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Optical activity of neutrinos and antineutrinos
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Using the one-loop helicity amplitudes for low-energy— vy and?«/—Jy scattering in the standard
model with massless neutrinos, we study the optical activity of a sea of neutrinos and antineutrinos. In
particular, we estimate the values of the index of refraction and rotary power of this medium in the absence of

dispersion.
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I. INTRODUCTION — a?s?
The elastic neutrino-photon scattering procesg— vy, ADTN(8) = —— h(-s), (2
and the corresponding crossed channels have been the sub- 8miysir’

ject of numerous investigations related to astrophysical ap-
plications[1—9]. When the center of mass energyis much  Where
less than theN-boson massny,, the amplitudes for these 2 9
processes have a relatively simple form. In particular, the h(s)=—4— Eln My +E
forward helicity nonflip amplitudes for the elastic processes 3 m2 m,
vy— vy and vy— vy with massless neutrinos can be ex-
panded in powers of/m3, by making use of unitarity9]. 10+ 64 s
The series are of leading ordg?/my,, and the inclusion of 9 m2
higher powers ofs, such ass®’mg,, enables us to use the
forward elastic scattering amplitudes fory—vy and vy ~ Here, 6y is the weak mixing angleq is the fine structure
— vy to study the optical activity of a sea of neutrinos and°°"Stant and we have neglected higher p‘?V_Vefmi’h‘w
antineutrinos. This property of a neutrino sea was recognize@"dS/My. Using Eq.(12) of Ref. [9], the helicity non-flip
by Nieves and P4dl10] and studied by Mohanty, Nieves, and amplitudes, A} "*7(s), for forward elastic scattering of a
Pal[11] in the case where the photons move in a plasma anghoton of helicity\ and an antineutrino, can be expressed as
therefore experience dispersion. Dispersive effects give rise _
to mass dependent terms of the fokAtmZ (k* denoting the AT Y(s)= A2V (s), 4
photon momentum anoh, the electron magswhich vanish
in the vacuum. Here, we treat the vacuum case wihére which is a consequence &fPT invariance.
satisfiesk?=0, and find a rather different dependencenag To calculate the optical activity of a neutrino-antineutrino
andm, [12]. sea, we consider a photon of helickyand energyw travers-

In the next section, using the results of R&f], we write  ing a bath of neutrinos and antineutrinos that are in thermal
the forward helicity amplitudes for the elastic scattering  equilibrium at the temperatur®,. To give an order of mag-
— vy and vy—vy. We then present a calculation for the Nitude estimate of the index of refraction of this sea, we
index of refraction and the rotary power for a sea of neutri-W/te [13,14
nos and antineutrinos as a function of the energy of an inci-

885|m\2,\,
3 3m2) "\ m2

: 3

dent photon, the temperature of the sea, and the neutrino . 27 vy—vy 2m y— vy

degeneracy parameté= u/T,, where u is the chemical ™ 1= o2 dN, £ "7(0) + 2 dN, FX777(0),

potential for neutrinos and, is the temperature of the sea. (5)
Il. OPTICAL ACTIVITY which is a generalization of Eq(57) of Ref. [9]. The

forward-scattering amplitude$;}~"?(0) and f}}~"7(0),

Using Egs.(24)—(26) of Ref. [9], the helicity non-flip from Eq. (58) of Ref. [9], are

amplitudes4 " "7(s) for the forward elastic scattering of a

photon with helicityA and an electron neutrino wheyis »
<my, can be written as FXT7(0)= AT (s), (6)
—a282
AV (s)=—————=—h(s), 1 =y P ey
S iy . (1 7(0) = 4 AL(S), Q
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anddN, anddN, are the usual Fermi-Dirac distributions, O——— 71 " " [ * 7 7 ]

an,= P 8 ' '

= 08— ’ —

v (2m)3 B m)T,q’ ® s Pl :

1 d3p; 08— e 4

= : i L ]

e (2m)® &Mt 1 © i v ]

04— o ]

Here, T, is the temperature of the neutrino-antineutrino sea, R .

w is the chemical potential for the neutrindks], p, andE, [ el 1

are the momentum and energy of a neutrino, aad 02— et L, ]

=4wEvsin2(0m/2), whered,,, is the angle between the in- [ s ]

coming photon and the incoming neutritwith similar defi- - | I .

nitions for the antineutrino From Eqs.(5)—(7) we obtain 00 ——— " — 3
3

vy— I/‘}/( S)

dN, —

dN,
m—1= f 2wS FIG. 1. The asymmetry parameteks and L,, as functions
(10 of the neutrino degeneracy paramet&eu/T,. The relations
Li(=&)=—L1(§) andLy(—§&)=—L,(£) hold.
Due to the apparent baryon asymmetry in the universe, it
is natural to consider the possibility of the lepton asymmetryHere, N, is the photon number density
To study this possibility, and for numerical calculations of

thg index of refraction _and thg rotary power, it is convenient 1 2d35y 2§(3)T3;
to introduce the following ratios N,= = , (17)
(277)3 E.IT -1 772
1= 77 NN (1)  and the relationT,/T,=(4/11)"", which holds for the

present day temperatures of the relic neutrinos and photons,
) is used. Whert is large,L; approaches a finite value, while
L= 27 N,—N, (12 L, increases. In Fig. L, andL, are plotted as functions of
27112(3) T3 £. As it is clear from this figure, foE=3, L, is close to its
! maximum value of 3/11.
whereN, and N are the number densities for the neutrino  After using Eqs(8) and(9) for dN, anddN;, Egs.(1)—
and antineutrino, respectively, agdx) is the Riemann zeta (4) for the amplitudes4;7~"?(s) and.A}}~"”(s), and per-

function. From Eqgs(8), (9), (11), and(12), we find forming integrations in the Eq10), we obtain
1 §3+ 772§ T TS
Li=— , (13 n,—1=—Cco+—c¢ (18
11 3 2 + 0 1
1(£)E2+21In2&7+3¢(3) va SV
L= 34 72¢8), 14 T‘V1 wTE
2 335(3)(g ™é) (14 n_—1=—Co— —5 Ci, (19)
My My
where

where (for a=1/137)

2
mW
|n(—2 + —

me

1 e—1
(&)= Jo (1_X)2e§"+1

dx, (15) )

a

1 ‘) w? 2, 7774)
| . T35, 28775 60
and ¢é=pu/T, is the neutrino degeneracy parameter. As it is
clear from Egs.(13)—(15), the parameters; and L, are G 77
solely functions of¢. These neutrino asymmetry parameters =1.9x 10—4(1§4+ 7§2+ E)
L, andL, are defined such that foé| <1 they coincide with

the customary definition of the neutrino asymmetry param-

(20

2
eterL, [16] for a sea of relic neutrino-antineutrino that de- o= 4a’ In Mw| § 155 2l§3 7774
coupled from photons in the early universe ! 97%sirf by mg 3|\5
LimL=t = Ny ¢ 16) 2104 Less 2 gy I 21
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FIG. 2. The coefficientg, andc, as functions of the neutrino
degeneracy parametée= u/T,. The relationsy(— &) =cy(&) and
c1(— &)= —cy(§) hold.

Notice that the¢-dependent parts of the,, ¢y, andc, are
related as

1&15277237774 147722 ot
4955 T 3§ s T T ey
(22
01 G 774
R Bl SR S = S
&§(4§+2§+60 E+meé. (23

In the Figs. 2—4 the coefficients, and ¢, are plotted as
functions ofé¢, L, andL,, respectively.

The range of the validity of Eq918)—(21), as far as
energy is concerned, is related to that of E4$-(3), which
is s=4wEVsin2(0V/2)<m\2,v. In Eq. (10), if we change the
upper limits of the integrations o, andE,, from the infin-
ity to fT,, the contributions of these integralsdgandc; in
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FIG. 3. The coefficientsy andc, as functions of the asymmetry
parameterL;. The relationscy(—L,)=cqo(L;) and c,(—L4)
= C]_(Ll) hOld
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FIG. 4. The coefficientsy andc, as functions of the asymmetry
parameterL,. The relationsco(—Ljy)=cq(L,) and cq(—Ly)
= 7C1(L2) h0|d

Egs.(18) and(19) change, at most, by 9% and 18%, respec-
tively, if we use f = 7%+ gz (for =87+ gz, the corre-
sponding changes are at most 5% and L09&re, we set the
following criterion:

A4ofT,<md,, (24)
which for f=7+ & is
0T 7%+ £2<2X 10" GeV K, (25)

wherew is the photon energy in GeV, afd, is the neutrino
temperature in Kelvin.
From Egs.(18) and(19), we have

5

T, s
N, —n_=2—-¢;=35x10 ""c;wT,, (26)
W
and the following approximate relation:
4
n.—l=n_—1=—co=13x10%%,Ts. (27

W

Equation(27) implies that the leading term of the index of
refraction is independent of the helicity and the energy of the
incident photon, as long as E®5) is satisfied.

When linearly polarized light propagates through a me-
dium that has different indices of refraction for positive and
negative helicitiesrf, #n_), the plane of polarization of the
light rotates by an angle, which is[17]

a w
—(n+—n_)l=§(n+—n_)l, (28

= X,

where w and\ ,=2w/w are the energy and wavelength of
the photon and is the distance traveled by photons in the
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FIG. 5. The polarization rotation angleis shown as a function
of £ for w=10""GeV. The curve scales as’.

medium. To estimate the specific rotary powgt], for a sea
of neutrinos and antineutrinos, we use E@6) and(28) to
obtain

if (29)

= ——€,=8.9x 10 %%, w?T} rad/m,
My

where, againw is in GeV andT, is in Kelvin. A positive
angle of rotation,¢$>0, that isn,>n_, corresponds to a
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include neutrino oscillation effects in the derivation of cos-
mological bounds o conclude thaté|=<0.1[18-20.

IIl. CONCLUSIONS

In conclusion, we note that using Eq4.2), (14), (21),
and(29), for the neutrino degeneracy parametgr<1, the
specific rotary powergl/l, for a sea of neutrinos and an-
tineutrinos is

1127Gra| [m&| 8|w?T?
?=—F |n(—2’)—§ —~(N,—N;). (3
45\2 mg My

This equation differs in several respects from the correspond-
ing result in Ref[11],

“ (32)

where, in the non-relativistic limit, the plasma frequengy
is related to the electron number dengityas,

, Amang

W=
P me

(33

From Egs.(31) and(32), it is clear that the mass scales for
the case of photon dispersion versus no dispersion are very
different and this favors the dispersive regime. The size of

clockwise rotation(dextrorotation of the plane of polariza-  specific rotary power in the dispersive case is independent of
tion of the linearly polarized incident photons, as viewed bythe frequency of the propagating photons and, apart from a
an observer that is detecting the forward-scattered ”ghtdependence on the lepton asymmetry paraméterN,
Thus, the optical activity of a neutrino—antineutrino sea with_ N shared by both expressions, is controlled by the elec-
N,>N, is that of a dextrorotary medium. In addition, it is tron number density,. In addition, the non-dispersive case
clear from Eq.(29) that the rotary powerg/l, varies as gepends on frequency and temperature. These differences
1/)\2,}/, which is the same as that of quartz and most transpardeany indicate that Eq$29) and(32) represent Comp|emen_

ent substances for visible light.
To get a rough estimate of rotation anglefor linearly

tary limits in the treatment of the optical activity of a
neutrino-antineutrino sea.

polarized photons propagating through the relic neutrino

and antineutrino seawith ¢=0.01), we use Eq(29) with

|=ct, c=3%x10® m/s, t~15x10° yr, T,~2 K, and o
~10?%eV, and we find
¢~4x10 O rad, (30

which is exceedingly small. The dependencedobn ¢ is
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