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Photons, neutrinos, and the optical activity

Ali Abbasabadi
Department of Physical Sciences, Ferris State University, Big Rapids, Michigan 49307

Wayne W. Repko
Department of Physics and Astronomy, Michigan State University, East Lansing, Michigan 48824
(Received 18 July 2001; published 7 November 2001

We compute the one-loop helicity amplitudes for low-energy— vy scattering and its crossed channels in
the standard model with massless neutrinos. In the center of mass/svitAw<2m,, the cross sections for
these 22 channels grow roughly as®. The scattered photons in the elastic channel are circularly polarized
and the net value of the polarization is nonzero. We also present a discussion of the optical activity of a sea of
neutrinos and estimate the values of its index of refraction and rotary power in the absence of dispersion.
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I. INTRODUCTION Il. HELICITY AMPLITUDES

The general expressions for the Lorentz-invariant, Bose

Neutrino-photon _ elastic scatteringy—wvy and its symmetric, and time reversal invariant helicity amplitudes,
crossed channels, which are of interest in astrophysical apj 7=vy(s t,u), for the processy— vy can be found in

plications, have been studied using a variety of models for "fl"Z N h
the weak interactiofl—6]. When the center of mass energy Refs.[10,11. They are

Js is much less than twice the electron mass,2 the am-

plitudes for these processes with massless neutrinos are of ALY (s t,u)=sucog 0/2) F(s,t,u), D)
leading orders?/my,, wherem,, is the W-boson mas$5].
This dependence leads to low-energy cross sections which AVT7Y(st,u) = —s?coq 0/2) F(u,t,s), 2

grow ass®, with a scale set byny,. Apart from a factor

In(mg/n?), there is no dependence om, in leading order. s

Here, we present expressions for the low-energy neutrino- AL (stu)=stcog 0/2)[G(s,t,u)

photon helicity amplitudes which are valid to higher orders —G(u,t,s)] 3
in s, and contain terms whose scale is senify. We find that B

the helicity flip amplitudes for they— vy and the helicity

nonflip amplitudes for theyy— vv, which vanish in leading
order, are nonzero.

The inclusion of higher powers & such ass3/m$\,, en-  where the Mandelstam variablgst, andu are defined by
ables us to use the forward elastic scattering amplitudes fas=(p;+kq)2, t=(p1—py)?=—3s(1—2), u=(p;—ky)?
vy— vy to study the optical activity of a sea of neutrinos. = —3s(1+z), andz=cos6, with # the angle between the
This property of a neutrino sea was recognized by Nievesncoming neutrino, which is moving in the z direction, and
and Pal[7] and explored in detail by Mohanty, Nieves, and the outgoing neutrino. The helicity of the incoming photon is
Pal[8]. These authors treat the case where the photons eXx-=+*1 and the helicity of the outgoing photon is,
perience dispersion. This enables them to exploit the favor=*=1. Here, the 4-momenta of the incoming neutrino and
able mass dependence of terms of the fdxﬁ”m]g (k* de-  photon arep; andk,, respectively, withp, andk, denoting
noting the photon momentumwhich vanish in the vacuum. the corresponding outgoing momenta. To ensure the conser-
Here, we treat the case wheké satisfies the vacuum rela- vation for the angular momentum in Eq4)—(3), it is nec-
tion k?=0, and find a rather different dependencemgand  essary to require that the functiofgs,t,u), #(u,t,s), and
me [9]. [G(s,t,u)—G(u,t,s)] be nonsingular in the limitu—0

In the next section, we use invariant decompositions ofbackward scattering In addition, the function G(s,t,u)
the amplitudes fowy— vy and its crossed channels to ob- —G(u,t,s)] must also be nonsingular in the limit-0 (for-
tain properties of and restrictions on the corresponding heward scattering
licity amplitudes. Section Ill gives the numerical results for ~ From the Eqs(1)—(4), the interchange of andu results
the complete one-loop helicity dependent differential and toin the following relation:
tal cross sections. This is followed by a discussion and con-
clusions, Whjch include a 'Freatment of the production_ of cir- AV (s tu) =AY (u,s), (5)
cularly polarized photons in low energyy— vy scattering. "2
We also calculate the index of refraction and the rotary
power for a sea of neutrinos as a function of the energy of amhere, under this interchange, we have changed the factor
incident photon and the temperature of the neutrinos. scos@2)=sy—u/stouy—s/u=—sy—u/s=—scos@2).

APV (st u)= AT (s,t,U), (4)
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FIG. 1. Diagrams fowey— vey OF yy— veve. The diagram(d)
will give zero contribution. For each df), (b), (c) there is also a
diagram with the photons interchanged.

A similar decomposition of the helicity amplitudes
WHV”(s,t,u) for the crossed channel procesy— vv,

can be obtained from Refgl0] and[12]. The resulting ex-
pressions are

2susinﬁj—'(t,s,u),

AV (s ) = 6)

Ayw””(st u=-3

stsin9.F(u,s,t), (7)
1
—s 2sing[ G(t,s,u)—G(u,s,1)],

8

A wﬂ””(s t,u)=

AT (s )= AT (s ), 9
with s, t, and u defined bys=(k;+ky)?, t=(k,—p;)?

=—15(1-2), u=(k;—p,y)?=—13s(1+2), and z=cos¥,

where 6 is the angle between the incoming photon 1, which

is moving in the+z direction, and the outgoing neutrino.
The helicities of the incoming photons axg=*1 and\,
= =1, and the incoming photons have 4-momdaqtandk,,
while p; and p, are the momenta of the outgoing neutrino

and antineutrino, respectively. In this case, conservation of

angular momentum in Eq$6)—(8) requires that the func-
tions F(t,s,u), F(u,s,t), and[G(t,s,u) —G(u,s,t)] be non-
singular in the limitu—0. This is sufficient to make these
functions non-singular in the limit—0.

Using Egs.(6)—(9), the interchange of andu results in
the following relation:

W”V(s,t,u)— —A”g”i (s,u,t). (10

In addition, the comparison of Eqd.)—(4) with Egs.(6)—(9)
shows that

7_’””(t S, u)——lA”_’”(s,t,u) (11
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Here, under the interchange efandt, we have changed

the factor ssinfg=2sytu/s?> to 2tswt?=—2ysu
—2is\(1+2z)/2=—2iscos@l2).

Using the invariance of the helicity amplitudes under the
CPT operation, we obtain the helicity amplitudes for the

processesy— vy and vr—s vy from those ofvy— vy and
vy— v, respectively. The results are

AVWW(S,LU):Azﬁf{z(s,t,u), (12)
AVVH“W(S,LU) A”’HW (St u. (13

We have calculated the amplitudes for the diagrams of
Fig. 1, forvy— vy and its crossed channels, in a nonlinear
R; gauge such that the coupling between the photon\\he
boson, and the Goldstone bosom)( vanishes[5,13,14.
Since the Goldstone boson-electron couplings introduce a
factorm2/m3,, and we are keeping terms of this order in our
amplitudes, the contribution from the Goldstone boson, in
the diagrams of Fig. 1, must be included. For zero neutrino
mass, the two sets a&f-exchange and-exchange diagrams
are separately gauge invariant. Also, the contributions of
these two sets of diagrams to the helicity amplitudes for
vy— vy separately have the structure of E¢b—(4). This
is also true for the cross channel processes.

Using the algebraic manipulation softwarerm [15] and
SCHOONSCHIF 16], we have expressed the diagrams in terms
of Feynman parameter integrals, and @< 2mg, have ex-
panded these amplitudes in a power series/in?, t/mZ,
andmZ/mg,. The results of the calculation for the functions
F(s,t,u) andg(s,t,u) —G(u,t,s) are

2

f(s,t,u)sz(s,t,u), (14
a,Z
g(s,t,u)—g(u,t,s)zmg(s,t,u), (15
where

f(s,t,u)= —4—53|n(mw)—z—zi—ﬂi—ii
m2) 45m2 315mf 9450mP
4 t* mi|(8 8s 8t ma,
" 7a%ng —[(33—3 '()

o, 84S 163t 4 st 9t

9m2 45m2 45m) 630m!

1 st2 71 t3_ 1 st3 106 t*
315m¢ 3780m 4725me 51975m8|’
(16)
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Here, 6,y is the weak mixing angleg is the fine structure where

constant, and we have neglected higher powers/ofZ, w(X,y,2) = X2+ y2+ 22— 2xy— 2xz— 2y, (22)

t/m2, and m%/m3,. The first two terms off(s,t,u) in Eq.
(16) were previously derived in Ref5]. These results show X—y+ z+~/,u(x,y,z))
x—y+z—u(xy,2))’

that there are many higher order terms whose scale is set by l(x,y,2)= In(

mg. Note, however, that in the forward direction=0) the

scale in Eq(16) is set bymg,. This suggests that E¢L6) is and Gp= mal (V2 m2sirt4,) is the Fermi coupling. After

valid even for\/§_> me whent=0. o setting the electron mass to zero everywhere but in the loga-
We can confirm the validity of the forward limit of EQ. (jthm “our spin averaged cross section,(+o_)/2 agrees

(16) for the rangey's<myy by using the dispersion relation yith the result previously obtained by Secker].

Assuming\/§< myy, an expansion of the dispersion inte-
gral Eq.(20) to orders?’/ms\, gives

(23

A0~ 8)=— -\ = ,
T J (myt+me)? S s'—s s'+s

Szr E(«n(s') , (=S

a,232

( o ) 8 IIWSi 6W ( o ), (
to Obtain the exact Value 0 the non-Ilip IOI’W&I’d heI|C|ty

amplitude A}?"7(s,0,—s) for s<(my+mg)?. The cross — a?s?

sectiono,=o,""° W" is the total cross section for the pro- AZ(s,0,~ s)=mf(—s,0,s),
cessyy—e~ W™, after summation over the helicities of the W W (25)
W boson and the electron (is helicity of the photoi Using
Egs. (5 and(19), it can be shown that the following sym- where
metry relation must exist:
16 [mg| m2|[8 8 s m2,
0_)\(_3/)20__)\(3/). (19) f(S,O, S)— 4 3 In mg + m\ZN 373 mg In mg
Therefore, we can writgl0] 64 s
-10+——|, (26)
9 m?2

and we have neglected terms in higher powerm@fm\z,v.
(200  The functionf(—s,0s) can be found from Eq(26) by re-
placing s by —s. Notice that Eqs(24)—(26) are consistent

2 ’ ’ ’
s° (= ds' [ oy(s og_,(s
AT(s,0,—8)=— ds [ o )+ (&) .
AN 2 of l ’
™ J (my+me)© S s'—s s'+s

Js<2m,, its range of validity fot=0, as suggested above,
2 2 m2,  mPmi, m extends toys<my,.
01(8)=26ra| | = N2 46\ _ple W 5T
S S S S S I1l. DIFFERENTIAL AND TOTAL CROSS SECTIONS
My — m3, mmg, In Fig. 2, we show the differential cross sections, for
+4§ \/M(S,me,mw)+ _2)\?"‘ SZ — vy, us|ng
dO-VVHVV
2. 2 4 4 4 2 4 N 1
memy, m myy, my, MmMgMmyy, 172 vy—vy|2
+3N— +—2‘e—2—2+2)\—2+ e3 dz 32775|AM%2 ' @7
s s s s s
42 6 6 2 where\; and\, are the helicities of the incoming and out-
MeMw _ Me  ,Mw 2 2y (LM ing phot tively. Here=cosé, and 6 is th
_ — =22 l(sm2 me)+| 5 — going photons, respectively. Here=cos6, an is the
s® $ S8 2's angle between the incoming neutrino, which is moving in the
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FIG. 2. The helicity dependent differential cross sections for FIG. 3. The helicity dependent total cross sections for
vy— vy are shown forys=m,. The solid line isdo__ /dz, the =~ —vv are shown. The solid line is__, the dashed line is. . ,
dashed line isdo, , /dz, and the dotted line islo, _/dz The  and the dotted line is~, . Theo_, is the same a&, _ .
do_,/dzis the same ado, _/dz

Here,w=/s/2 is the energy of a photofor a neutring, and
+2 direction, and the outgoing neutrino. Figure 2 shows theMe iS the mass of the electron. Therefore, the total cross
identity of the two helicity amplitudest}”~*? and.4”?,"»»  Section for an unpolarized initial photon can be approxi-

given by Eq.(4). It also shows the vanishing of the ampli- Mated as
tudes for backward scattering, and vanishing of the flip am-

6
plitudes for forward scattering, as given in E¢s)—(4). o’Y= VY= 3.0 10—32( ﬂ) pb, w<m,. (33)
The total cross sections for helicitiag and\, are given Me
b
Y This is the same°® behavior as found in the numerical cal-
L dotrovY culations of Ref[10] for the regionrm,< w<<m,, but with a
oYY = J &dz (28) |arger Slope.
ST 1 dz ’ In Fig. 4, we show the differential cross sections foy
— v, using

and are plotted in Fig. 3. Also shown in dots is the helicity _
flip cross section, which can be seen to be much smaller than da';ffgw 1 _
the cross sections for helicity nonflip. This feature seems not 4z 32_77S| Zlyfzwlz, (34

to be a consequence of any symmetry. Figure 3 illustrates the
roughly s behavior of the total cross section for helicity
nonflip, ands® behavior for the helicity flip, at photon ener-
giesw<m,. A fit to the points in Fig. 3 gives

where\,; and\, are the helicities of the incoming photons.
In this casez=cos, with 6 being the angle between the
incoming photon 1, which is moving in the z direction,
. and the outgoing neutrino. The identity of the two helicity
oYY =3.9% 1032( ﬂ) pb, (29) amplitudesA_Pj”_” a_ndAZVi”_”, as impI_ied_ by Eq(9), is _
m also shown in this figure, as is the vanishing of the ampli-
tudes for the forward and backward scattering, implied by
6 Egs.(6)—(9). Notice also that this figure clearly exhibits the
) pb, (300  symmetry relations of Eq(10).

Y
o =2.0¢107% — B
The total cross sections fory— vv are plotted in Fig. 5,

0 using
w
a7V =2.2X 1038(—) pb, (3D -
Me — 1 d“xyfxzw
o{yfwzf —F—dz. (35
with vr S dz

S S Shown in dots is the cross section for the helicity nonflip,
o =Y (32)  which can be seen to be much smaller than the helicity flip
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Y > vU with
-34 - -
10 ET ——— T [ I I oV =gt (39
10735 [ \ _ _
10-36 [ :u—; o =g (39
3 I 3
1037 =_ i_ which are the consequences of Et0). The total cross sec-
2 E | b3 tion for the unpolarized initial photons can be approximated
~— 10738 —| / :—g as
N E |/ '3
-39 ' — 6
N TR I3 — o
5 | b3 gV’ =2.0X 1033<—) pb, w<m,. (40)
"d 10—40 E__I — me
10741 - tdor —— — In this case, too, the® dependence is the same as that found
P e 3 in Ref.[12] for me<w<<myy, but with a large slope.
10~ E— — i ) i —
The differential cross sections for the process— yvy,
P— > (') L " for photons with helicities\; and\,, can be obtained from
B the following relation:
zZ = cosf
FIG. 4. The helicity dependent differential cross sections for doy’),”” doZ0N
yy—vv are shown for\s= m. The solid line isdo, _ /dz, the dz = dz ) (41)
dashed line isdo_, /dz, and the dotted line islo. , /dz. The
do__/dzis the same ado, , /dz. wherez= cos6, and on the left side of this equatiofjs the

) ) ) angle between the incoming antineutrino, which is moving in
cross sections. Again, we see a rougkfybehavior of the  the + 7 direction, and the outgoing photon 1 with helicity.

dominant contributions to the total cross section, ans® a The various helicity-dependent total cross sections are re-
behavior of the nonleading contributions, at photon energiegted as

w<<m,. Fits to the points in this case give

. 1 i
_ w6 a{i_’”=5017{_’§”, (42
g’ =40 10—33(5) pb, (36)
e — —
. o= (43
— w
o¥’7""=5.5% 10‘39( F) pb, (37 and total cross section for the production of a pair of back-
e

to-back photons can be obtained from

Yy - 1272 vr—yy
k4 +1d0')\1)\2

;VH}/’)/ 1
104 g S —— o= | g,z (49
1075 |- 5 " Nhp -1
1076 -1 .
10~ - — - In view of Eq.(41), we have
1078 - v + - _
1079 - - VPSYY =D YV Y
— 10_10 f _; ag 2 g . (45)
< -11 E 3
R § e
$ 13_13 E " IV. DISCUSSION AND CONCLUSIONS
o _u E 3 . o
= 10714 - A. Circular polarization
~— 10—15 ;_ / _é
© 10716 e —3 We have shown that the energy dependence of the cross
_17 = .’ E . - ) .
13_13 : - :" sectionso””~ " ando ¥~ "" at low energiesp<<mg, is the
10719 - - same as 'ghat jn the energy region,<< w<my.As a result,
107R0 & — the effective interaction introduced in Refd0] and [18]
10:2; - . . L - contains all the essential of the features of these cross sec-
107701 109 tions. This includes the prediction that the final photons in
VS /m, the channeby— vy acquire(parity violating circular polar-
ization.
FIG. 5. The helicity dependent total cross sections for To investigate the degree of circular polarization of the
—vv are shown. The solid line is, _ and the dotted line is,, . final photon in the processy— vy, we define the polariza-
Theo_, is the same as, _, ando__ is the same as, . . tion P as
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FIG. 6. The polarizatiof?(z) of the final photons in the process
vy—vy, as it is defined in Eq(48), is shown. The solid line is
polarization for the center of mass energs=m,, while the
dashed line is for the center of mass eneygy=20 GeV, which is
taken from Ref[10].

o__to,_—o0o_,.—0
p— + + ++’ (46)
o__+to,_ to_,+to,,

vy—vYy

where(rw\zzax1x2 is defined in Eq(28). It is clear from
Egs. (29—-(32 that o, _=0_,<0o__, and o__
=2 o0, . Therefore, for photons with the energi@s<m,,
Eq. (46) gives

(47)

which is independent of the. This result in comparable to
that found in Ref[10], where it was shown th& is about
0.3 for photons with energies 1 GeMv=<10 GeV.

The angular dependené¥z) of the final photon’s polar-
ization in the process'y— vy, can be obtained from the
differential form of Eq.(46),

do__ldz—do, , /dz
do__/dz+2do,_/dz+do, . /dz’

P(z)= (48
where thedo}\lledzzdaﬂg”/dz are defined in the Eq.

(27), and we have used the equaldy, /dz=do_, /dz
The polarizationP(z) is plotted in Fig. 6 as a function af
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B. Optical activity

Our low-energy helicity nonflip amplitudes, obtained
from Egs.(1) and(2) using Eq.(16), enable us to discuss the
optical activity of a sea of neutring®]. To do this, it is
necessary to establish a relationship between the forward-
scattering amplitude and the Lorentz-invariant helicity am-
plitude for the general case where photons and neutrinos are
colliding noncollinearly. Following Mber [19,20, we de-
fine the Lorentz-invariant differential cross sectidar, for
the general noncollinear process-2—3+4 as[21]

2
T -

where A(s,t,u) is the Lorentz-invariant amplitudé; is the
Lorentz-invariant flux

F=4\(p; p2)?—mims,

anddQ is the Lorentz-invariant phase space differential ele-
ment

(51)

dps d°p,
dQ=2m)*8™(p,+p,o—pPs—Pa) .
Q=(2m)"6"™(p1+Pp2—Ps3 p4}(277)32E3 (27)%2E,
(52)
After integration overd3f)4, we have
p3 dQg

dQ=— —— (53

16m°E3Ey ||psl  P3-Pa

Es |53|E4

Here,m;, E;, and |5i are the mass, energy, and momentum
of the particlei, respectively (=1,2,3,4). The resultinglo

is essentially identical to Eq93) of Ref. [20]. From Egs.
(50), (51), and(593), it is clear that, in the case of forward
elastic scattering ris=m;,m,=m,;ps=p1.ps=p,) and

for massless particlesr(=0,i=1,2,3,4), we have

do | EflA(s0-9)
dQs|,_, 1672s?

: (54)

wheres= (p;+ p,)?=4E,E,sir?(6,,/2), andd, is the angle

=cos#, whered is the angle between the incoming and thepatween the momenta, andp, of the initial incoming par-
outgoing neutrinos. In this figure, the solid line is for photonsijcles 1 and 2. A comparison of E¢4) with the cusomary
of energyw =m,/2, and the dashed line, which is taken from gefinition of the scattering amplitude, written for forward

Ref. [10], is for photons of energw=10 GeV. It is clear
from Fig. 6 that the polarizatio?(z) remains effectively
unchanged for wide range of energiess10 GeV. Notice
that Eqg.(48) can be approximated as

~4—(1+z)2

TarLio? 49

P(2)

which is independent of the energy of photon.

scattering as

=[f(0)[?, (59

dQs],_,
gives

E
£(0)= 4—7_:3A(s,0,—s). (56)
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To compute the optical activity of a neutrino sea, we con-if we usef=7 (for f=8, the corresponding changes are 4
sider a photon of helicitk and energyw traversing a bath of and 10%). Here, we set the following criterion:
neutrinos that are in thermal equilibrium at the temperature
T,. To give an order of magnitude estimate of the index of 4ofT,< m\ZN, (65
refractionn, of this sea, we writ¢22,23
which for f=7 is

— vy—vy

2
”%‘1‘§f dN, £5X777(0), (57) wT,<2.7¢10° GeVK, (66)

where the forward-scattering amplitu@i ~"”(0), from the ~ wherew is the photon energy in GeV, afd, is the neutrino
Eq. (56), is temperature in K.
From Egs.(61)—(64), we have

w
FXT7(0)= AT 7(5,0,-9). (58) T
Ny—N_=2—-C;
The Fermi-Dirac distributiomN, is My
1 dp, ~7.0x10" T3, 6
N,,Z— —p (59) v ( 7)

(2m)% /Mot 1’ _ _ _
and the following approximate relation:
and we have neglected the chemical potential for the neutri-
nos[24]. Here, A} ""(s,0,—s) is given in the Eqs(24)— T
(26), p, andE, are the momentum and energy of a neutrino, ny—l=n_-1= m_4C°
ands=4wasin2(0,,,/2), whered,,, is the angle between the W
incoming photon and the incoming neutrino. Therefore, Egs.

(57) and (58) give ~1.5x10 %1}, (68)

dN, Equation(68) implies that the index of refraction is indepen-
ny =f AXT(s,0,-9). (60  dent of the helicity and the energy of the incident photon, as
long as Eq.(66) is satisfied.

After using Eq.(59) for dN,, Egs.(24)—(26) for the am- _ When Iinearly polari_zed_ light propagates through a me-
plitudes.A”Y~**(s,0,~s), and performing integration in the dium Fhat hqs.(.:hfferent indices of refraction f(_)r ppsmve and
Eq. (60), we obtain negative helicitiesrf, #n_), the plane of polarization of the

light rotates by an angle), which is[25]

2wS

T4 T5
n,—1=—Ycot "¢ (61) a w
S my T mg, $=-—(n,—n)l==(n.—n ), (69)
Y
T4 oT?
n —1=—co— — "¢ 62) wherew and\ ,=27/w are the energy and wavelength of
- mé, ° mé, the photon and is the distance traveled by photons in the
medium. To estimate the specific rotary powgt for a sea
where (for a=1/137) of neutrinos, we use Eq$67) and(69) to obtain
7a2¢(4) | [md,)\ 3] 218
0=¢ In —2’ +-|=1.1x107%, (63 ¢_ hcl
Am?sitOy| \mi) 4 I ms,
1502¢(5) | (m&)\ 8 1 8% 10-64,)2T5
cm .é( ) n _\/2v 8o oxi0e 1.8X10" *w?T> rad/m. (70)
4m?sirPly| \mZ) 3

(64) A positive angle of rotationp>0, that is,n,>n_, corre-
sponds to a clockwise rotatidilextrorotation of the plane

and {(x) is the Riemann zeta function. The range of theof polarization of the linearly polarized incident photons, as
validity of the above relations for the index of refraction, asviewed by an observer that is detecting the forward-scattered
far as energy is concerned, is related to that of EB4)—  light. Thus, the optical activity of a neutrino sea is that of a
(26), which iss= 4wasin2(0V/2)<m$v. In Eq. (60), if we  dextrorotary medium. In addition, it is clear from E{.0)
change the upper limit of the integration &, from the that the rotary powe/| varies as N2, which is the same
infinity to fT,, the contributions of this integral @y andc,  as that of quartz and most transparent substances for visible
in the Eqs.(61) and(62) change by 9 and 18 %, respectively, light.
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To get a rough estimate of rotation anglefor linearly
polarized photons propagating through the relic neutrino sea,
we use Eq. (700 with I=ct, ¢=3%x10° m/s, t~15

x10° yr, T,~2 K, ando~10% eV, and for the neutrino
part of the sea we find

, 4mang
wp=
me

(73

From Eqgs.(70) and(72), 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
specific rotary power in the dispersive case is independent of
o ) ) ) the frequency of the propagating photons and, apart from a
which is exceed|ng|y small. The antineutrino part of the Seqjependence on the |epton asymmdlryhared by both ex-
gives a rotation with opposite sign, such that if the asymmepressions, is controlled by the density. For the nondisper-

try parameter{26] L=(N,—N;)/N, is zero, the resultant sjve case, there is a frequency dependence. These differences
angle of rotationp will be zero. The proper treatment for the clearly indicate that Eq$70) and(72) represent complemen-
casel #0 is to include the chemical potential in the neutrino tary limits in the treatment of the optical activity of a neu-

$»~8x10" 1 rad, (71)

and antineutrino distribution functions.
In conclusion, we note that our E(/0) differs in several
respects from the corresponding result in B8,
2
wp
== (N,~N;)—, (72)
me

where, in the nonrelativistic limit, the plasma frequenay
is related to the electron number dengityas

trino sea.
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