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Particle dark matter

‣ WIMPs

‣ Motivation: Supersymmetry, unification, dark matter

‣ Indirect signals in gamma-rays [MeV-TeV]

‣ Axions

‣ Motivation: Strong CP problem

‣ Indirect signals in optical/IR

‣ Neutrinos

‣ Indirect signals in IR/radio
FIG. 1: Feynman diagrams that contribute to the total annihilation cross section: (a) the tree level

diagram, (b-d) t-channel squark exchange, and (e-j) s-channel Z and Higgs exchanges.

A. Neutralino annihilation cross section

The behavior of the annihilation cross section depends on the composition of the neu-

tralino. Throughout this paper we assume that the LSP is largely gaugino as motivated by

mSUGRA models [4]. The processes that contribute to the cross section up to order α2
s and

one loop are shown in Fig. 1. The tree-level diagram is shown in Fig. 1(a). Figures 1(b-d)

show the diagrams with t-channel squark exchange, whereas (e-j) show the diagrams with

s-channel Z, H0, h0, A0 exchanges. The gauge and Higgs bosons couple to the Higgsino part

of the LSP and thus their contributions are suppressed for a mostly-gaugino neutralino.1

The corresponding suppression factors for the s- and p-wave terms in the cross section are

given in Table I.

B. The anomaly equation

The leading contribution to neutralino annihilation via exchange of a squark of mass

M̃ , shown in Fig. 1(a), can be reduced to an effective vertex described by a dimension-six

operator suppressed by M̃2,

L = (c/M̃2)O6 , O6 = (χγµγ5χ)(qγµγ5q) , (1)

1 The Higgsino fraction suppression can be removed at the cost of going to one loop [5].
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!i ! !j ! " can be thought of as arising from an effective
interaction Lagrangian of the form

 L int "
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!!i#$%#&ij ! 'ij"5$!jF$% ! h:c:; (1)

where F$% is the electromagnetic field tensor, and #$% "
%"$;"%&, where "& are the Dirac-matrices and %:; :& is the
commutator, !i is the neutrino field of mass mi, and &ij and
'ij are the magnetic and electric transition moments usu-
ally expressed in units of the Bohr magneton &B. The
convention to sum over repeated indices is used. In general,
&ij and 'ij are functions of the transferred momentum
squared q2, so that constraints obtained at a different q2

are independent. The radiative decay rate for a transition
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In the following, we shall quote the bounds in terms of
)2
ij. We shall assume that the radiative decay rate is very

low compared with the expansion rate of the universe;
neither the cosmological evolution nor the primordial neu-
trino spectrum is affected by the additional coupling we are
going to introduce. A posteriori, this is known to be an
excellent approximation. For the same reason, we shall
also neglect ‘‘multiple decays’’ (the daughter neutrino !j

constitutes a negligible fraction of the original !i quasi-
thermal population). We shall take our input data for
neutrino mass eigenstate densities from the calculation
performed in [18] without any extra parameter, as non-
vanishing chemical potentials. With present data, the latter
are anyway constrained to be well below O#1$ [19], so
dropping this assumption would not change much our
conclusions.

From simple kinematical considerations it follows that
in a decay !i ! !j ! " from a state of mass mi into one of
mass mj <mi, the photon in the rest frame of the decaying
neutrinos is thus monochromatic (two-body decay), with
an energy
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: (3)

At present, the neutrino mass spectrum is constrained by
the well-known values of the two squared mass splittings
for the atmospheric (#m2

H) and the solar (#m2
L) neutrino

problems. We take their best-fit values and 2# ranges from
[1]:

 #m2
L " 7:92#1) 0:09$ * 10'5 eV2; (4)

 #m2
H " 2:6#1!0:14

'0:15$ * 10'3 eV2: (5)

The remaining unknowns in the neutrino spectrum are the
absolute mass scale (equivalently, the mass of the lightest

eigenstate m1) and the mass hierarchy. Namely, in normal
hierarchy (NH) the mass pattern would be
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while in inverted hierarchy (IH) one would have
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In the limiting case of normal hierarchy and m1 " 0, the
lightest neutrino for which a decay is possible has a mass
m2 ’ 9* 10'3 eV and is thus nonrelativistic for most of
the universe lifetime, namely, in the redshift range z & 50.
We can thus safely work in the approximation of all
neutrinos decaying effectively at rest. In this limit, we
can also neglect the momentum distribution of the neutrino
spectra. The formalism which would allow one to general-
ize our results to the momentum-dependent case has been
developed in [20], to which we address the interested
reader for further details. However, the corrections are
small, of the order of powers of the neutrino temperature
to mass ratios, and also vanishing in the limit of very long
lifetimes.

We shall discuss the limits on )2
ij as a function of m1 and

for the two cases NH and IH. We shall vary the mass scale
in 0 & m1 & 2 eV as allowed by the Mainz experiment on
the 3H beta decay endpoint [21]. In this respect, we shall be
conservative: If neutrinos are Majorana particles, the more
stringent bound from 0!%% searches apply, with an effec-
tive mass bound m%% < 0:81 eV [22]. Structure formation,
combined with other cosmological data, also constrainsP

imi [2]. Present cosmological bounds span the rangeP
imi & 0:2–2 eV, [2,22–26], depending on the data sets

used and priors assumed. An upper limit of
P

imi + 0:6 eV
(i.e. m1 ’ 0:2 eV) is often considered robust, and we shall
report it for illustrative purposes. Yet, one may circumvent
the 0!%% bound (e.g. with a Dirac neutrino) and signifi-
cantly relax the most stringent cosmological bounds (for
example with a conservative combination of cosmological
data sets and priors or with an exotic dark energy sector),
so in the following we shall present our results up to the
value m1 " 2 eV.

Let FE be the present energy flux of photons with
present energy E produced by neutrino decay. The differ-
ential energy flux ’E (energy flux FE per unit energy and
solid angle) is related to the differential number flux ’n
(the particle flux Fn per unit energy and solid angle) at
present by
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WIMPs and high energy photons: Modern applications

Gamma-Rays from Decaying Dark Matter 7
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Figure 2. Energy spectrum of extragalactic and halo signal compared to the EGRET
data. The data points are the EGRET extragalactic background as extracted by Strong
et al. in [10], while the short-dashed (blue) line shows the powerlaw fit from Eq. (27)
obtained previously by [9]. The extragalactic and halo signals for τDM = 1027 s and
mDM = 10 GeV are respectively the long-dashed (green) and dotted (magenta) lines,
while the solid (thick red) line shows the sum of these contributions with a powerlaw
background (thin red line), which has been obtained fitting the low energy EGRET
points.

is significantly enhanced in these directions in the sky like in the case of annihilating

DM [23]. In the following we shall study the dependence of the enhancement on the

angular resolution of the detector and the mass of the dark matter constituents. For

simplicity, we use the isothermal profile,

ρhalo(r) =
ρ0

1 + r2/r2
c

, (15)

for which one can easily derive simple analytic expressions for the photon flux.

Integrating along the direction of sight and using Eqs. (5), (6) and (8), one finds

for the photon flux from decaying dark matter in the Milky Way halo [13],
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With R! # 8.5 kpc, rc # 3.5 kpc and ρ0 # 1.37 GeV cm−3, this yields in the direction

of Draco (bD = 34◦, lD = 86◦; cos lD cos bD # 0.06):

Jhalo(bD, lD) # 0.8 × 10−7 (cm2s str)−1
(

τDM

1027 s

)−1 (

mDM

10 GeV

)−1

. (17)
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Figure 3: The vertically hatched band illustrates the span in the expected isotropic
extragalactic (EG) gamma-ray signal, defined by being the region enclosed by our MSII-
Sub1 and MSII-Sub2 cases. The horizontally hatched band is the flux that can be expected
from Galactic substructure. The filled grey band is the signal range that could be expected
from the main DM Galactic halo, at a latitude of 10◦, which would by itself produce an
anisotropic signal. The data points show the measurement of the IGRB by the Fermi-
LAT [30]. The gamma-ray spectra are from DM particles with mass of 400 GeV, a total
annihilation cross section 〈σv〉 = 3×10−26 cm3 s−1 into bb̄ quarks, and a minimal subhalo
mass cut-off at 10−6M#. See the text for more details.

The lower boarder is when the substructure signal strength instead is implemented con-
sistently with the average substructure enhancement used in the MSII-Sub1 calculation
of the extragalactic signal. Then the luminosity from all substructures inside r200 for a
Milky-Way-sized halos is merely B ∼ 2 times the luminosity of the main DM halo. This
lower signal limit is also similar in amplitude to the finding in [71], where the Aquarius
simulation is used, but a subhalo concentration extrapolation with a double power law
approach is applied to soften the DM halo concentration for small subhalo masses. We
thus find that the diffuse DM signal from Galactic substructure could be insignificant, but
that, with the uncertainty bands in figure 3, Galactic substructures could also potentially
enhance the DM signal by at least an order of magnitude relative to the extragalactic
MSII-Sub1 signal. This range covers the result that [71] finds by self-consistently ex-
trapolating results from two specific high resolution simulated halos. All these scenarios
would obviously only increase the DM signal and would, if taken into account, only lead
to stronger DM constraints than we derive from the extragalactic signal in this work.
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Annihilation Decay

‣Vast literature on WIMP annihilation 
prospects for Fermi, ACTs
‣Lines from WIMP/sterlie neutrino 
decays in keV-GeV regime [e.g. Watson 
et al. 2006, Cembranos, Feng, Strigari, 2007, 
Yuksel & Kistler 2007, Yuksel et al. 2008,  
Bertone et al. 2007]

Ackermann, KITP 2009



Axion mass constraints 

‣ Thermal  (ma > 0.01 eV) or non-thermal (ma < 0.01 eV)

‣ Astrophysical and Cosmological limits

‣ Stellar energy-loss limits [Raffelt, 1996]

‣ Diffuse background radiation [Turner 1987, Overduin 
& Wesson 1993]

‣ Hot dark matter (ma < 1 eV) [Hannestad et al. 2008, 
Melchiorri et al., 2007]

‣ Model dependence in constraints: Possible window in 
the eV regime if the coupling to photons is 
suppressed [e.g. Moroi & Muryama 1998]

– 10–

Figure 1: Exclusion ranges as described in the text.
The dark intervals are the approximate CAST and
ADMX search ranges. Limits on coupling strengths are
translated into limits on mA and fA using z = 0.56
and the KSVZ values for the coupling strengths. The
“Laboratory” bar is a rough representation of the ex-
clusion range for standard or variant axions. The “GC
stars and white-dwarf cooling” range uses the DFSZ
model with an axion-electron coupling corresponding to
cos2 β = 1/2. The Cold Dark Matter exclusion range
is particularly uncertain. We show the benchmark case
from the misalignment mechanism.

January 28, 2010 17:33
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Axion lines from clusters

‣ Rest frame axion decay line of              
24,800 Angstrom/ma,eV (1+z)

‣ Axions accrete onto clusters even if they are 
not the dominant DM component. 

‣ Phase-space considerations likely make 
clusters a better target than the MW (Ressell 
1991)

‣ Modern constraints on mass profiles from 
gravitational lensing 

CCD overlap, the first and last 50 pixels on most of the raw
spectra are unusable, reducing the spectral range to
4000 !A–6800 !A, corresponding to an axion mass range of
4:5 ! ma;eV ! 7:7 at the nearly identical redshifts (z "
0:23) of the two clusters. Further observational details
are discussed in Ref. [50].

The total exposure time for each cluster was 10.8 ksec
(4# 2:70 ksec exposures). Calibration frames were ob-
tained after each of the exposures, and a spectrophotomet-
ric standard star was observed. In order to compensate for
the presence of a small set of bad fibers, we used an offset
between consecutive exposures. At a redshift of z $ 0:233
(A2667), the IFU covers a physical region of 198 kpc#
198 kpc in the plane of the cluster. At a redshift of z $
0:228 (A2390), the IFU covers a physical region of
195 kpc# 195 kpc.

C. Reduction of IFU data

If axions exist and are present in the halos of massive
galaxy clusters, a distinct spectral feature will appear in
VIMOS IFU data. At a rest-frame wavelength !a, we will
observe a spatially extended emission line whose intensity
traces the projected dark-matter density. Revealing such a

faint, spatially extended signal requires great care in cor-
recting for fiber efficiency and in subtracting the sky
background, because the instrument itself can impose spa-
tial variation in the sky background through varying IFU
fiber efficiency.

The VIMOS IFU data were reduced using the VIMOS
interactive pipeline graphical interface (VIPGI), and the
authors’ own routines [52]. References [47,50] give both a
detailed description of the methods and an assessment of
the quality of VIPGI data reduction. The reduction steps
that precede the final combination of the dithered expo-
sures into a single data cube are performed on a quadrant
by quadrant basis. The main steps are the following
[47,50,52–54]: extract spectra from the raw CCD data at
each pointing, calibrate wavelength, remove cosmic rays,
determine fiber efficiencies, subtract the sky background,
and calibrate flux.

The exposures were bias subtracted. Cosmic-ray hits
were removed with an efficient automatic routine based
on a "-clipping algorithm, which exploits the fact that
cosmic-ray hits show strong spatial gradients on the CCD
[47], in contrast to the smoother spatial behavior of genu-
ine emission lines. In Ref. [24], spectra were obtained
using a limited number of long-slit exposures, so the
removal of a small number of incorrectly identified
cosmic-ray hits could thwart a search for line emission

 

FIG. 2 (color online). Image of the Abell 2390 cluster core
imaged with HST in the F450W, F606W, and F814W filters. The
thin white (yellow) squares correspond to the IFU field of view
in different pointings. The white curves correspond to iso-mass
contours from the lens model. The dark gray (red) line is the
critical line at the redshift of the giant arc, labeled 1. Each square
is 5400 # 5400. North is to the top and east is to the left. The field
of view is centered on #J2000 $ 21:53:36:970, $J2000 $
%17:41:44:66. At a redshift of z $ 0:228, the angular scale is
3:601 kpc=arcsec.

 

FIG. 1 (color online). Image of the Abell 2667 cluster core
imaged with HST in the F450W, F606W, and F814W filters. The
thin white (yellow) square shows the IFU field of view, which is
5400 # 5400. North is to the top and east is to the left. Note the
strongly magnified gravitational arc northeast of the central
galaxy. The white curves correspond to iso-mass contours
from the lens model; the dark gray (red) line is the critical line
at the redshift of the giant arc. The field of view is centered on
#J2000 $ 23:52:28:4, $J2000 $ &26:05:08. At a redshift of z $
0:233, the angular scale is 3:661 kpc=arcsec.
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by the cluster density, as shown in Figs. 5 and 6. The
specific intensity values in Fig. 5 were obtained by multi-
plying the best-fit values of hI!=!12i from Eq. (5) by the
mean h!12i !" Pi!12;i="2

!;i#="
P

i1="2
!;i#. The plotted

spectrum is thus not the best-fit spectrum at any particular
fiber, but an average cluster spectrum. The signal to noise
ratio of the one-dimensional spectrum appears to be higher
for A2667 than for A2390, in spite of the lower effective
fiber number of the data cube for A2667. We believe that
this is the case because the data cube for A2390 was built
using four nights of data, with slight variations in sky
intensity and efficiency from night to night. The subtrac-
tion is poorest around the prominent sky line at 5577 "A.
There is no obvious candidate for an emission line due to
axion decay.

C. Limits on the two-photon coupling of axions

The expected strength of an axion-decay line is set by
ma;eV through Eq. (4), and the expected Gaussian line
profiles are shown on top of our appropriately normalized
upper limits to flux in Fig. 6 for several candidate axion
masses. The narrow feature at 5577 "A, present in both
panels of Fig. 6, arises from the imperfect subtraction of

a sky emission line. In the absence of a candidate axion-
decay line, we proceed to put an upper limit on the cou-
pling strength # of an axion to two photons.

Since our best-fit values for R! $ hI!=!12i at each
wavelength come with an error estimate "!, we can cal-
culate a 95% confidence limit to the line flux. We assume
that the distribution of noise peaks is Gaussian, and so the
probability that an axion decay associated with a particular
value of Ra;! yields a measured best-fit value less than R! is

 P! ! 1!!!!!!!
2$

p
"!

Z R!%Ra;!

%1
e%x2=2"2

!dx: (6)

Equation (6) yields the 95% confidence limit on intensity
from axion decay:

 Ra;! & R! ' 1:65"!: (7)

At those wavelengths where the best-fit value is R! ! 0,
we have taken the roughly homogeneous intensity of the
sky as a very conservative upper limit on the intracluster
emission. This is many " above the 95% confidence limit,
and so at these wavelengths, we just take Ra;! & R! with-
out making our estimate of the upper limit too conserva-
tive. Ultimately, we wish to combine the upper limits to
flux from the two clusters. One of the advantages of work-
ing with two clusters at slightly different redshifts is that
rest-frame wavelengths falling near sky lines (where limits
to flux are generally quite poor) at one redshift may no
longer fall on sky emission lines at the redshift of the
second cluster. When this is the case, we excise wave-
lengths falling on or near sky lines from each spectrum.
To account for all the flux in a given candidate axion line,
in each cluster spectrum, we calculate the average intensity
of nonexcised data points in a 24 800("1' z#"=c) "A ma;eV
window around a series of putative line centers spanning
the probed axion mass range. We weight the noise in the
usual way. Assuming that our spectra uniformly sample
this bin and that flux errors are uniform across the bin, we
see by integrating the Gaussian profile given in Eq. (4) that

 Ra;! ! 2:30* 10%18#2m7
a;eV

"1' zcl#4S2"zcl#"1000
cgs: (8)

If axions have the standard thermal freeze-out abundance
[Eq. (1)], then the limit on the axion coupling is given by

 # &
""1000"1' zcl#4S2"zcl#m%7

a;eV"!#Ra;!

2:30* 10%18 cgs

#
1=2

: (9)

If the cosmological axion abundance takes on some other
value #ah2, then the limit becomes

 #
!!!!!!!!!!!
#ah2

q
&

""1000"1' zcl#4S2"zcl#m%6
a;eV"!#Ra;!

3:48* 10%16 cgs

#
1=2

:

(10)

Since our real bins are not uniformly sampled (because of
the excision of wavelengths that fall on sky emission lines)

 

FIG. 6. Constraints on hI!=!12i as a function of wavelength !
for A2667 and A2390. CGS units for specific intensity are
ergs cm%2 s%1 "A%1 arcsec%2, and !12 ! !="1012M+ pix%2#,
where ! is the projected mass density of the cluster, measured
using strong lensing. The over-plotted dashed lines are theoreti-
cal Gaussian spectra for axion decays, with central wavelength
!0, corresponding to an axion mass of ma;eV ! 24 800 "A"1'
z#=!0. The predicted amplitude is set by Eq. (4), and exceeds the
measured values in both the top panel (# ! 1:0) and the bottom
panel (# ! 0:03).
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 xmax
a ! 1:2" 10#2m4

a;eVa
2
250!1000; (2)

where !1000 is the velocity dispersion of the cluster in units
of 1000 km s#1, and a250 is the cluster core radius in units
of 250h#1 kpc. For ma;eV > 3 and typical cluster values,
there is ample phase space to accommodate an axionic
mass fraction of xa ! !a=!m.

Axions decay to two photons via two channels. In one,
axions couple to neutral pions through their two-gluon
coupling and two QCD vertices. These pions then decay
to photon pairs through QED triangle anomaly diagrams.
In the other mechanism, axions couple directly to standard-
model fermions through triangle anomaly diagrams, which
then couple to photon pairs through QED vertices. The
total decay rate is derived by taking the sum of the matrix
elements for these two processes, and then incorporating
the relevant kinematic factors, yielding an axion lifetime of
[6,23]
 

" ! 6:8" 1024##2m#5
a;eV s;

where # $ 4
3%E=N # 1:92& 0:08':

(3)

The values of E and N depend on the axion model chosen,
but by parameterizing " in terms of #, we are able to obtain
model independent upper limits to #. The negative sign
comes from interference between the different channels for
the two-photon decay of axions. The uncertainty in the
theoretical value of # comes from uncertainties in the
quark masses and pion-decay constant, and may in fact
be larger than indicated by Eq. (3). A complete cancella-
tion of the axion’s two-photon coupling is possible for
KSVZ models, in which E=N ! 2, and even for DFSZ
axion models, in which E=N ! 8=3 [48]. It is thus hasty to
claim that an upper limit on # truly rules out axions; it
always pays to keep looking.

The rest-frame wavelength of the axion-decay line is
$a ! 24 800 "A=ma;eV, and the line width is dominated by
Doppler broadening. If the axion has a cosmological den-
sity given by Eq. (1) and its mass fraction in the cluster is
xa, then the observer frame-specific intensity from axion
decay is

 I$o
! 2:68" 10#18

"m7
a;eV#

2#12 exp(#%$r # $a'2c2=%2$2
a!2')

!1000%1* zcl'4S2%zcl'
cgs;

(4)

where $o denotes wavelength in the observer’s rest
frame, $r!$o=%1*zcl', cgs denotes units of specific in-
tensity (ergs cm#2 s#1 "A#1 arcsec#2), S%zcl'$da%zcl'=
(c=%100 kms#1Mpc#1') is a dimensionless angular-
diameter distance, and #12 $ #=%1012M+ pixel#2' is the
normalized surface mass density of the cluster. If for some
reason (e.g., low-temperature reheating [40]), the cosmo-
logical axion mass density is lower than indicated by

Eq. (1), then the intensity in Eq. (4) is decreased
accordingly.

The cluster mass density was determined by fitting
parameterized potentials to the locations of gravitationally
lensed arcs. In our mass maps, one pixel is ,0:5 arcsec
across. The intensity predicted by Eq. (4) is comparable
with that of the night-sky continuum, and so it is crucial to
obtain a good sky subtraction when searching for an axion-
decay line in clusters. Fortunately, the spatial dependence
of the cluster density and the expected signal provides a
natural way to separate the background from an axion
signal, as discussed in Sec. IV B.

III. OBSERVATIONS

A. Imaging data

To construct the lensing models used in our analysis and
to mask out IFU fibers corresponding to cluster galaxies
and other bright sources, we used images of A2667 and
A2390 obtained with the HST and the VLT. The cluster
A2667 was observed with HST on October 10–11, 2001,
using WFPC-2 in the F450W, F606W, and F814W filters,
with total exposure times of 12.00 ksec, 4.00 ksec, and
4.00 ksec, respectively [50]. The cluster A2390 was ob-
served with HST on December 10, 1994, using WFPC-2 in
the F555W and F814W filters and total exposure times of
8.40 ksec and 10.5 ksec [51]. After pipeline processing,
standard reduction routines were used with both clusters to
combine the frames and remove cosmic rays. Figures 1 and
2 are images of the cluster cores, with iso-mass contours
overlaid from our best-fit lensing models.

On May 30 and June 1, 2001, near-infrared J-band and
H-band observations of A2667 were obtained with ISAAC
on the VLT [50]. The total exposure times for the J- and H-
band ISAAC data were 7.93 ksec and 6.53 ksec, respec-
tively. The final seeing was 0:5100 and 0:5800 in the J- and H-
bands, respectively.

B. VIMOS spectra

The massive galaxy clusters A2667 and A2390 were
observed with VIMOS, between June 27 and 30, 2003
[50,51]. The IFU is one of three modes available on
VIMOS, and consists of 4 quadrants, each containing
1600 fibers. We used an instrumental setup in which each
fiber covered a region of 0:6700 in diameter. A single
pointing covered a 5400 " 5400 region of the sky. Roughly
10% of the IFU field of view is unresponsive because of
incomplete fiber coverage. A low resolution blue (LR-
Blue) grism was used, covering the wavelength range
3500 "A to 7000 "A with spectral resolution R - 250 and
dispersion 5:355 "A/pixel. The FWHM of the axion-decay
line is 195 "A !1000 m#1

a;eV, and so the LR-Blue grism can
resolve this line, without spreading a faint signal over too
many wavelength pixels. Unfortunately, because spectra
from contiguous pseudoslits (sets of 400 spectra) on the
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Standard model neutrinos

‣ Mass matrix characterized by 3 mass 
splittings and one phase

‣ Mass limits from laboratory and from 
cosmology, 

8 13. Neutrino mixing

4Tµ(1− Tµ) in Eq. (13.15), is shown in Fig. 13.1. We note that this figure implies that at
least one mass eigenstate νi must have a mass exceeding 40 meV.
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Figure 13.1: The region of the atmospheric oscillation parameters ∆m2
atm and

sin2 2θatm allowed by the SK, K2K, and MINOS data. The results of two different
analyses of the SK (“Super K”) data are shown [21].

The neutrinos created in the Sun have been detected on Earth by several experiments,
as discussed by K. Nakamura in this Review. The nuclear processes that power the Sun
make only νe, not νµ or ντ . For years, solar neutrino experiments had been finding that
the solar νe flux arriving at the Earth is below the one expected from neutrino production
calculations. Now, thanks especially to the Sudbury Neutrino Observatory (SNO), we
have compelling evidence that the missing νe have simply changed into neutrinos of other
flavors.

SNO has studied the flux of high-energy solar neutrinos from 8B decay. This
experiment detects these neutrinos via the reactions

ν + d → e− + p + p , (13.25)

ν + d → ν + p + n , (13.26)

and
ν + e− → ν + e− . (13.27)
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Figure 13.3: Regions allowed by the “solar” neutrino oscillation parameters by
KamLAND and by solar neutrino experiments [28].

seen by MiniBooNE is neutrino oscillation, it should appear at a 40% higher energy in
the beam directed at MINOS than in MiniBooNE’s own beam. Whether it does or not is
under investigation.

The regions of neutrino parameter space favored or excluded by various neutrino
oscillation experiments are shown in Fig. 13.4.

III. Neutrino spectra and mixings: If there are only three neutrino mass eigenstates,
ν1, ν2, and ν3, then there are only three mass splittings ∆m2

ij , and they obviously satisfy

∆m2
32 + ∆m2

21 + ∆m2
13 = 0 . (13.29)

However, as we have seen, the ∆m2 values required to explain the flavor changes of the
atmospheric, solar, and LSND neutrinos are of three different orders of magnitude. Thus,

July 24, 2008 18:04

13. Neutrino mixing 19

would be quite un-quark-like, and would suggest the existence of a new symmetry that
leads to the near degeneracy at the top of the spectrum.

While flavor-change experiments can determine a spectral pattern such as the one
in Fig. 13.5, they cannot tell us the distance of the entire pattern from the zero of
squared-mass. One might discover that distance via study of the β energy spectrum
in tritium β decay, if the mass of some νi with appreciable coupling to an electron is
large enough to be within reach of a feasible experiment. One might also gain some
information on the distance from zero by measuring |< mββ > |, the effective Majorana
mass for neutrinoless double-beta decay [43–45] (see Vogel and Piepke in this Review).
Finally, one might obtain information on this distance from cosmology or astrophysics.
Indeed, from current cosmological data and some cosmological assumptions, it is already
concluded that [47] ∑

i

mi < (0.17 − 2.0) eV . (13.36)

Here, the sum runs over the masses of all the light neutrino mass eigenstates νi that may
exist and that were in thermal equilibrium in the early universe. The range quoted in
Eq. (13.36) reflects the dependence of this upper bound on the underlying cosmological
assumptions and on which data are used [47].

If there are just three νi, and their spectrum is either the one shown in Fig. 13.5 or its
inverted version, then Eq. (13.36) implies that the mass of the heaviest νi, Mass [Heaviest
νi], cannot exceed (0.07 – 0.7) eV. Moreover, Mass [Heaviest νi] obviously cannot be less

than
√

∆m2
atm, which in turn is not less than 0.04 eV, as previously noted. Thus, if the

cosmological assumptions behind Eq. (13.36) are correct, then

0.04 eV < Mass [Heaviest νi] < (0.07 − 0.7) eV . (13.37)

iii) Are the neutrino mass eigenstates Majorana particles?
The confirmed observation of neutrinoless double-beta decay would establish that the

answer is “yes.” If there are only three νi, knowledge that the spectrum is inverted and
a definitive upper bound on | < mββ > | that is well below 0.01 eV would establish
(barring exotic contributions to 0νββ) that the answer is “no” [see discussion after
Eq. (13.35)] [43,44].
iv) What are the mixing angles in the leptonic mixing matrix U?

The solar mixing angle θ! " θ12 is already rather well determined.
The atmospheric mixing angle θatm " θ23 is constrained by the most stringent analysis

to lie, at 90% CL, in the region where sin2 2θatm > 0.92 [16]. This region is still fairly
large: 37◦ to 53◦. A more precise value of sin2 2θatm, and, in particular, its deviation
from unity, can be sought in precision long-baseline νµ disappearance experiments. If
sin2 2θatm #= 1, so that θatm #= 45◦, one can determine whether it lies below or above 45◦
with the help of a reactor νe experiment [48,49]. Once we know whether the neutrino
spectrum is normal or inverted, this determination will tell us whether the heaviest mass
eigenstate is more ντ than νµ, as naively expected, or more νµ than ντ [cf. Eq. (13.30)].
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!i ! !j ! " can be thought of as arising from an effective
interaction Lagrangian of the form

 L int "
1

2
!!i#$%#&ij ! 'ij"5$!jF$% ! h:c:; (1)

where F$% is the electromagnetic field tensor, and #$% "
%"$;"%&, where "& are the Dirac-matrices and %:; :& is the
commutator, !i is the neutrino field of mass mi, and &ij and
'ij are the magnetic and electric transition moments usu-
ally expressed in units of the Bohr magneton &B. The
convention to sum over repeated indices is used. In general,
&ij and 'ij are functions of the transferred momentum
squared q2, so that constraints obtained at a different q2

are independent. The radiative decay rate for a transition
i ! j is written

 ""
ij "

j&ijj2 ! j'ijj2
8(

!m2
i 'm2

j

mi

"
3
(

)2
ij

8(

!m2
i 'm2

j

mi

"
3
:

(2)

In the following, we shall quote the bounds in terms of
)2
ij. We shall assume that the radiative decay rate is very

low compared with the expansion rate of the universe;
neither the cosmological evolution nor the primordial neu-
trino spectrum is affected by the additional coupling we are
going to introduce. A posteriori, this is known to be an
excellent approximation. For the same reason, we shall
also neglect ‘‘multiple decays’’ (the daughter neutrino !j

constitutes a negligible fraction of the original !i quasi-
thermal population). We shall take our input data for
neutrino mass eigenstate densities from the calculation
performed in [18] without any extra parameter, as non-
vanishing chemical potentials. With present data, the latter
are anyway constrained to be well below O#1$ [19], so
dropping this assumption would not change much our
conclusions.

From simple kinematical considerations it follows that
in a decay !i ! !j ! " from a state of mass mi into one of
mass mj <mi, the photon in the rest frame of the decaying
neutrinos is thus monochromatic (two-body decay), with
an energy

 "ij "
m2

i 'm2
j

2mi
: (3)

At present, the neutrino mass spectrum is constrained by
the well-known values of the two squared mass splittings
for the atmospheric (#m2

H) and the solar (#m2
L) neutrino

problems. We take their best-fit values and 2# ranges from
[1]:

 #m2
L " 7:92#1) 0:09$ * 10'5 eV2; (4)

 #m2
H " 2:6#1!0:14

'0:15$ * 10'3 eV2: (5)

The remaining unknowns in the neutrino spectrum are the
absolute mass scale (equivalently, the mass of the lightest

eigenstate m1) and the mass hierarchy. Namely, in normal
hierarchy (NH) the mass pattern would be

 m1; m2 "
#######################
m2

1 ! #m2
L

q
;

m3 "
########################################
m2

1 !#m2
L !#m2

H

q
;

(6)

while in inverted hierarchy (IH) one would have

 m1; m2 "
########################
m2

1 !#m2
H

q
;

m3 "
########################################
m2

1 !#m2
L !#m2

H

q
:

(7)

In the limiting case of normal hierarchy and m1 " 0, the
lightest neutrino for which a decay is possible has a mass
m2 ’ 9* 10'3 eV and is thus nonrelativistic for most of
the universe lifetime, namely, in the redshift range z & 50.
We can thus safely work in the approximation of all
neutrinos decaying effectively at rest. In this limit, we
can also neglect the momentum distribution of the neutrino
spectra. The formalism which would allow one to general-
ize our results to the momentum-dependent case has been
developed in [20], to which we address the interested
reader for further details. However, the corrections are
small, of the order of powers of the neutrino temperature
to mass ratios, and also vanishing in the limit of very long
lifetimes.

We shall discuss the limits on )2
ij as a function of m1 and

for the two cases NH and IH. We shall vary the mass scale
in 0 & m1 & 2 eV as allowed by the Mainz experiment on
the 3H beta decay endpoint [21]. In this respect, we shall be
conservative: If neutrinos are Majorana particles, the more
stringent bound from 0!%% searches apply, with an effec-
tive mass bound m%% < 0:81 eV [22]. Structure formation,
combined with other cosmological data, also constrainsP

imi [2]. Present cosmological bounds span the rangeP
imi & 0:2–2 eV, [2,22–26], depending on the data sets

used and priors assumed. An upper limit of
P

imi + 0:6 eV
(i.e. m1 ’ 0:2 eV) is often considered robust, and we shall
report it for illustrative purposes. Yet, one may circumvent
the 0!%% bound (e.g. with a Dirac neutrino) and signifi-
cantly relax the most stringent cosmological bounds (for
example with a conservative combination of cosmological
data sets and priors or with an exotic dark energy sector),
so in the following we shall present our results up to the
value m1 " 2 eV.

Let FE be the present energy flux of photons with
present energy E produced by neutrino decay. The differ-
ential energy flux ’E (energy flux FE per unit energy and
solid angle) is related to the differential number flux ’n
(the particle flux Fn per unit energy and solid angle) at
present by
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constitutes a negligible fraction of the original !i quasi-
thermal population). We shall take our input data for
neutrino mass eigenstate densities from the calculation
performed in [18] without any extra parameter, as non-
vanishing chemical potentials. With present data, the latter
are anyway constrained to be well below O#1$ [19], so
dropping this assumption would not change much our
conclusions.

From simple kinematical considerations it follows that
in a decay !i ! !j ! " from a state of mass mi into one of
mass mj <mi, the photon in the rest frame of the decaying
neutrinos is thus monochromatic (two-body decay), with
an energy

 "ij "
m2

i 'm2
j

2mi
: (3)

At present, the neutrino mass spectrum is constrained by
the well-known values of the two squared mass splittings
for the atmospheric (#m2

H) and the solar (#m2
L) neutrino

problems. We take their best-fit values and 2# ranges from
[1]:

 #m2
L " 7:92#1) 0:09$ * 10'5 eV2; (4)

 #m2
H " 2:6#1!0:14

'0:15$ * 10'3 eV2: (5)

The remaining unknowns in the neutrino spectrum are the
absolute mass scale (equivalently, the mass of the lightest

eigenstate m1) and the mass hierarchy. Namely, in normal
hierarchy (NH) the mass pattern would be

 m1; m2 "
#######################
m2

1 ! #m2
L

q
;

m3 "
########################################
m2

1 !#m2
L !#m2

H

q
;

(6)

while in inverted hierarchy (IH) one would have

 m1; m2 "
########################
m2

1 !#m2
H

q
;

m3 "
########################################
m2

1 !#m2
L !#m2

H

q
:

(7)

In the limiting case of normal hierarchy and m1 " 0, the
lightest neutrino for which a decay is possible has a mass
m2 ’ 9* 10'3 eV and is thus nonrelativistic for most of
the universe lifetime, namely, in the redshift range z & 50.
We can thus safely work in the approximation of all
neutrinos decaying effectively at rest. In this limit, we
can also neglect the momentum distribution of the neutrino
spectra. The formalism which would allow one to general-
ize our results to the momentum-dependent case has been
developed in [20], to which we address the interested
reader for further details. However, the corrections are
small, of the order of powers of the neutrino temperature
to mass ratios, and also vanishing in the limit of very long
lifetimes.

We shall discuss the limits on )2
ij as a function of m1 and

for the two cases NH and IH. We shall vary the mass scale
in 0 & m1 & 2 eV as allowed by the Mainz experiment on
the 3H beta decay endpoint [21]. In this respect, we shall be
conservative: If neutrinos are Majorana particles, the more
stringent bound from 0!%% searches apply, with an effec-
tive mass bound m%% < 0:81 eV [22]. Structure formation,
combined with other cosmological data, also constrainsP

imi [2]. Present cosmological bounds span the rangeP
imi & 0:2–2 eV, [2,22–26], depending on the data sets

used and priors assumed. An upper limit of
P

imi + 0:6 eV
(i.e. m1 ’ 0:2 eV) is often considered robust, and we shall
report it for illustrative purposes. Yet, one may circumvent
the 0!%% bound (e.g. with a Dirac neutrino) and signifi-
cantly relax the most stringent cosmological bounds (for
example with a conservative combination of cosmological
data sets and priors or with an exotic dark energy sector),
so in the following we shall present our results up to the
value m1 " 2 eV.

Let FE be the present energy flux of photons with
present energy E produced by neutrino decay. The differ-
ential energy flux ’E (energy flux FE per unit energy and
solid angle) is related to the differential number flux ’n
(the particle flux Fn per unit energy and solid angle) at
present by
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Neutrino lifetime

‣ Decays probe the parameter space of lifetime/mass

Do solar neutrinos decay?
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Despite the fact that the solar neutrino flux is now well understood in the context of matter-affected neutrino

mixing, we find that it is not yet possible to set a strong and model-independent bound on solar neutrino

decays. If neutrinos decay into truly invisible particles, the Earth-Sun baseline defines a lifetime limit of

#/m!10"4 s/eV. However, there are many possibilities which must be excluded before such a bound can be

established. There is an obvious degeneracy between the neutrino lifetime and the mixing parameters. More

generally, one must also allow the possibility of active daughter neutrinos and/or antineutrinos, which may

partially conceal the characteristic features of decay. Many of the most exotic possibilities that presently

complicate the extraction of a decay bound will be removed if the KamLAND reactor antineutrino experiment

confirms the large-mixing angle solution to the solar neutrino problem and measures the mixing parameters

precisely. Better experimental and theoretical constraints on the 8B neutrino flux will also play a key role, as

will tighter bounds on absolute neutrino masses. Though the lifetime limit set by the solar flux is weak, it is

still the strongest direct limit on nonradiative neutrino decay. Even so, there is no guarantee !by about eight
orders of magnitude" that neutrinos from astrophysical sources such as a Galactic supernova or distant active

galactic nuclei will not decay.

DOI: 10.1103/PhysRevD.65.113009 PACS number!s": 13.35.Hb, 14.60.Pq, 26.65.#t

I. INTRODUCTION

Since solar neutrinos have been detected with roughly the
expected flux, it appears that they do not decay over the
500 s$c distance to Earth. Furthermore, neutrinos from SN
1987a were also detected in reasonable numbers on a much
longer baseline of (5$1012 s)$c . Decay will deplete the
flux of neutrinos of energy E and mass m over a distance L
by the factor

exp! "
t

# lab
"%exp! "

L

E
$
m

# " , !1.1"

where # is the rest-frame lifetime and we use c%1 units
from now on. In Table I, we list representative #/m scales for
various neutrino sources.
In this paper, we critically assess what the best limits on

neutrino decay are. We find that it is not yet possible to set
model-independent bounds, even for the well-measured solar
neutrinos. We discuss how decay limits can be improved in
the future.
Though in the past neutrino decay was frequently dis-

cussed in terms of flavor eigenstates, the lifetimes of neutri-
nos are only well defined for mass eigenstates !a flavor state
does not have a definite mass, lifetime, or magnetic mo-
ment". Since we now know that mixing angles are large, this
distinction is essential.
Therefore, in considering the decay of neutrinos from the

Sun and SN 1987a, one has to properly assess the mass
eigenstate content of the fluxes. The SN 1987a data can be

reasonably explained by saying that the expected flux of $̄1

made it to Earth and was detected as $̄e via the charged-
current reaction $̄ep→e#n . The $̄% component would only
have been detectable in neutral-current reactions, and the SN
1987a data are consistent with no neutral-current events. If
$1 is !as suggestively labeled" the lightest mass eigenstate,
then it would not be kinematically allowed to decay, so that
the decay limit from SN 1987a would be meaningless.
Presently, the best explanation of the solar neutrino prob-

lem is large mixing angle !LMA" Mikheyev-Smirnov-
Wolfenstein !MSW" transformation of $e to $% ,$# . Besides
being the best oscillation-parameter fit, LMA also provides a
‘‘good’’ fit to all of the solar neutrino data in terms of an
acceptable chi-squared. Without the effects of oscillations,
the solar neutrino flux is only understood at the factor of two
level. Including the effects of oscillations, the total flux of all
flavors is better understood, and the hope is that much more
stringent decay limits can be derived. A similar approach was
used to set the strongest direct neutrino magnetic moment
limit &1'.
If LMA is the correct scenario, then solar neutrinos in the

*Email address: beacom@fnal.gov
†Email address: nfb@fnal.gov

TABLE I. Representative scales for neutrino lifetimes, taken

simply as #/m(L/E . The top three entries correspond to present

data, and the lower two to possible future data &after neutrinos of all
flavors have been observed from a Galactic supernova and neutri-

nos from astrophysical sources like active galactic nuclei !AGN"
have been observed in km3 detectors'.

Neutrino source L/E #/m !s/eV"

Accelerator 30 m / 10 MeV 10"14

Atmosphere 104 km / 300 MeV 10"10

Sun 500 s / 5 MeV 10"4

Supernova 10 kpc / 10 MeV 105

AGN 100 Mpc / 1 TeV 104
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 ’E ! d2FE

dEd!
" E

d2Fn

dEd!
! E’n; (8)

and it can be shown that, if the lifetime !i of the neutrino of
mass mi is much greater than the universe lifetime, it holds
[20]1

 ’E " ""
32

4#
n3

H#z32$
% ""

31

4#
n3

H#z31$
% ""

21

4#
n2

H#z21$
; (9)

where ni ’ 113 cm&3 is the present number density of the
i-th neutrino in absence of decay, the Hubble function is
(assuming, for simplicity, a flat cosmology) H#z$ "
H0

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!M#1% z$3 %!#

p
, H0 ’ 73 km s&1 Mpc&1, which is

the present Hubble expansion rate, and !M ’ 0:26 and
!# ’ 0:74 are, respectively, the matter and the cosmologi-
cal constant energy density relative to the critical one. The
dependence on energy enters implicitly via the quantities
0 ' zij " "ij=E& 1.

In practice, to a very good approximation one can write a
general equation of the kind

 ’E " ""
H

4#
nH

H#zH$
% ""

L

4#
nL

H#zL$
; (10)

where, however, the meaning of the factors depends on the
hierarchy. In NH, in the first two terms of the sum in Eq. (9)
it holds z32 ’ z31 ! zH, and one can identify zL " z21,
""
L " ""

21, "
"
H " ""

31 % ""
32. In IH, it is the last two terms

of the sum in Eq. (9) which have z31 ’ z21 ! zH, and using
n2 ’ n3 one can identify zL " z32, "

"
L " ""

32, "
"
H ! ""

31 %
""
21. In both cases, we shall therefore express our bounds in

terms of $2
L;H keeping in mind their slightly different

meaning for the two cases of NH and IH.
In Fig. 1 we represent the unredshifted photon energy "ij

from decaying neutrinos [Eq. (3)] as a function of the
lightest neutrino mass eigenstate m1 in the case of normal
and inverted hierarchy, where the meaning of "L;H is clear
from the previous discussion. We also indicate by a hori-
zontal band the energy range of the CMB spectrum (2:84(
10&4 eV ' E ' 2:65( 10&3 eV) measured by FIRAS
[12]. We also show the CIB range in the energy band above
the FIRAS range up to (conventionally) 0.15 eV [16]. For
m1 & 0:5 eV, the photon energy "H falls in the CIB range.

For photons emitted at z " 0 in the FIRAS range, the
effect of radiative decays is most prominent and results in a
feature on the CMB spectrum. Actually, even if photons are
emitted at higher energy the effect is still strong, since
photons emitted at a few z enter the FIRAS spectrum
because of cosmological redshift; it is easy to check that
one has thus some sensitivity to $H in the whole range for
m1. However, as we will see, for m1 & 0:1 eV, a stronger

(but less robust) limit can be obtained using the CIB data
directly.

On the other hand, for m1 * 0:14 eV, the photons cor-
responding to the smaller splitting are falling in the radio
band below the frequency range probed by COBE, where
measurements are more uncertain. Thus, one has no sensi-
tivity to $L and the corresponding bound disappears.

III. THE CMB BOUND

To constrain the neutrino electromagnetic decay we use
the COBE/FIRAS data for the experimentally measured
CMB spectrum, corrected for foregrounds [12]. Note that
the new calibration of FIRAS [13] is within the old errors
and would not change any of our conclusions. The N " 43
data points $exp

i at different energies Ei are obtained by
summing the best-fit blackbody spectrum to the residuals
reported in Ref. [12]. The experimental errors %i and the
correlation indices &ij between different energies are also
available. In the presence of neutrino decay, the original
radiance (energy flux per unit of solid angle) of the ‘‘theo-
retical blackbody’’ at temperature T

 $0#E; T$ " E3

4#3 )exp#E=T$ & 1*&1 (11)

would gain an additional term so that the intensity becomes

 $0#E; T$ ! $#E; T;$2
L;H; m1$

" $0#E; T$ % ’E#$2
L;H; m1$: (12)

We then build the reduced chi-squared function

 '2
(#T;$2

L;H; m1$ "
1

N & 1

XN

i;j"1

%$i#%2$&1
ij %$j; (13)

FIG. 1 (color online). Unredshifted photon energy " from
decaying neutrinos [Eq. (3)] as a function of the lightest neutrino
mass eigenstate m1, for the two neutrino mass splittings (L, H) in
normal and inverted hierarchy (see text for details). The hori-
zontal band represents the energy range of the CMB spectrum
measured by FIRAS [12]. The CIB energy range is also shown.

1Note that !i may be much shorter than the radiative lifetime,
which in most exotic models is dominated by invisible decays
[4,27,28]. In the present work we are neglecting these cases.
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!i ! !j ! " can be thought of as arising from an effective
interaction Lagrangian of the form

 L int "
1

2
!!i#$%#&ij ! 'ij"5$!jF$% ! h:c:; (1)

where F$% is the electromagnetic field tensor, and #$% "
%"$;"%&, where "& are the Dirac-matrices and %:; :& is the
commutator, !i is the neutrino field of mass mi, and &ij and
'ij are the magnetic and electric transition moments usu-
ally expressed in units of the Bohr magneton &B. The
convention to sum over repeated indices is used. In general,
&ij and 'ij are functions of the transferred momentum
squared q2, so that constraints obtained at a different q2

are independent. The radiative decay rate for a transition
i ! j is written

 ""
ij "

j&ijj2 ! j'ijj2
8(

!m2
i 'm2

j

mi

"
3
(

)2
ij

8(

!m2
i 'm2

j

mi

"
3
:

(2)

In the following, we shall quote the bounds in terms of
)2
ij. We shall assume that the radiative decay rate is very

low compared with the expansion rate of the universe;
neither the cosmological evolution nor the primordial neu-
trino spectrum is affected by the additional coupling we are
going to introduce. A posteriori, this is known to be an
excellent approximation. For the same reason, we shall
also neglect ‘‘multiple decays’’ (the daughter neutrino !j

constitutes a negligible fraction of the original !i quasi-
thermal population). We shall take our input data for
neutrino mass eigenstate densities from the calculation
performed in [18] without any extra parameter, as non-
vanishing chemical potentials. With present data, the latter
are anyway constrained to be well below O#1$ [19], so
dropping this assumption would not change much our
conclusions.

From simple kinematical considerations it follows that
in a decay !i ! !j ! " from a state of mass mi into one of
mass mj <mi, the photon in the rest frame of the decaying
neutrinos is thus monochromatic (two-body decay), with
an energy

 "ij "
m2

i 'm2
j

2mi
: (3)

At present, the neutrino mass spectrum is constrained by
the well-known values of the two squared mass splittings
for the atmospheric (#m2

H) and the solar (#m2
L) neutrino

problems. We take their best-fit values and 2# ranges from
[1]:

 #m2
L " 7:92#1) 0:09$ * 10'5 eV2; (4)

 #m2
H " 2:6#1!0:14

'0:15$ * 10'3 eV2: (5)

The remaining unknowns in the neutrino spectrum are the
absolute mass scale (equivalently, the mass of the lightest

eigenstate m1) and the mass hierarchy. Namely, in normal
hierarchy (NH) the mass pattern would be

 m1; m2 "
#######################
m2

1 ! #m2
L

q
;

m3 "
########################################
m2

1 !#m2
L !#m2

H

q
;

(6)

while in inverted hierarchy (IH) one would have

 m1; m2 "
########################
m2

1 !#m2
H

q
;

m3 "
########################################
m2

1 !#m2
L !#m2

H

q
:

(7)

In the limiting case of normal hierarchy and m1 " 0, the
lightest neutrino for which a decay is possible has a mass
m2 ’ 9* 10'3 eV and is thus nonrelativistic for most of
the universe lifetime, namely, in the redshift range z & 50.
We can thus safely work in the approximation of all
neutrinos decaying effectively at rest. In this limit, we
can also neglect the momentum distribution of the neutrino
spectra. The formalism which would allow one to general-
ize our results to the momentum-dependent case has been
developed in [20], to which we address the interested
reader for further details. However, the corrections are
small, of the order of powers of the neutrino temperature
to mass ratios, and also vanishing in the limit of very long
lifetimes.

We shall discuss the limits on )2
ij as a function of m1 and

for the two cases NH and IH. We shall vary the mass scale
in 0 & m1 & 2 eV as allowed by the Mainz experiment on
the 3H beta decay endpoint [21]. In this respect, we shall be
conservative: If neutrinos are Majorana particles, the more
stringent bound from 0!%% searches apply, with an effec-
tive mass bound m%% < 0:81 eV [22]. Structure formation,
combined with other cosmological data, also constrainsP

imi [2]. Present cosmological bounds span the rangeP
imi & 0:2–2 eV, [2,22–26], depending on the data sets

used and priors assumed. An upper limit of
P

imi + 0:6 eV
(i.e. m1 ’ 0:2 eV) is often considered robust, and we shall
report it for illustrative purposes. Yet, one may circumvent
the 0!%% bound (e.g. with a Dirac neutrino) and signifi-
cantly relax the most stringent cosmological bounds (for
example with a conservative combination of cosmological
data sets and priors or with an exotic dark energy sector),
so in the following we shall present our results up to the
value m1 " 2 eV.

Let FE be the present energy flux of photons with
present energy E produced by neutrino decay. The differ-
ential energy flux ’E (energy flux FE per unit energy and
solid angle) is related to the differential number flux ’n
(the particle flux Fn per unit energy and solid angle) at
present by
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where

 !"i ! "exp
i ""#Ei; T$ (14)

is the i-th residual, and

 !2
ij ! "ij!i!j (15)

is the covariance matrix. In principle, the parameter T
entering initially in "0#E; T$ needs not to be fixed at the
standard value T0 ! 2:725% 0:002 K [13], which is the
best fit of the ‘‘distorted’’ spectrum eventually observed
now. The initial T before a significant fraction of neutrino
decays should thus be a free parameter, to be determined in
the minimization procedure. Practically, however, the dis-
tortion introduced by the neutrino decay spectrum is so
highly nonthermal that a change in T cannot be accom-
modated for any significant neutrino lifetime: the con-
straints obtained fixing T are basically the same.

Our results are reported in Fig. 2, where we represent the
exclusion plot in the plane #L;H & ##$

H;L$"1 vs m1, where
the regions below the solid curves are excluded at 95%
C.L. For small values of m1 the most stringent limit is #L *
4' 1020 s in IH (slightly better than in the NH case), while
the bound on #H is about an order of magnitude smaller,
say #H * 2' 1019 s, since for low m1 only photons pro-
duced by H decays at a redshift of a few z are in the FIRAS
range. In contrast, for m1 * 0:14 eV, the bound on #L
disappears, while the bound on #H becomes more strin-
gent, being #H * 5' 1020 s. Note that the ‘‘fuzzy’’ be-
havior of the bounds is due to the sharp edge of the photon
spectrum at E ! "H;L: when the photon energy embeds a
new FIRAS bin, the %2 function has a sharp discontinuity.

In Fig. 3 we translate the plot of Fig. 2 in an exclusion
plot in the plane m1 vs &L;H. Here the factor #'m2

ij=mi$3
maps in a nontrivial way the bounds in terms of &L;H. The
regions above the solid curves are excluded at 95% C.L.
For the NH case, &L & 3' 10"8(B, while in the IH case,
&L & 3' 10"7(B. In agreement with our previous con-
siderations, the bound on &L disappears for m1 * 0:14 eV.
In contrast, the bound for &H is always present, and it
corresponds to &H & 8' 10"9(B, apart from the degen-
erate region, where it degrades down to 10"7(B or even
more. Note also that typical cosmological upper bounds
would already exclude the extreme degenerate case.

IV. THE CIB BOUND

The CIB is mainly the relic emission of the formation
and evolution of galaxies of all types at wavelengths larger
than a few microns. The spectrum of the CIB is peaked
around (100 (m (E( 1:2' 10"2 eV), thus, just in the
energy range "H of photon from radiative ) decays, for
m1 < 0:1 eV. Recently, a new estimate of the CIB flux has
been established using the Spitzer Observatory data [16].
The measured CIB flux is "CIB ( 24 nWm"2 sr"1. Using
this number we can obtain a rough bound on #H (and hence
on &H), simply requiring that the total energy flux of the
photons coming from ) decay does not exceed the CIB
flux:

 

Z "H

Emin

’EdE <"CIB; (16)

where we consider as the lower limit of the CIB range the

FIG. 2 (color online). Bounds on #H and #L vs m1, for the two
cases of NH and IH. The regions below the solid curves are
excluded at 95% C.L. The curves for #H coincide in the two
cases, although the definition of #H is different (see text). The
dot-dashed line represents the limit on #H obtained from cosmic
infrared background.

FIG. 3 (color online). Bounds on &H and &L vs m1, for the two
cases of NH and IH. The regions above the solid curves are
excluded at 95% C.L. The curves for &H coincide in the two
cases, although the definition of &H is different (see text). The
dot-dashed line represents the limit on &H obtained from cosmic
infrared background.
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Relic neutrino clustering

• Depending on mass, 
neutrinos would cluster 
around seed galaxy and 
clusters

• Clusters may then be 
ideal targets for 
radiative decay lines

Gravitational clustering of relic neutrinos and implications for their detection 20

Figure 5. Relic neutrino number density per flavour, nν = nν̄ , in the Milky Way for
various neutrino masses. All curves are normalised to n̄ν = n̄ν̄ ! 56 cm−3. The top
curve in each plot corresponds to the MWnow run, and the bottom to the NFWhalo
run. The enclosed region represents a possible range of overdensities at z = 0.

context of an expanding universe; the (unbound) neutrino thermal velocity decreases

with time [equation (4.1)], thus causing them to be more readily captured. Equivalently,
in comoving coordinates, it is easy to see that while the neutrino conjugate momentum

(3.2) does not redshift, the MWnow potential well shrinks in size and deepens with time.

In each scenario we studied, the final momentum distribution at r⊕ is almost

isotropic, with a zero mean radial velocity 〈vr〉, and second velocity moments that

satisfy approximately the relation 2〈v2
r〉 = 〈v2

T 〉 (cf. Table 2). For this reason, we plot

Ringwald & Wong 2003



Conclusions/Prospects

‣ Prospects for constraining 
new physics with EBL

‣ Spectroscopy would be 
sensitive to lines from 
neutrino or axion decays 

‣ Improve on Spitzer IRS 
results: more sensitivity and 
more targets 
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FIG. 3: The observed EBL spectrum. Filled symbols are
based on integrated galaxy counts, while empty symbols and
the black lines at high wavelength represent absolute measure-
ments. In the UV to NIR, we also show the gamma-ray upper
limits placed by H.E.S.S. (red solid curve) [99], MAGIC (blue
dashed curve) [101], and Edelstein et al. 2000 (filled downward
triangle at 0.1 µm) [102]. We show three shaded regions repre-
senting the minimum (dark shading), nominal (light shading)
and maximum (lightest shading) EBL. The integrated total
EBL from these are listed at the top-right.
The integrated galaxy counts shown include (in order of in-
creasing λ) Gardner et al. 2000 (red cicle) [90], Madau &
Pozzetti 2000 (green square) [91], Levenson & Wright 2008
(blue diamond) [92], Fazio et al. 2004 (yellow right-pointed
triangle) [93], Metcalfe et al. 2003 (red up-pointed triangle)
[94], Elbaz et al. 2002 (blue down-pointed triangle) [95], Pa-
povich et al. 2004 (green right-pointed triangle) [96], Dole et
al. 2006 (yellow circle) [97], and Frayer et al. 2006 (purple
square) [98]. Absolute measurements shown include (in order
of increasing λ) Cambresy et al. 2001 (dark blue right-pointed
triangle) [85], Wright 2001 (purple left-pointed triangle) [86],
Dwek & Arendt 1998 (dark green square) [87], Lagache et
al. 2000 (green diamond) [88], and Hauser et al. 1998 (red
cirlce) [89]. For the results of Bernstein et al. [81, 82, 83, 84],
we show 2σ upper limits (filled downward-pointing trian-
gles), nominal values (empty circles), and lower limits (filled
upward-pointing triangles), all connected by dashed lines. We
show the diffuse sky measurements of Matsumoto et al. 2005
(small empty circles) [103], and the FIR measurements by
Fixsen et al. 1998 (filled black circles) [104] connected by black
lines.

initial main-sequence mass of a star with a lifetime of t′.
We calculate this quantity using the PEGASE.2 stellar
population code, with the same assumptions as described
in Section II A, but with evolution of metallicity, with an
initial value of Z = 0.001 at z = 10. The specific EBL
intensity I(ν) at the observed frequency ν is then the
integral of ε(ν′, z), from the comoving volume element at

z, over redshifts,

I(ν) =
c

4π

∫ z∗

0
ε(ν′, z)

∣

∣

∣

∣

dt

dz

∣

∣

∣

∣

dz, (6)

where ν′ = ν(1 + z) is the frequency at emission and
|dz/dt| = H0(1 + z)[Ωm(1 + z)3 + ΩΛ]1/2.

The values of the calculated total EBL are
95+39

−30 nW m−2 sr−1, 88+36
−28 nW m−2 sr−1, and 78+31

−24

nW m−2 sr−1 for the Salpeter, Kroupa, and BG IMFs,
respectively. While the CSFH differs by almost a factor
2 between the Salpeter and BG IMFs, the calculated to-
tal EBL differs by much less, because the total EBL is
dominated by relatively higher mass stars. On the other
hand, steeper IMFs have more low mass stars which live
long and pile up, which works to increase the total EBL.
These dependencies on the IMF have in fact been studied
by various authors to constrain the IMF (e.g., Ref. [53]).
Of importance to us is the agreement between observa-
tions and predictions, when calculated using recent IMFs
with shallower slopes and suppression at the lower mass
end (BG IMF).

We note that this result contrasts with a recent study
which found predictions that were smaller than observa-
tions [53]. In their study, the predicted EBL was ∼ 50
nW m−2 sr−1 for the BG IMF and they estimated the
observed EBL to be 77 nW m−2 sr−1. Our study differs
in three aspects. First, by including the gamma-ray con-
straints, the updated observed EBL is slightly smaller.
Second, the updated CSFH is somewhat larger. Finally,
we include consistent evolution of metallicity in our calcu-
lations, whereas the authors in [53] assumed a constant
Z = 0.02 over all redshifts. Lower metallicity leads to
less mass loss and hence higher time-integrated radiative
output. These three factors result in us obtaining better
agreement.

D. Total stellar mass

Integration of the CSFH over redshift with appropri-
ate corrections for stellar mass loss yields the stellar mass
density. This quantity can be independently measured
using galaxy surveys, which are often coupled to NIR ob-
servations as a proxy for stellar mass. Therefore, it also
provides an independent check of the CSFH. The com-
parison has the property of probing a lower stellar mass
range than the EBL. Numerous studies have been made,
with results varying from good agreement [109, 110, 111]
to the CSFH over-producing stars [37, 112]. In these
comparisons, the IMF plays a critical role [113]. A recent
detailed study shows that the CSFH and observations of
stellar mass density are in good agreement for redshifts
z <
∼ 0.7 [44]. In a subsequent paper, the authors find that

if the IMF is constant in time, the best-fit IMF slope is
2.15 [114], which is the same as our adopted BG IMF.
Although the check becomes complicated by large scat-
ter in measurements at redshifts above 0.7, the studies
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