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New Dark Matter Candidate: Nonthermal Sterile Neutrinos

Xiangdong Shi and George M. Fuller

Department of Physics, University of California, San Diego, La Jolla, California 92093-0319
(Received 6 October 1998

We propose a new and unique dark matter candidat®0 eV to ~10 keV sterile neutrinos produced
via lepton-number-driven resonant Mikheyev-Smirnov-Wolfenstein conversion of active neutrinos. The
requisite lepton number asymmetries in any of the active neutrino flavors rangeléroimto 107!
of the photon number. The unique feature here is that the adiabaticity condition of the resonance
strongly favors the production of lower energy sterile neutrinos. The resulting nonthermal (cold)
energy spectrum can cause these sterile neutrinos to revert to nonrelativistic kinematics at an early
epoch, so that free-streaming lengths at or below the dwarf galaxy scale are possible. Therefore,
the main problem associated with light neutrino dark matter can be circumvented in our model.
[S0031-9007(99)08792-X]

PACS numbers: 95.35.+d, 14.60.St

Ample evidence shows that the dominant componenHereh = H,/(100 km/sec Mp¢ whereH, is the Hubble
of the matter content of the Universe is nonbaryonicconstant. Therefore, active neutrinos with masses in the
dark matter contributing a fraction of the critical density ~10 eV range naturally serve as dark matter candidates.
Q,, ~0.2to1][1,2]. Inthis Letter we suggest a novel They are “hot” because their kinetic temperature is
means to allow sterile neutrinos with masse$00 eV  relatively high as a result of their light masses. It has
to ~10 keV to be the dark matter. We note that thebeen shown that models with HDM as the sole dark matter
existence of light sterile neutrinos may be an inevitablengredient of the Universe fail to form galaxies at an early
conclusion if the neutrino oscillation interpretations of enough epoch. This is due to the large free streaming of
the Super Kamiokande atmospheric neutrino data, soldight neutrinos which damp out density fluctuations below
neutrino data, and the data from the Los Alamos Liquidthe free streaming scale [5]
Scintillator Neutrino Detector are correct [3]. m \~ !

We envision production of our sterile neutrinos from Afs, ~ 40( - ) Mpc. (2)
active neutrinos via a net-lepton-number-driven MSW 30 eV
(Mikheyev-Smirnov-Wolfenstein [4]) resonant conversion This generic problem of the large free streaming length of
process occurring near or during the big bang nucleolight neutrinos is difficult to circumvent. One possibility
synthesis (BBN) epoch. Only neutrinos which evolveis to have non-Gaussian “seeds” in the primordial density
through resonances adiabatically are efficiently convertedields [8]. Another is to have light neutrinos comprise
In turn, lower energy neutrinos have larger ratios of resoonly a small fraction of the dark mattef)(,/Q,, < 0.2)
nance width to oscillation length and, hence, evolve morg7,9].
adiabatically. Therefore, the resonant process can pro- WDM models consisting of-10% eV sterile neutrinos
duce a final energy distribution for the sterile neutri-have a free streaming length much shorter than that of
nos which is grossly nonthermal and skewed to veryHDM [10]. Because of this free streaming, WDM models
low energies. These neutrinos have energy distributiohave a reduced amplitude of density fluctuations at the
functions which are “cold.” This, coupled with their rela- galaxy cluster scale, which fits observations of structures
tively large rest mass, implies that they go nonrelativisticat this scale better than the COBE-normalized standard
at quite early epochs, therefore essentially becoming coldDM (sCDM) model (with(,, = 1 and = 0.5) [10].
dark matter (CDM), albeit with a cutoff at or below the However, density fluctuations at smaller galaxy scales
dwarf galaxy scale. Below this cutoff scale, free stream{~14~! Mpc) in WDM models may be too small [10] to
ing of these neutrinos can effectively damp out densityaccommodate observations of damped Lymapystems
fluctuations. Since this cutoff scale is much lower thanat high redshifts, and observations of “Lyman-break”
any previous light neutrino dark matter modéésg., hot  galaxies which are highly clustered galaxies at redshifts
dark matter (HDM) [5], warm dark matter (WDM) [6], z ~3 [11].
and mixed cold plus hot (CHDM) [7] modglswe deem The neutrino cool dark matter candidate proposed here
these sterile neutrinos to be “cool dark matter” (CoolDM).is “colder” (i.e., with a much smaller free-streaming

The contribution to the matter density of our Universelength) than all three classes of models mentioned above.
from an active neutrino species,( v,, or v;) with mass In particular, the cold nonthermal energy distribution of

m, is our candidate sterile neutrinos causes them to move much
m, more slowly than WDM sterile neutrinos with similar
Q, ~ 91.5h2 eV’ (1) masses. The small free-streaming lengths in CoolDM
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models enable a circumvention of the generic problem P=VXP+ 1‘502 - DP,, (6)
associated with light neutrino dark matter candidates.
The production mechanism of our sterile neutrino
CoolDM candidate is very different from that of its closest 4 .
kin—the sterile neutrino WDM candidate. In the model The sign Of.£ does_ not matter in the dark matter_
proposed by Dodelson and Widrow [6], sterile neutri-Problem. For |IIustrLat_|ve purposes we assume that it
nos were produced by active-sterile neutrino oscillatiorfS POSitive, so that, is positive. Then thev, < vy
at the BBN epoch. The oscillation was driven by finite- °Scillation system encounters a resonante < 0, or,

temperature matter effects [12]. The end result was gauivalently, a maximally matter-enhanced mixing) as a

sterile neutrino population with an energy spectrum ref€sult of the nonzerd alt/? tempelrzture
e VLN ey,

sembling that of an active neutrino species but with an T ~9 L

overall suppression in normalization [6]. The average en- res = A 102 eV 0.1

ergy of these sterile neutrinos is therefore the same as ﬂ?ﬁhere —E/T. AL T ~ Toe. VT is completely nea-
active ones=3.151T, whereT is the temperature of the € /T e pietely heg
active neutrino species. In our model, the sterile neutrino§mxing angle must be small. The antineutriig — 7
are produced by aesonantactive-sterile neutrino trans- oscillation. on the other haﬁd haE.| > |- 6m2/2E|S
formation driven by a preexisting Iep_ton numbt_ar asyM-4 is therefore suppressed relative to a vacuum oscilla-
metry. The resonant transformatlon is only adiabatic a ion situation. The net effect is destruction 6f, because
the_ low energy portion of the neutrlno_energy_spectrum.va is resonantly transformed into sterile neutrinos while
This feature creates a nonthermal sterile neutrino popula-

. i V, IS not.
tion, with on!y thg low energy states po_pula_ted. .. Quite similar to the putative matter-enhanced resonance
We quantify this production mechanism in the densr[ytr

trix f i 131 In this f i the.. ansition in the solar neutrino problem, the adiabaticity
matrix formalism [13]. N this formalism, the, Vs condition of ther, — v, resonant transformation at the
(e = e, u, or 7, andwy is the sterile neutrino) system is

described by a four vectdP,, P). The number densities resonant energy big. is

where V., =V, V,=V,, V.= —6m*cos20/2E —
VE + vl andD = D.

ligible. We have implicitly taken cog = 1 since the

of the neutrinos are,, = (P, + P.)/2andn, = (Py — y2 | Geres || deres 71> 1 (8)
P.)/2. The evolution of the mixing system in the BBN 1 dv, dr ’
epoch satisfies the equation In the equation, |V,| is the transformation rate,

|V, (dees/dV,)| is the energy width of the resonance, and
|des/dt| is the speed of movement of the resonance
whereP, = P.% + P,§. The D term is the quantum €nergy bin across the neutrino spectrumvasneutrinos
damping term that acts to reduce the mixing system int®@f different energies encounter resonance at different
flavor eigenstates and suppress the oscillation. Numeriemperatures. (Strictly speaking, our expressions for the
cally D ~ GAT3, whereGr is the Fermi constant. The rate and the energy width of the resonances are valid
vector V is the effective potential of the oscillation. Its Only when collisions are not important, i.eD < [Vy|.

P=V XP+ Pyz — DP,, 3)

components are However, the adiabaticity condition is nonetheless the
Sm? same wherD > |V, | because the suppression in rate due
V, = om- sin26, v, =0, to collisions is compensated by the increase in the energy
E width of the resonance.) From Eq. (4) we have
dm? L T de
vV, = Y cos20 + Vy +V,, (4) ‘ v, d‘r/e; ~ €05 SIN20 . 9)

where &m* =m; — m; ~m;, 6 is the vacuum From Eq. (7) we have

mixing angle, andE is the neutrino energy. The AL /de

matter-antimatter asymmetry contribution to the effective }

potential is [12] dr L

} whereH =~ 5.5T?/mp, is the Hubble expansion rate and
®)

deres

~ eres[4H - (10)

mp; = 1.22 X 10%® eV isthe Planck mass. The adiabatic-

vE = 0.35GFT3|:L0 +2L,, + > L,
ity condition is therefore satisfied if

BFa
where Ly represents the contributions from the baryonic of My 12/ p \3/4 v
asymmetry and electron-positron asymmetry10~1%: 4 X 10 <m/> <0—1> €res
and L,, is the asymmetry in the other active neutrino )

speciesvg. For convenience, we will denotdd = ; { 1 }

2L,, + Zﬁaﬁ, L,,. The contribution t&/ from a thermal X s 20 1 — (dL /dt)/4H L =1 @)

neutrino background i¥7 ~ —10°G+ET* [12]. Assuming adiabatic neutrino evolution through reso-
Similar quantities for the antineutrino chanmel — 7; nances, we have M/dt = f(€ws)dews/dt =

can be defined and they satisfy f(€res)€es[4H — (dL /dt)/ L] where f(e) is the
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neutrino distribution function. We therefore derive
L = Lt — [&= f(e)de where superscript ‘“init’ L N
indicates initial values. As a resulidL /dt)/L]| = H 0.2 ,/ N
is always true unlesgL | < | L. This implies that
the adiabaticity condition Eq. (11) holds true fay < v
vacuum mixing that is not too small (36 = 107?),
until most of £ is destroyed by the resonant, — v;
transformation. The finall is ~0 after the resonant
conversion process. In this limit, the total change of the
vV, asymmetry isAL, =~ L£1'/2. This change is
entirely due to the, to v, transformation, implying that FIG. 1. lllustration of the energy spectrum of the sterile
the v, sea produced has a number density that is a fractioReutrinos produced vs the thermal spectrum of the active

4 neutrino species.
F=~ <AL, (12)

of the number density of an active neutrino species. Théis restriction, Eq. (7) shows that the preexistifighas
sterile neutrino contribution to the matter density today ist0 be =107°.  The mass of the sterile neutrino dark

f(E/T)

E/T

then matter candidate is ther10 keV from Eq. (13). (€
2 and the sterile neutrino mass are limited simultaneously
m, m, h . .
Q, = F<72> ~ < S )(—) because their product must yield, ~ 1.) If we also
91.5h" eV 343 eV/10.5 restrict the sterile neutrino mass to bg, = 10% eV in
2L,, + X psa Ly, 3 order to have potentially successful structure formation
X 0.1 ’ 13) 4t galaxy scales, Eq. (13) implies th#t < 107'. For

with @, B = e, u, 7. Here we have assumed that all €xample, if the preexistingL,, + L, + L,, is 0.02,
neutrino asymmetries are their initial values and we Sterile neutrino withm, = 1160 eV and mixing with

have dropped the superscript “initL{, will not change

anyway).

v, Wil yield Q, = 0.4 for h = 0.65. The comoving
free-streaming length of this dark matter is omly; ~

From Egs. (4) and (13) we note that if the sign of9-4 Mpc, giving rise to a mass-scale cutoff af ~
2L,, + Z.,B;ﬁa L,, is negative, the antineutrino counter-
part of v; will be resonantly produced from,, and may ! i
therefore become the dark matter candidate if the countef® CDM models only at subgalactic scales, such as in halo

part of Eq. (13) is satisfied.

As the transition is only adiabatic whefi is a sig- , - \ -
nificant fraction of its initial value, only the low en- 9galaxy rotation curves [14] and high redshift galaxies

ergy sterile neutrinos [which encounter resonances fir

while £ is still relatively large, see Eq. (7)] are reso- high as 10 keV, resulting front

10'°M,, roughly the scale of dwarf galaxies. In this case,
structure formation in CoolDM models differs from that

structure and formation history at high redshift. These
differences may potentially be tested by observations of

dit1,15]. However, if the mass of the sterile neutrinos is as

~ 1073, then CoolDM

nantly produced. Higher energy neutrinos go througteSsentially becomes CDM. lItis intriguing that oscillation

the resonance later, when most 6f is damped. Evo- : Ahh
lution through resonances for these high energy neutriSUP€rnovas in the presence of strong magnetic fields may

nos is therefore nonadiabatic, producing no significanPOtentially give rise to “pulsar kicks” [16].
v, — v, conversion. The end result is a sterile neutrino An £ between~107" and~10~" necessarily implies

energy spectrum as illustrated in Fig. 1, with a characthat the asymmetries in one or more active neutrino
teristic mean neutrino energy approximately satisfying

E/T

o f(E'/T)YNE'/T) = 8AL,,/3 =4L /3. As an ex-
ample, forL = 0.02, we haveE/T is 0.7, i.e., less than
one-quarter of the average/T for active species. The

comoving free-streaming length of these sterile neutrino

between active neutrinos and keV sterile neutrinos in

species are of the same order (or larger if there is
cancellation between asymmetries). Lepton asymmetries
between~10"3 and~10~" are not ruled out by big bang
nucleosynthesis [17]. In fact, if this asymmetry resides

'gﬁ the v, or v, sector, its impact on the primordidHe

yield (which gives the constraint on lepton asymmetry)

becomes . is well below the current detection level. If some of
Ao ~ 40< m, > (E/T) Mpc, (14) the iazsymm_etry is in they, sector, with a m_agnitgde
30 eV 3.15 =10"2, its impact on the primordiatHe yield is quite

which for a given sterile neutrino mass can be more than appreciable. Just where the limit dn,, stands is hard
factor of several shorter than that calculated from Eq. (2)to quantify precisely because of the large uncertainty in
In this Letter we limit our discussion of the sterile the primordial*He abundance measurements [18,19]. In
neutrino production to a temperature range below thgarticular, Kohriet al.[20] has argued that adk,, =
quark-hardron phase transitior,150 MeV. The reason 0.015 is what is needed to bring a low set of primordial
for this is that the neutrino transformation process cartHe abundance values [18] into agreement with the

be modeled confidently below this temperature.
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