step gives

VT~r !52
GF

2gVgV8

2p3r
E

0

`

dk k3 ~n11n2!

3E
21

1

dz~12z2! cos 2kzr. ~9!

The result of thez integration can be cast in the form

VT~r !52
GF

2gVgV8

4p3r 4 F12r
d

drG I T~r ;m!, ~10!

with

I T~r ;m![E
0

`

dv @~ev/T2m/T11!21

1~ev/T1m/T11!21# sin2vr . ~11!
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The thermal integralI T(r ;m) can be done by realizing tha
the Fermi-Dirac distribution function can be written as
infinite series

1

ex11
5 (

n51

`

~21!n11e2n x. ~12!

Our potential is now an infinite series where every sin
integration can be easily performed. The final result is
pressible in terms of the hypergeometric functi
F(a,b;c;z). Indeed, we have

I T~r ;m!5
1

4r
@F~1,22irT ;122irT ;2e2m/T!

1F~1,22irT ;122irT ;2em/T!

1F~1,2irT ;112irT ;2e2m/T!

1F~1,2irT ;112irT ;2em/T!

28prT cos2rm csch 2prT#, ~13!

which is to be plugged into Eq.~10!.
Let us single out a few special cases. Start with non

generate neutrinos (m50). In that case the argument of th
hypergeometric function is21 and we may use the follow
ing property:

F~1,a;11a;21!5
a

2 FcS 1

2
1

a

2D2cS a

2D G , ~14!

wherec(z) is the logarithmic derivative of theG(z) func-
tion. Two further properties ofc(z) are of help here,

cS 1

2
1zD2cS 1

2
2zD5p tanpz,

c~z!2c~2z!52p cotpz2
1

z
. ~15!

After some straightforward algebraI T(r ;m50) reads

I T~r ;m50!5
1

2r
@122prT csch 2prT#. ~16!

Finally, the temperature-dependent potential for nondege
ate relic neutrinos is

VT~r !52V0~r !@12prT csch 2prT

3~112prT coth 2prT !#, ~17!

whereV0(r ) is the Feinberg Sucher potential@see Eq.~5!#.
At short distancesr !1.2 mm, i.e., short compared to th
distance scale set by the neutrino background tempera
the temperature-dependent piece of the potential is ne
gible. It is

VT~r !'2
14

45
V0~r !~prT !4. ~18!
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At large distances~i.e., rT@1), on the contrary, the
temperature-dependent effect exactly cancels the vac
component,

VT~r !'2V0~r !. ~19!

The other instance that we wish to explore now is the c
of cold degenerate neutrinos (T.0,mÞ0). Here we use the
relation

F~1,0,1;z!51 ~20!

and obtain

I T.0~r ;m!.
1

r
~12cos 2mr !. ~21!

So finally, we have, for the potential,

VT.0~r !.22V0~r !@12cos 2mr 2mr sin 2mr #, ~22!

which agrees with the result given in@7# and in @9# for this
special limit @10#.

To illustrate a general situation where we cannot ma
use of approximations, we plot the ratioVT(r )/V0(r ) as a
function of distance for a chemical potential on the order
the neutrino background temperature~well within the bounds
on the cosmic neutrino degeneracy that come from prim
dial nucleosynthesis@11# as well as structure formation stud
ies @12#!. This is depicted in Fig. 2. The curve clearly show
the general trend: at short distances~much less than 1 mm!
the effect of the neutrino relic background on the neutr
exchange potential is smallish and for distances of abo
mm and beyond relic neutrinos tend to screen it off.

We close this paper with a brief summary. Neutrinos m
diate ~very feeble! long range forces between macroscop
bodies in a vacuum. Indeed double neutrino exchange am
matter fermions generates spin-independent forces that
tend coherently over macroscopic distances. When the b
ies lie in a neutrino heat bath these forces are altered.
phenomenon was first studied in@7# and further explored by
the present authors@6#. Here we have reanalyzed the effe
of a neutrino background on the neutrino-mediated for
using the exact Fermi-Dirac distribution function with arb
trary chemical potential. This was not done before where,
the sake of a simpler calculation, either a cold extrem
degenerate~suited e.g., for supernova neutrinos! neutrino sea
m

ys
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or a Maxwell-Boltzmann neutrino gas were used. T
present analysis has led to quite different conclusions a
the long range behavior of the neutrino-induced interactio
Indeed, the relic neutrino background, contrary to previo
claims, completely cancels the long distance tail (r>1 mm!
of the two-neutrino-exchange force and leaves the short
tance (r !1 mm! component of the interaction unaffecte
Hence the third long range force in nature~that is to say,
besides the gravitational and electromagnetic forces!, being
already very feeble in a vacuum, is effectively nonoperat
at distancesr>1 mm due to the relic neutrinos. Although w
still lack an experimental confirmation of the existence
relic neutrinos in spite of many suggestions to detect th
@13#, their theoretical status is well established within b
bang theory. Therefore their effect on neutrino-media
long range forces is indisputable.

F.F. would like to thank G. Raffelt for the hospitalit
extended to him during a visit to MPI, Mu¨nchen. F.F. also
thanks G. Raffelt and L. Stodolsky for useful discussio
This work was partially supported by CICYT Resear
Project No. AEN98-1093. F.F. acknowledges the CIRIT
financial support. M.N. would like to thank Fundac¸ão de
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FIG. 2. Ratio between the potentialVT , at T;1.98 K, corre-
sponding to the cosmic neutrino background and the Feinb
Sucher potentialV0 whenm/T51.
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