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We study the possibility to use line-intensity mapping (LIM) to seek photons from the radiative decay of
neutrinos in the cosmic neutrino background. The Standard Model prediction for the rate for these decays is
extremely small, but it can be enhanced if new physics increases the neutrino electromagnetic moments.
The decay photons will appear as an interloper of astrophysical spectral lines. We propose that the neutrino-
decay line can be identified with anisotropies in LIM clustering and also with the voxel intensity
distribution. Ongoing and future LIM experiments will have—depending on the neutrino hierarchy,
transition, and experiment considered—a sensitivity to an effective electromagnetic transition moment

~10712 — 1078(m;c?/0.1 eV)3/2yB, where m; is the mass of the decaying neutrino and yp is the Bohr
magneton. This will be significantly more sensitive than cosmic microwave background spectral
distortions, and it will be competitive with stellar cooling studies. As a by-product, we also report an
analytic form of the one-point probability distribution function for neutrino-density fluctuations, obtained
from the QUUOTE simulations using symbolic regression.
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Considerable efforts are underway to study the properties
of neutrinos, including their masses, mixing angles, and
nature (e.g., Dirac or Majorana) [1-21]. The stability of
neutrinos is also of interest. An active massive neutrino v;
can decay into a lighter eigenstate v; and photon, y,
v;i > vj+y with a rate determined by electromagnetic
transition moments induced via loops involving gauge
bosons. The Standard Model (SM) prediction for the
lifetime is gy = 7.1 x 10¥m3 s [22-25], where m .y =
m,c?/eV is the neutrino mass in eV /c? units, significantly
longer than the age of the Universe.

However, new physics beyond the SM (BSM) can
enhance neutrino magnetic moments [26—34], and such
modifications have been considered in connection with
experimental anomalies, such as a possible correlation of
solar neutrinos with solar activity [14,35], or more
recently [33,34] the ~30c excess reported XENONIT
[36]. Although many avenues have been proposed (see,
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e.g., Ref. [37] for a review), the most efficient direct
laboratory probe of neutrino electromagnetic couplings
involves neutrino-electron scattering [7,8,38]. Tighter
bounds on neutrino electromagnetic moments come from
astrophysics. In particular, the strongest constraint comes
from the tip of the red giant branch in globular clusters,
which is sensitive to the additional energy loss through
plasmon decay into two neutrinos [39—41]. Radiative
neutrino decays have also been constrained from mea-
surements of the cosmic microwave background (CMB)
spectral distortions [42,43].

Here we study the use of line-intensity mapping (LIM) to
seek photons from radiative decays of neutrinos in the
cosmic neutrino background. LIM [44,45] exploits the
integrated intensity at a given frequency induced by a well-
identified spectral line to map the three-dimensional dis-
tribution of matter in the Universe. Photons from particle
decays will appear in these maps as an unidentified line
[46] that can be distinguished from astrophysical lines
through its clustering anisotropies and through the voxel
probability distribution function [47]. We find that LIM has
the potential to be significantly more sensitive to radiative
decays than current cosmological probes and compete with
the strongest bounds to electromagnetic moments coming
from astrophysical observations.
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While neutrino radiative decays are characterized by the
electromagnetic transition moments, LIM experiments are
sensitive to the luminosity density p; of the photons
produced in each point x, which, for the decay between
the i and j states, is given by

pi(x) = (1/6)p, (x)c*T;(1 = mj/m3), (1)
where p, is the total neutrino density, I';; = 1;].' is the decay
rate, and m; are the neutrino masses. We assume that the
density of each state is 1/3 of the total density, as expected
apart from small mass differences and flavor corrections
that have negligible consequences for the precision goals of
this Letter [48]. The corresponding brightness temperature
T at redshift z is

. (1 +2)%] (z.x) i
Ti — L\% - X 1]
(Z’x) 87Tk3f3H<Z) LTPL (Z’x)

= (XLT/6)ﬂy02Fij(1 - mjz/mzz) (2)

where H is the Hubble expansion and kg is the Boltzmann
constant and f is the rest-frame frequency [49]. Thus, the
brightness temperature from neutrino decays traces the
neutrino-density field.

Decay photons are then an emission line with rest-frame
frequency given by f;; = (m} — m3)c*/(2hpm;), where hp
is the Planck constant. For m;/c?> > T,/ kg~ 107*(1 +
z) eV (where T, is the cosmic neutrino temperature), which
holds true for our cases of interest, the neutrinos are
nonrelativistic, and we can neglect the linewidths due to
their velocity dispersion [50]. The rest-frame frequency of
the emission lines is then uniquely characterized by the
neutrino hierarchy and the sum ) m, of neutrino masses,
as shown in Fig. 1, with the observed frequency redshifted
accordingly. The transitions not included in the figure have
a frequency very similar to one of the other two (e.g., f3; &
f3> for the normal hierarchy) and are not distinguished
hereinafter.

We now consider two LIM observables: the power
spectrum and the voxel intensity distribution (VID). The
observed anisotropic LIM power spectrum associated to the
neutrino decay between i and j states is [47,51]

Pyj(k,u) = W k. p)X71(p ) Frsp (k. )P (), (3)

where k is the modulus of the Fourier mode, p =k - kj/ k>
is the cosine of the angle between the Fourier mode and the
line of sight, W is a window function modeling the
effects from instrumental resolution and finite volume
observed, the brackets () denote the spatial mean, Frgp
is a redshift-space distortions factor [51], P, is the
neutrino power spectrum, computed using CAMB [52],
and all redshift dependence is implicit. We consider the
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FIG. 1. Relation between the sum of neutrino masses and the
rest-frame frequency of the photon produced in the decay for NH
and IH (top) and the corresponding observed frequency. We also
show the frequency bands of the experiments considered in both
panels with horizontal shaded bands.
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Legendre multipoles of the LIM power spectrum with
respect to ¢ up to the hexadecapole.

Similarly, the VID is related to the probability distribu-
tion function (PDF) P, of the normalized total neutrino
denSity :bu = pv/<pv>’ as PIJ(T) = P[)(ﬁv)/<TU> We esti-
mate the neutrino-density PDF from high-resolution sim-
ulations of the QUIJOTE simulation suite [53], that model the
gravitational evolution of more than 2 billion cold dark
matter and neutrino particles in a comoving box of
(1h~! Gpc)? volume. Degenerate neutrino mass eigen-
states are assumed.

First, neutrino particle positions are assigned to a regular
grid with 1500% voxels employing the cloud-in-cell mass-
assignment scheme. Next, the 3D field is convolved with a
Gaussian kernel of a given width. Then, the PDF is
estimated by computing the fraction of voxels with a
given p,. We do this for > m,c* = {0.1,0.2,0.4} eV, at
z=1{0,05,1,2,3,4,5,6,7,8,9} and for six smoothing
scales {2,3,4,5,7.5,10}h~" Mpc. We have checked that
the computed PDFs, in the range of interest for this study,
are converged in our simulations. Note that all dependences
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can be condensed in the root-mean square ¢ of smoothed
density field, which depends on > m,, z, and the smooth-
ing scale. Finally, we use symbolic regression to approxi-
mate this grid of PDFs using the Eureqa package (https://
www.datarobot.com/nutonian/) finding

P; {o.zg(o.6§) +2.58'6G(1.1 +2-2.39)
AP

8 +0.05G(0.62)

—2.581°G(1.1 + (d/3) — 2.35)} -1, (4)

where G(x) = e b= logp,, 3 =1log(1+o0),and Aisa
normalization factor.

LIM experiments will not target the emission line from
neutrino decays, but known astrophysical lines. In turn, the
neutrino-decay line will redshift into the telescope fre-
quency band from a different redshift. All emission lines
other than the main target that contribute to the total signal
tracing other cosmic volumes are known as line interlopers.
These contributions, if known, can be identified and
modeled (see, e.g., [54-62]). However, the neutrino-decay
line will be an unknown line interloper. From Fig. 1 we can
see that the frequencies of interest lie in the frequency
bands of experiments like COMAP [63] (which targets
the CO line) and Cerro Chajnantor Atacama Telescope
(CCAT)-prime [64] and Atacama Large Aperture
Submillimeter Telescope (AtLAST) [65] (which target
the CII line); their instrumental specifications are summa-
rized in Table 1.

We assume the fiducial astrophysical model for the CO
and the CII lines from Refs. [66] and [67], and model their
power spectrum and VID, with their corresponding cova-
riances, following Refs. [47,51,68]. For the VID analysis,
we use a modified Schechter function with the parameters
reported in Ref. [47]. We take lambda cold dark matter
cosmology with best-fit parameter values from Planck
temperature, polarization, and lensing power spectra [69]
assuming > m,c? =0.06 as our fiducial model. We
consider normal (NH) and inverted (IH) neutrino hierar-
chies [70].

Recently, a similar situation, regarding decaying dark
matter, was described in Ref. [47], where strategies to

TABLE L.

detect such decays were proposed. Here we adapt that
modeling to the neutrino-decay case, considering neutrino
decays happening at z < 10, and perform a Fisher-matrix
analysis [71-74], accounting for the uncertainty in the
astrophysical model. In summary, the contribution from
neutrino decays to the VID can be modeled by convoluting
P,;;(T) with the astrophysical and noise VIDs: the total VID
is the result of the sum of the three contributions. In turn,
the contribution to the power spectrum consists of the
addition of the projected power spectrum from neutrino
decays to a different redshift, which introduces a strong
anisotropy in the power spectrum, altering the ratio
between the Legendre multipoles. For the power spectrum,
we do not consider decays from the same cosmic volumes
probed by the astrophysical line because they are very
degenerate with astrophysical uncertainties.

We show the forecasted minimum values of I';; which
LIM experiments will be sensitive to at the 95% confidence
level, as a function of the neutrino hierarchy, transition, and
> m, in Fig. 2. We limit the minimum »_ m, at the
minimum mass allowed for each hierarchy from neutrino
oscillation experiments [75]. As expected from Fig. 1,
COMAP and the experiments targeting CII are sensitive to
the transitions between close and far mass eigenstates,
respectively (with the exception of low > m,, in the normal
hierarchy).

After marginalizing over the astrophysical uncertainties
of the target line as in Ref. [47], we find that for all cases
considered, LIM experiments can improve current cosmo-
logical bounds on the neutrino-decay rate from CMB
spectral distortions [42,43] by several orders of magnitude.
This shows that LIM has the potential to provide the
strongest cosmological sensitivity on neutrino radiative
decays. Furthermore, LIM will be competitive to the
most stringent limits to date, coming from stellar cooling
[39-41], as we see below.

As mentioned above, at the microscopic level radiative
neutrino decays may result from an effective term in the
Lagrangian like o D'6,(u;; + €;j75)0/ F*+ Hermitian
conjugates [14,37,76], where F is the electromagnetic
field tensor, 6,4 is the Dirac gamma matrices commutator,

and y;; and ¢;; are the magnetic and electric moments,

Instrumental specifications used. Each independent frequency band is separated by commas. CII observations use the

convention for specific intensity instead of brightness temperature. We combine 30 x 30 pixels for VID analyses with ATLAST. More

details can be found in Ref. [47].

Experiment COMAP 1 (2) CCAT-prime ATLAST

Line CO CII CII

Freq. band [GHz] 24-36 200-240, 260-300,330-370, 388-428 315-376, 376-470,470-620, 620-920
Spectral resolution 4000 100 1000

Ang. resolution [”] 240 57, 45, 35, 30 44, 3.6, 28, 2.0

Sky coverage [deg?] 2.25 (60) 8 7500

Voxel noise 39 (69) uK (0.6,1.0,2.5,5.7) x 10* Jy/sr (0.4,0.7,1.4,3.9) x 10° Jy/sr
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FIG. 2. Forecasted 95% confidence level marginalized upper limits of ®, as a function of the total neutrino mass from measurements
for the power spectrum (dashed lines) and VID (solid lines) for all LIM surveys considered, namely, COMAP1 (orange), COMAP2
(red), CCAT-prime (dark yellow), and ATLAST (light blue). The left panels refer to the NH case, while the right ones to the IH case. In
both cases we also indicate the considered transition between eigenstates. The dotted purple lines indicate the CMB limits from

Ref. [42,43].

respectively. For a transition (i.e., i # j), we can relate an
effective electromagnetic moment ,u?lff to the decay rate as

3
(ush)? ~ Tij Mev.i
ij

~—t 2 5
557 (mgy,; — mezv,j)3 1o ®)

where |t

ij | = |u;;|* + |e;;|*, and p is the Bohr magneton.
According to Eq. (5), the forecasted LIM sensitivity of
I~ 1072 — 1072 57! at 95% confidence level translates
to ufft ~ 10712 = 1078(m;c?/0.1 eV)*?up, while current
and forecasted CMB limits are ~10~7 — 1084, and
~1078 =3 x 10"y, respectively [43]. Note that the
sensitivity to u¢i' depends on the mass of the original
neutrino, which in turn depends on the transition, hierarchy,
and »  m, considered. In turn, the most stringent direct
detection limit was obtained in the Borexino experiment
and is related to an effective moment accounting
for all magnetic direct and transition moments: S < 2.8 x
10~y at 90% confidence level [77]. Finally, astrophysi-
cal studies of stellar cooling set the strongest bounds to
date: u¢™ < 4.5 x 1072y at 95% confidence level [41].

This demonstrates the great potential that LIM surveys
have to unveil neutrino properties: on top of having a
sensitivity competitive to and in some cases even improv-
ing current strongest limits, LIM experiments may probe
neutrino decays in a very different context than the rest of
the experiments and observations discussed above. Instead
of neutrinos produced in the interior of stars, LIM will be
sensitive to the cosmic neutrino background (as CMB
studies are, but at very different redshifts). Moreover, the
energy of the neutrinos involved in each probe also varies,
which may inform about a potential energy dependence of
the electromagnetic transition moments [78]. These
synergies are very timely, since an enhanced magnetic
moment may explain the ~3c excess observed by
XENONIT [36], but the values required are close to the
limits found by Borexino and in tension with stellar cooling
constraints.

Finally, LIM may provide additional information
about the cosmic neutrino background beyond the effect
of > m, in the growth of perturbations: combining the
information about » _ m, with the frequency of the photons
produced in the decay, LIM might be the only cosmological
probe sensitive to individual neutrino masses and their
hierarchy [79].
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The complementarity between different probes of neu-
trino decays will also help as a cross-check for eventual
caveats or systematic uncertainties in the measurements. In
the case of LIM experiments, these are the same as for the
search for radiative dark matter decays, which are discussed
in Ref. [47]. In summary, astrophysical uncertainties are
already accounted for in our analysis, there are efficient
strategies to deal with known astrophysical line interlopers
[54-62], and galactic foregrounds are expected to be under
control at the frequencies of interest. Moreover, the
neutrino-decay contribution to the LIM power spectrum
and VID is very characteristic, and the combination of both
summary statistics will not only improve the sensitivity but
also the robustness of the measurement [80]. Finally, we
have assumed that the neutrino-decay line is a delta
function, and neglected any widening due to the neutrino
velocity distributions. While this is a good approximation
for the regime of interest at this stage, it is also possible to
model the neutrino-decay emissivity with a generic
momentum distribution [43]; this will allow us to adapt
our analysis to neutrino production models that alter their
momentum distribution [82].

The neutrino-decay contribution might be confused with
other exotic radiation injections such as dark matter decay.
However, the shape of the neutrino power spectrum and
density PDF is different. Moreover, while the contribution
from dark matter decays will appear in LIM cross-corre-
lations with galaxy clustering [46] and lensing [83], the
contribution from neutrino decays will barely do so, since
galaxy surveys do not trace the neutrino-density field.

In this Letter we have proposed the use of LIM for the
detection of a possible radiative decay of the cosmic
neutrino background, focusing on its contribution to the
LIM power spectrum and VID. We have also provided a
first parametric fit of the neutrino-density PDF using
N-body simulations and symbolic regression, which was
required to compute the contribution to the VID. Our
results show that LIM have the potential to achieve
sensitivities competitive with current limits, improving
other cosmological probes by several orders of magnitude.
The complementarity of LIM and other existing probes of
neutrino decays opens exciting synergies, as well as checks
for systematics, that will lead the way to new studies of
neutrino properties.
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