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Cosmological bounds to the magnetic moment of heavy neutrinos
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The magnetic moment of neutrinos in the MeV mass range may be large enough to modify the cosmo-
logical freeze-out calculation and determine theeutrino relic density. In this paper we reexamine such a
possibility. We calculate the evolution and freeze-out oftireeutrino number density as a function of its mass
and magnetic moment. We then determine its relic density; then calculate its effect upon primordial nucleo-
synthesis including previously neglected effe¢&0556-282(196)05214-9

PACS numbsg(s): 98.80.Cq, 14.60.St, 98.80.Ft

Present experimental bounds to the electromagnetic proprinos decouple before the QCD phase transition so that their
erties of ther neutrino are several orders of magnitude lessnumber density is diluted by the huge entropy shift associ-
stringent than the bounds to the corresponding properties fated with the transition. Such a requirement translates into an
electron and muon neutrinos. For instance, while the uppespper limit to the neutrino magnetic moment;, <1 to
limits to the diagonal magnetic moments of the electron an@x 10 ';. However, in deriving this limit Morgan did
muon neutrinos areu is a Bohr magneton1.1x 10 °ug not consider the possibility of nonzero neutrino masses.
and 7.4<10 %, respectively{1], the experimental upper There are two main effects to be considered if one allows a
limit to the diagonal magnetic moment of theneutrino is  nonzero mass for the neutrino species in question. First, the
t, <5.4x<10 " pg [2]. More stringent bounds on neutrino neutrino may not be relativistic at freeze-out, and its number
magnetic moments of order 1& to 10°2 are available dpnsﬂy must be calculateq by solving the_ Boltzmann equa-

tion. Furthermore, the scaling of the neutrino energy density

from astrophysical constrain{8], mainly from the coolin X X
Py i8] y g with temperature depends upon the neutrino mass. Therefore,

of stars and from the study of SN 1987A. However, thes , r . . X
. ! . organ’s useful limit applies only if the neutrinos are ul-
bounds apply only if mass of the neutrino species does n L oo
. rarelativistic around freeze-out and BBN, that is if
exceed the stellar temperatures relevant for neutrino produc-

- ; : m, <0.1 MeV.
tion. Furthermore, astrophysical constraints are model de-"- ) ) )
pendent since they assume that the outgoing wrong helicity The 7 neutrino could be heavier than 0.1 Mé\n fact,
neutrinos are completely sterild]. the present upper bound to theneutrino mass isn, <24

Big-bang nucleosynthesi@BBN) is a precious tool that MeV [7]. Although somewhat model dependent, more strin-
has been employed to constrain many neutrino propdfiles gent bounds on the neutrino masses can be determined from
so it is no surprise that BBN can be used to bound neutrin@osmological considerations. In particular, if the relic heavy-
magnetic moments. In 1981, Morgd6] showed that the neutrino energy density today is sufficiently large, the pre-
“sterile” right-handed degree of freedom of Dirac neutrihios dicted age of the universe will be less than observed. If the
can be populated through processes likg —evg and  neutrino is stable and it is nonrelativistic today, the age limit
e et — gy, mediated through a virtual photon coupled to (2h?<1) constrains the mass of any stable neutrino species
the neutrino through its magnetic moment. The degree t¢o be less than the Cowsik-McClelland limip,<91.5 eV
which the right-handed neutrino is populated depends upof8]. Of course if the neutrino is unstable, the Cowsik-
the strength of the above interactions, which in turn is pro-McClelland limit can be evadefP]. But even in this case
portional to the magnitude of the neutrino magnetic momentthere are lifetime-dependent limits to the neutrino mass. If
Thus, endowing a neutrino species with a magnetic momerthe heavy-neutrino lifetime is longer than a second or so, it
potentially leads to an unacceptable doubling of the contri€an give an additional contribution to the energy density dur-
bution of that species to the energy density, jeopardizingng nucleosynthesis and spoil the successful predictions of
BBN's successful predictions. If the neutrino species is relastandard calculations. Using these kinds of considerations,
tivistic at freeze-out, one must require that right-handed neuBBN constraints to ther-neutrino mass excludes the range

0.3<m,<25 MeV if it is a Dirac fermion, and the range
0.5<m,<25 MeV if it is a Majorana fermiorj10]. (It was
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Y1f the neutrino has a magnetic moment it must be a Dirac fermion We assume here that the mass of the muon neutrino is less than
(we do not consider transitional magnetic moments in this paper 0.1 MeV.

0556-2821/96/5¢)/13745)/$10.00 54 1374 © 1996 The American Physical Society



54 COSMOLOGICAL BOUNDS TO THE MAGNETIC MOMENT ... 1375

assumed in the above BBN analysis that the neutrino everp,(m,=0)=(m,/3.15T )r=t'2 when T~m,, wherer is
tually decays after BBN; if it decays after decoupling butthe ratio of the number density of massive neutrinos to mass-
before or during BBN, the situation is more complicatedless neutrinos after freeze-o(2) A neutrino species with a
[11]) mass in the MeV range and with a magnetic moment close to

The Cowsik-McClelland limit and the nucleosynthesisthe present experimental limit decouples when it is semire-
considerations m|ght be modified if one introduces new inJatiViStiC. Neither the relativistic nor the nonrelativistic cross

teractions that changes the neutrino annihilation cross se&ection can be used, and a general treatment of the thermal-
tion. This is the case if the neutrino has a large diagonafveraged annihilation cross section used in the Boltzmann

magnetic moment, because a large magnetic moment woufefluation for the neutrino abundance is requirégiudice
increaser-» annihilation (creation into (by) e*, keeping performed his analysis in the extreme nonrelativistic limit.

the neutrinos in equilibrium below the canonicaicluding (3) Plasma effects must,_ at leaspriori, be.con3|dered. NOt.
only weak processg¢sneutrino decoupling temperature of only do thgrmal corrections to the ampmudes of the main
about an MeV. If the neutrino mass is sufficiently smal| PrOCesses involved in BBN have tq be inclucki®], but
(much less than an electron massd remains coupled to more importantly, the mass corrections due to the electro-
electrons while the electrons annihilate, the neutrino numbef?@9netic coupling of the particles to the relativistic plasma
density will beincreasedbecause part of the electron’s en- mulstbbehaé)ccounted for. For e>(<jample3 the phoftfon In the ther-
tropy will be shared with the neutrinos. However, if the ney-Mal bath becomes plasmonand acquires an e ective mass
trino mass is not much less, and it remains in equilibrium [16]. The plasmon mass has a double effect. In the first place,

through magnetic-moment mediated interactions, its energ affects the electromagnetic channel of the neutrino annihi-

density will be Boltzmann suppressed before decoupling ation cross section._ Although this_is a secc_)nd-order effect
weakening the BBN constraints Some resonance might enhance it dramaticflly]. Sec-

In this paper we study how the interplay between the neuQndly, a plasmon mass gives rise to new processes that are

trino mass and magnetic moment modifies the cosmoIogiczﬁinem‘"‘tic"""y forbidden in th? vacuum. In our case the most
constraints tor-neutrino properties from the age of the uni- '€/€vant of these processes is the degiagmon— vv, hav-

verse and BBN. In addition to the mere extension of theing a rate[18]

upper limit onw, to larger neutrino masses, the main pur- 2
T

pose of our letter is to give a final answer to the intriguing
possibility that7 neutrinos with a large magnetic moment
could form cold dark matter.

Giudice[12] first observed that if neutrinos are stable, wherexp=mp/T with mp the temperature-dependent plas-
have a mass in the range, ~1 to 10 MeV, and are en- mon masswp~0.1T is the p]asma frequgncy, amg(x) are
dowed with a magnetic moment gi, ~10 ®ug, they the modified Bessel functions of ordér However, the

~ :
would stay in equilibrium through their magnetic—momentthresmldwP 2m,,, reduces the importance of the process

interactions and would decouple when they are nonrelativispl(?usg]ons_i)nlé’; dﬂtir'gg BB'\SI(I?ere'\gﬁ V'gﬁzztgﬁﬂgfé’; ABna![?]—e
tic. If the magnetic moment is large enough, their final abun¥ Y, v 0P, 9 y

dance might give rise to a universe with,h?=1. Although plasma on the_photon propagator turn out to be negllglble_.

the latest experimental upper limit gn, [2] seems margin- The relative unimportance of these considerations were veri-
i o M ) - fied by directly including them in our numerical calculations.

ally at odds with Giudice’s scenario, it is worthwhile to in-  The cross section for the electromagnetic channel of the

2)3/2K1(XP)

Ka(Xp) ' @

_ V2
FP_167T(wO 4m

vestigate this hypothesis furthgt3]. rocessyy—e-e’ is

Giudice made use of the fact that Morgan’s conclusions
about doubling the effective-neutrino number density by ap? [ 1—4m2s| 12
populating the right-handed component cannot be applied O et = —V<—2>
directly to MeV-mass neutrinos. This is because their energy 6 \1-4m/s

m2 m2  m’m:
52

density is Boltzmann suppressed at freeze-out and during
1+8?V+2?e+16y—), )

BBN. Thus, even including the right-handed components, X
neutrinos will not contribute so much to the energy density
as to spoil BBN. We show that while this is approximately
true, it is not exactly true. BBN is such a sensitive probe ofvheres>2m; is the total center-of-mass energy.
the expansion rate of the universe at the temperatures of The weak contribution to the annihilation process of Eq.
interest that even a small contribution to energy density ig2) can be neglected if the neutrino magnetic moment is
important. Therefore the contribution of the right-handedlarger than 10'(m,/1 MeV)ug. We will work within the
neutrino to BBN requires a careful treatment. We report thdimits of this assumptiori.
results of such an investigation in this communication.

There are three effects that must be carefully accounted
for. (1) After a massive neutrino species decouples and be-3¢ the magnetic moment is larger than T6(m,/1 MeV)us,
comes nonrelativistic its energy density grows relative to thnen neutrino annihilation will occur predominantly through photon
energy density of a massless neutrino spelcid$ Although  exchange, rather thad exchange. Fom,=<100 keV, consider-
one must solve the Boltzmann equation to compute the entions of stellar energy loss by neutrino pair emission limits the
ergy density of the heavy neutrifeee belo, it is possible  magnetic moment to be greater than about4t@g . Thus we will
to estimate this effect by observing that,(m,#0)/  consider neutrinos more massive than 100 keV.
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Because both helicity eigenstates of the neutrino are sym-
metric with respect to electromagnetic interactions, we do
not differentiate between them in our calculations. For this
reason the processes| g < €vg) changes neither the to-
tal, nor the relativev, vs vg abundance$.

The Boltzmann equation for the abundance of the heavy -2
neutrino is[19]

5B
— -3
dy [ m|?g/m,me % f
ﬁ:_(ﬂs) %X_<UVM0I>(Y2_Y§q)1 ® <° b B
wherex=m, /T, Y=n,/sis the ratio of thev, number den- _5__ =
sity to the total entropy density of the universgy is the 1
Mdller invariant flux factor, andmp=Gy? is the Planck [ S R I D D
mass. The parametey, is defined as -1 -0.5 0 05 1 15 2
log(X)
9;%= heﬁ<1 L L 4 FIG. 1 trino abund th eterm, /T i
* gﬁéﬁ? 3 heff(T) dT ’ . 1. 7-neutrino abundance Vs € param e#m,,T IS

represented for different value qusT: from below, the three dif-

where the effective number of degrees of freedom for thderent curves refer tg, =10 °ug, 10 'ug, and 10 °ug. Here
energy density,ge(T), and for the entropy density, We have chosen,=1 MeV. The logarithms are base 10.

hew(T), are defined as o L . i
This is clearly visible in Fig. 1. Assuming theneutrinos to
w”_, 27 _, be stable we can easily check their effect on the dynamics of
P=0e(T) 35T S=he(T) 5 T". (5 the universe for several valuesmf, andp, . In particular,
. o we first consider the contribution to the present energy den-
Following [19], the thermal averaged cross section times thesjty of the universe due to massiveneutrinos:

Mdller velocity is
Pvo m, SOYV 0
1 ” 2 Q, h?=—"h?=— """
(ovme) = BMITRI) 4m20(5)(3—4my)\/§K1(\/§/T)d3- - pe 1.054 MeV cm

(€)

(6)  where zero indicates quantities evaluated at the present time.

We have used the Maxwell-Boltzmann distribution to com-R€aUINNgQ, h*<1, we can verify which region of the pa-
pute the thermal-averaged cross sectifor a detailed re- rameter space:, versusm, is compatible with the age
view of computations in this approximation see, e.g., Refconstraint.

[20]). Although normally this is a very good approximation  Of course if ther neutrino is unstable, the cosmological
only for temperature3 <3m,,, we have checked that at the age constraint discussed above does not apply. However, we
freeze-out temperaturighe only temperature around which can still use BBN to limit the properties of the neutrino

Eq. (6) plays a relevant rolethe approximation is adequate. provided that the lifetimey, , is greater than about a sec-
The neutrino decoupling temperatufe is here defined g !

by the conditionY(Tg) — Ye( Tr) = 1.5Y¢q, Where To evaluate the impact of the massiveneutrino with a

e 45 1 (x) Iarge magneti_c moment on BBN we must know how it modi-

—— = ) fies the effective number of degrees of freedom of the energy

s he(T) density, ge(T), for 0.1=T=<10 MeV, since the light ele-
ment relic abundances depend critically on the expansion

with rate of the universe during BBN, which in turn is parameter-
" JZ=x2 ized byges [5]:
lV(X):fl dZZm- 8 2

1/2 T
H(T)=1.6®eﬁ(T)m—. (10
We numerically solved Eg.(3) to compute the Pl
7-neutrino abundance as function offor fixed values of  The r-neutrino contribution t@eq is given by
m,_ and Moy Since the freeze-out temperature increases
with Moy it is natural to expect that the final-neutrino

—4
abundance is suppressed as the magnetic moment increases. L (1)

7T2

30
gv,(T>=pVT<T>(

wherep, =sY, /(3.15T,)*+ m;, , andT,_is computed by

“The v (g helicity eigenstates should not be confused with theimposing entropy conservation. Figure 2 clearly demon-
chirality eigenstates. Since we ignore weak interactions, chiralitystrates thages grows as the decoupletl neutrinos become
does not play a role in our analysis. nonrelativistic. This effect becomes less pronounced as the
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FIG. 2. The effective number of degrees of freedom in the en- -5 4 Exclusion plot in ther-neutrino magnetic moment—

ergy density is shown as function of temperatu_re for tWC? Chose'?nass parameter space. The solid line provides the lower limit to
value of u, and m,=1 MeV. The upper solid curve is for Moy coming from the requiremer2h?<1. The dashed line pro-

— ,8 . . . — 76
Fv, 10" the lower solid cyrve 'S for,u,,T 19 pg. The vides the corresponding limit from BBN considerations. The
reader can compare our result with the result obtained for 3.4 stang 4 qashed line represent the experimental upper limit.
dard massless neutrinos shown by the dashed line. The logarithm is

base 10.

. o L , . Increasing the mass above a few MeV increasgs
magnetic moment is increased. Of course this is simply be- "~ ) L )
cause increasing, decreasedy, leading to ar-neutrino since ther neutrinos then become nonrelativistic earlier. For

,

. . small massesYp grows with decreasingn, . This is due
energy density more effectively Boltzmann suppressed be- _ L
fore freeze-out. For this reason, values of th@eutrino both to the less effective Boltzmann suppression and to the

magnetic moment larger than 185 are not expected to entropy transfer frone™ annihilation to ther neutrinos.
have a large effect on BBN i, >0.1 MeV. In order to discriminate which region of tha, versus
r v parameter space is compatible with observations, we re-

theTgffgcigk;fh',;én ::Jtar'iln%n?ng]sgrgﬁ;tcr)ngerﬁ;:g t;s&/]zlﬁftoﬁuire that the predicted light element abundances do not ex-
9 ceed the observational Ilimits[22]: Yp<0.24; (D

light element production, we incorporated our results for the

3 —4. U — 10 H
abundance as a function of temperature into the standara— He)/H<1.1x10" " and ‘Li/H<1.7x10 7. Since the

nucleosynthesis cod@1]. In Fig. 3 our predictions for the ggayor;—itrobgt;]otor;r:gtlm |sWae f;i?(eitp Ziamgt?;’i:i%fr\;e:/yaﬁj ZO'
relic “He abundance as a function of theneutrino mass are P ) Ve 'U“Vg o
shown for two values of the magnetic moment. As expectedcompatible with the (B-*He)/H upper limit. Then we check

upper limit of 0.24. The'Li constraints turn out to be always

less stringent than the limits coming frofire.

] Our results are summarized in Fig. 4. As the reader can
] observe, the age-based constraints are much more stringent
1 than BBN constraints if the neutrino is stable. In this case
the border between the allowed and forbidden regions in the
m, Vs, parameter space from the age constraint almost

coincides with the experimental limit line. This is a remark-
able coincidence. In fact, the age limits dosver limits to
Moy whereas the experimental limits anpperlimits. This

1 means that nearly the entire parameter space for 0.1 MeV
020 | ] =m, and 10'%m, /1 MeV) =p, (the very range to
1 which our consideration appliegs excluded by our consid-
| 4 erations. To be precise, a very small region between the ex-
0 — perimental and the age-based constraints remains open. Even
m,,(MeV) this region would be closed using a slightly larger value of
h as recent observations suggest.

FIG. 3. The predicted*He relic abundance is represented as  As a consequence, Giudice’s hypothesis is definitely ruled
function of ther-neutrino mass for two values gf,. The upper  out. Furthermore, our results improve the upper limit on the
curve is for u, = 10 8ug, while the lower one is for r-neutrino magnetic moment by several orders of magnitude
Koy = 10 %ug. The dashed line corresponds to the observationain the mass range we considered. We have checked that
upper limit. plasma-physics effects are subdominant. We have to stress

0.24

0.22

0.18

o
o [T
-
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that this limit is valid only if ther neutrino is stable, as If the 7 neutrino is unstable but the lifetime exceeds one
indeed Giudice assumed. Stability can be achieved by imposecond, a band of magnetic moment values, roughly
ing some additional symmetries, e.g., individual |ept0n-10_8MBS,LL,,TS 10 ®ug, remains compatible with experi-
number conservation. Of course, in any case some new phygental and cosmological bounds. This confirms the result of
ics beyond the standard model must be introduced in order tRef. [24] and extends it to a widet-neutrino mass range. It
have such a large value <ptyf. Furthermore, ar neutrino  is understood that in the case theneutrino has to decay in
with mass larger than 1.1 MeV decaying according to a mini-=S0me nonstandard way in order the decay products do not
mally extended standard model via the channep@ffect dramatically the light element relic abundances.

v,—ve€' € is incompatible with BBN. In fact, since ex-  The work of D.G. was supported in part by Istituto Na-
perimental data constrains the. lifetime to be 1 s zjonale di Fisica Nucleare, Sezione di Roma, and by the EEC
=<7, <10s, ifm, >1.1 MeV, electrons and positrons pro- contract No. SC1*CT91-0650. The work of E.W.K. was
duced from this decay would induce the photodestruction ogupported in part by the Department of Energy and NASA

light element{23]. (Grant No. NAG5-2788
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