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Cosmological bounds on the masses of stable, right-handed neutrinos
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Previous authors have used the present mass density of the universe to constrain the masses of stable, left-handed

neutrinos. %'e generalize these arguments to constrain the masses of stable, right-handed neutrinos which interact
with strength G (GF. Light neutrinos ((1 MeV) are constrained to be less massive than -100 eV-2 keV,

depending upon G and whether they are of the Dirac or Majorana type. Heavy neutrinos must be more massive than

(GF/6) GeV, and less massive than about 10 TeV.

Within the context of the standard hot big-bang
model' previous authors have used the present
mass density of the universe to constrain the al-
lowed masses of stable, 1.eft-handed neutrinos.
If they are not to contribute too much mass den-
sity today (Q & 2), then for light neutrinos (&1
MeV) the sum of their masses must be &200 eV
(Ref. 2), and for heavy neutrinos each must be
more massive than -1 GeV and less massive than
-4 TeV (Refs. 3 and 4). As we shall see, the up-
per limit (-4 TeV) depends upon the details of the
interactions; a similar upper bound can be obtained
for any stable particle, regardless of its inter-
actions, that has a particle-antiparticle asymme-
try of comparable magnitude to the baryon asym-
metry, na/n„= 10 ""(Refs. 5 and 8).

In this paper we generalize the previous results
to stable (v» 7„.„-10"sec), right-banded neu-
trinos which interact with effective strength G ~ G~
= 1.15 &&10 ' GeV '. Such particles are predicted
in many theories, particularly those with right-
left symmetry. ' The arguments we present can
be generalized to make them applicable to any
stable, weakly interacting neutral particle.

We assume that the temperature of the universe
was once much greater than max [mR, 1 MeV
(Gz/G)'~'], so that these weakly interacting right-
handed neutrinos and their antiparticles (denoted
by R and R) were once present in equilibrium
numbers, i.e. , with a number density n, (T) for
R and R given by

(m. '+p')"
n, (T)=, 4vP'dP exp +1

1T o

Throughout we shall use units such that h=k~ = c
=1. We then compute their present contribution
to the mass density p~ and insist that it be less
than the observed mass density of the universe:

p~ & (1.88 && 10 "
g cm ')Qh'

& (4 && 10 "
g cm ")(Qh'/2), (2)

(T„/T„)'=3 9/g, (T,), . (3)

where g„(T~) counts only those relativistic species
stil. l in thermal contact with the photons. ' For
full-strength neutrinos this yields the familiar re-
sult (T„/T„)'= —,', . The contribution of R, R's to
the present mass density is

where 0 is the ratio of the density of the universe
to the critical density, and the Hubble parameter
H, =100 kkmsec 'Mpc '. We shall take Qh' to be
less than 2; however, we explicitly exhibit how our
results scale with Qh'.

Light neutrinos (&1 MeV) decouple at a temper-
ature T~ o 1 MeV, i.e., for T ~ T~ their interaction
rate I' is less than the expansion rate H =—R/R, so
that the total number of R, R's has not changed
since their decoupling. Full-strength neutrinos
(i.e. , G= Gz) decouple when T= 1 MeV. Since
I'-G'T' and If -G '~'g ' '(T)T' T = 1 MeV
(Gz/G)'~' [ignoring the weak dependence on g„
(T~)]. Here g~ = g(gb„,„+ -', g„„.,„) counts the
total number of degrees of freedom of all the rel-
ativistic species and G~ = 6.74 & 10 "GeV ' is
Newton's constant. When they decoupled, R, R's
were relativistic (T»mR), and their combined
(i.e. , R and R) number density wa, s a factor of —,

'
less than that of the photons, due to Fermi statis-
tics. However, after decoupling, the photons in-
creased in number when various species annihila-
ted (e.g. , e' at T= -', MeV). From entropy con-
servation it is simple to calculate the present
number density of R, R's in terms of the tempera-
ture they would have today if they were massless,
T~, and T, , the present photon temperature
(2.7 K T„ 3.0 K)
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Ps =mII(TII/T„)'~n„ ~ I I I I I II IP I I I I IIII U.

T 3
-5.3xlg "[~ (sg)](—gt:m',

where n„o 400 cm ' since T, o 2. 7 K. The cosmo-
logical constraint on mR depends on whether R is
a "Dirac" (four-component neutrino with mass
term mPsv~), or a "Majorana" (two-component
neutrino with mass term mvsvR) species.

If R is a Majorana species, then from (2) we
obtain

gmll (T„/T„)' ~ (71 eV)(QII'/2),

IO"—

10—

I I IIIIII I I I II«II
IOOeV I keV

—IO
4

- IO

I ln +l I
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mR

where Q~ is the sum over all such species. Note
that for full-strength neutrinos (5) reduces to Qm„
~(200 eV)(AIIg'/2) —the usual bound. We have ob-
tained (Tz/T„) as a function of (G~/G) from Ref. 8,
and in Fig. 1 we show the upper bound on QlgmR
as a function of (G~/G). In the model of Mohapa-
tra and Senjanovic' yns; -—m; /gM~ (I', = e, g, v),
and they use the overly restrictive cosmological
bound of m„& 10 eV to obtain M~ ~ 3 & 10' GeV.
From Fig. 1 we obtain M~ —3X 10' GeV.

It is interesting to note that for Gz/G ~ 3 x10',
mR can be as large as 1 keV or so. This is of
some interest for galaxy formation in a neutrino-
dominated universe. Because of neutrino free-
streaming, perturbations in the neutrinos on
scales ~4 x 10"Mo/[m (eV)]' are damped. ' For a
full-strength neutrino of mass -200 eV this scale
is -10"Mo»MI, h„„=10"Mo. However, for a
weakly interacting, right-handed neutrino the
damping scale becomes -4x10" Mo[mz (eV)] '
x(T~/T„)' the factor o—f (T„/T„)' arising because
R, R's are less abundant than full-strength neu-
trinos by this factor. For m„= 1 keV and G~/G
& 3 x 10', (Ts/T„)' -10 ', so that the damping mass
is -4X10"Mo-M~~„. Thus it is possible for gal. —

axies to form from initial perturbations in the
neutrino sea of such a species.

If R is a Dirac species, then there exists a
left-handed counterpart to R with mass rn~ =mR,
and if it interacts with strength G~ as other left-
handed species do, the limit which results from
the contribution of both the right and left compon-
ents to the present mass density is

gmlg[1+ '~'(TII/T, ) ] ~ (200 eV)(QII2/2) .

The corresponding bounds on glim+ as a function
of (Gz/G) are also shown in Fig. 1. We mention
in passing that big-bang nucleosynthesis restricts
the effective number of light, two-component neu-
trino species to &4 (Refs. 5, 10, and 11). Since
three left-handed neutrino species are already

FIG. 1. Cosmological constraints from the present
mass density of the universe on the possible masses of
stable, right-handed neutrinos as a function of inter-
action strength G. Allowed masses are to the left of the
curves marked "Dirac" (for Dirac neutrinos) and
"Majorana" (for Majorana neutrinos), and inside the
triangular region. No stable species with a particle-
antiparticle asymmetry of the same magnitude as nz/n„
more massive than -5 TeV is permitted (indicated by
the broken line) ~ The abrupt change in the "Dirac" and
"Majorana" curves for G&/G-3X102 is a result of the
fact that for G&/6 ~ 3 ~10 these neutrinos decouple
befo~e p' and 7I-~, 7I. annihilations, and hence are -3 to
4 times less abundant (relative to y's) today than a
species which decouples after these species annihilate
(G+/G & 3 X&02).

known to exist, if these species are Dirac species,
then their right-handed components must interact
very weakly (Gz/G & 3 x10', Ref. 8) so that they
do not contribute more than 1 to the total number
of eff ective species. For an arbitrary, weakly
interacting species which decouples at a tempera-
ture T~& m (i.e. , the rate of its thermalizing
interactions =H for T = T~), the bound on m is
obtained from (5), where a factor of g (= number
of degrees of freedom of the species) must be in-
cluded in the sum.

The story for heavy R, R's (&1 MeV) is some-
what different because these neutrinos decouple
at a temperature &rnR, and hence can annihilate,
resulting in a lower final abundance than light
(&I MeV) neutrinos. As Lee and Weinberg'
pointed out their final abundance is not just

Ielx(-pmR/T~), because although they remain in
thermal contact with the rest of the universe by
their weak interactions (e.g. , Re —Re, etc.),
their annihilations (via channels such as RR —e',
p', ll', etc.), which allow their number density "to
track" its equilibrium value [given by (1)], "freeze
out" at a higher temperature (Tz —

—,',mII), and they
drop out of chemical equilibrium at this tempera-
ture. For T ~ Tf their total number remains con-
stant.
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{o~)= 'G( M,„'/~, ') N~/ ~2. (9)

To be quantitative, one must solve the rate
(Boltzmann) equation for their number density
n(T),

—=-3 n —(—ov)(n —n ),dn R 2 2

dt R o

where (ov) is the thermal average of their annihil-
ation cross x relative velocity, and R/R = -T/T
=(4v'G„/45)'~'g~'~'(T)T'. Following Lee and

Weinberg, ' for m„~M~ [M~ is the mass of the
gauge boson(s) which mediates the interactions of
R] we take

(ov) = Gmms'Ng/2w,

where N„ is a dimensionless factor of O(10) which
depends upon the details of RR annihilations and

counts the number of annihilation channels (e.g. ,
if mR-5 GeV, the number of channels o18, RR
-e', p, ', ~', uu, dd, cc, ss, bb). For ms aM~, m~'
rather than Mw

' dominates the propagator and we
use

Without a specific model one cannot relate G and

Mw; wherever necessary we shall. assume MwWR & WR
= (Gz/G)'~'M~. Equation (7) can be recast in a
more useful form:

df/dx = C p'(f' f,')—,

1/2
x= T/m, „, C=G~'

N

(io)

fo(x) = no/T, f(x;p) =n/T

p,'= (G/G„)'m~'Ng(g~/2) '"
1, mR

jhow

WR

(M „/~R)', m„&M
(12)

where g&- g~(T&- mR/20—). The present number
density of R, R is then just 2(TR/T„)'f(0; p.)T,', the
factor of (TR/T, )' accounts for the increase in
photoris due to species which annihilate for T & T&,
and (T„/T,)'= 3.9/g~. Using the numerical solu-
tion to (10) from Ref. 3 we obtain

(13a)

(13b)

ps z (1.6x 10 "gcm ')(Gz/G)"[ms (GeV)] '"N„'"(g&/2)
'" (ms ~M ),

pR p (9.6 x 10"gcm ')[ms (GeV)]'"N„'"(g /2) '" (m„~M~ ).
For a variety of models for Nz and mz ——0. 1 GeV —10 TeV we find that N„'~'(gz /)2"'= 1.3-4.7x 10 ',
and using N~ "'(gz/2) ' "= 3x10 ' we obtain the following constraints on m~:

m„~ (1.2 GeV)(G~/G)'"(Qh'/2) "'[N„"'(g /2) "'/0. 15] (m„~M ),WR

m„- (3.6 TeV)(Ah'/2)'"[0. 15N '"(g /2)'"] (mR &M

(i4a)

(14b)

These constraints are shown in Fig. 1. These
results are only valid for Majorana neutrinos.
If R were a Dirac species, then during the epoch
of annihilation, mR ~ T ~ T„, the R, R's are non-
relativistic, and the right and left components are
mixed by the Dirac mass term, so that a Dirac
species R would, for all intents and purposes,
interact with strength G„, and the results of Lee
and Weinberg' would be applicable. Note that both
these constraints [(14a) and (14b)] are model de-
pendent since they depend on N~ and g&/2; in addi-
tion, (14b) depends upon the precise relationship
between G and Mw which we have assumed is

WR
=M (G~/G)'~2. These results also apply to

an arbitrary, weakly interacting species whose
annihilation rate is given by an expression similar
to (6).

If the species R possesses an R-R asymmetry of
similar magnitude as the baryon asymmetry we
can obtain another upper limit on mR. We shall
assume that

~ (n„—ns)/n„~ = ne/n„= 10 ""(Ref.
5). The contribution to the mass density due to
this asymmetry is given by

p ~ [ypg (GeV)] x 7.1 x 10 "gcm ", (i5)

and results in the constraint

gm ~ (5 TeV)(Qh'/2), (16)

which is shown as the broken line in Fig. 1. We
note that this bound is comparable to that obtained
in (14b); however, it is independent of the details
of R-R annihilations, etc. , and is valid for any
stable species that has an asymmetry of the same
magnitude as ne/n„.
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