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Strong cosmological constraints on the neutrino magnetic moment
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A sizable magnetic moment for neutrinos would be evidence of exotic physics. In the early
Universe, left-handed neutrinos with a magnetic moment would interact with electromagnetic fields in
the primordial plasma, flipping their helicity and producing a population of right-handed (RH) neutrinos. In
this work, we present a new calculation of the production rate of RH neutrinos in a multicomponent
primordial plasma and quantify their contribution to the total energy density of relativistic species at early
times, stressing the implications of the dependence on the initial time for production. We find that current
cosmological data exclude values of the magnetic moment > 1.6 x 10~ 45, while future cosmological
experiments will be able to probe nonthermal production of RH neutrinos, becoming competitive with

stellar limits.
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I. INTRODUCTION

The existence of a sizable neutrino magnetic
moment (NMM) u is a fascinating possibility, which has
generated a vivid interest in experimental and pheno-
menological communities in the recent years. If equipped
with (transition) magnetic moments, then neutrinos
would couple to photons through the effective Lagrangian
terms,

-
L= _Eﬂul//iaa/ﬂ//jFaﬂ» (1)

“Contact author: pierluca.carenza@fysik.su.se
“Contact author: giuseppe.lucente @ba.infn.it
*Contact author: gerbinom@fe.infn.it
SContact author: mgiannotti @unizar.es
IContact author: lattanzi @fe.infn.it

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010,/2024/110(2)/023510(11)

023510-1

where y is the neutrino field, F' the electromagnetic field
tensor, @, f are Lorentz indices, and i, j are the flavor
indices. The first experimental constraint goes back to
the very neutrino discovery experiment by Cowan and
Reines [1]. Analyzing electron recoil spectra in (anti-)
neutrino electron scattering, the authors derived the bound
u<10°up, where up=e/2m, denotes the Bohr
magneton. Later searches gave considerably stronger con-
straints [2-9]. The current experimental sensitivity is
slightly below 10~"' up.  Although neutrinos with a
Dirac mass are expected to have a magnetic moment
[10], this is predicted to be quite small, p ~3 x 10719x
(m,/1 eV)ug. Thus, a sizable magnetic moment would be
evidence of exotic physics. Furthermore, even though
several extensions of the standard model predict a
larger neutrino magnetic moment, the predictions change
substantially for Dirac and Majorana neutrinos, with the
latter allowed more naturally to have a large u [11-14].
Hence, a discovery of a sufficiently large magnetic
moment would also shed light on the nature of the neutrino
field.

A nonvanishing neutrino magnetic moment would have
profound astrophysical and cosmological consequences.

Published by the American Physical Society
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Stellar evolution provides some of the strongest bounds on
u. The resulting tree-level neutrino-photon interaction
contributes substantially to several cooling mechanisms
in stars (see, e.g., Ref. [15] for a comprehensive discus-
sion), most notably to the plasmon decay y — Dv. A recent
analysis of the cooling of red giant stars [16] provided the
constraint g < 1.2 x 1072y, about a factor of 5 below the
current experimental sensitivity.'

Furthermore, for Dirac neutrinos, a nonvanishing mag-
netic moment would induce the production of right-
handed (RH) neutrinos via spin-flip of left-handed (LH)
neutrinos in an external electromagnetic field. For a
supernova, where LH neutrinos are trapped and RH
neutrinos are not, this would imply a very efficient energy
loss mechanism [17-19]. Spin-flip processes may also
play a significant role in the early Universe, given the
large number of charged particles generating electromag-
netic fields required for this process to take place. The
production of RH neutrinos in this case would affect the
predictions of the light-elements’ abundances because of
the increased number of relativistic degrees of freedom
N [20-23]. In the past, the above observables were used
to derive the constraint u < 6.2 x 1071, [24], a result
considerably less stringent than the current astrophysical
limits. The analysis of Ref. [24], however, did not account
for spin-flip processes in the electromagnetic field gen-
erated by charged particles other than electrons and
positrons. In the early Universe, especially above the
phase transition of the quantum chromodynamics (QCD),
we expect a large number of charged particles and thus
more efficient spin-flip processes. Current and upcoming
cosmological surveys severely constrain Ny, leading to
tighter bounds on . A recent analysis in this direction was
performed in Ref. [25]. The study presented a detailed
calculation of the neutrino chirality flipping rate in a
thermal plasma, including a careful and consistent con-
sideration of soft scattering and the plasmon effect in
finite temperature field theories. This analysis found that a
NMM above 2.7 x 1072y, is excluded by current cosmic
microwave background (CMB) and big bang nucleosyn-
thesis (BBN) measurements of AN.. Here, we revisit and
improve on this calculation of RH neutrino production in
the early Universe, extensively discussing the cosmologi-
cal implications.

In Sec. II, we discuss the thermal field theory methods
employed in the calculation of the rate. In Sec. III, we
discuss the cosmological implications of a sizable NMM.
Moreover, we show that the requirement of not exceeding

'Different observables could be sensitive to different combi-
nations of the elements of the magnetic moment matrix y/. For
example, terrestrial experiments using reactor sources (electron
antineutrinos) are sensitive to the u°’ components. On the other
hand, bounds based on energy loss in stars, such as the one in
Ref. [16], are sensitive to all of the combinations of y/.

the number of effective relativistic species allowed by
cosmological observations results in a strong constraint on
p. Finally, in Sec. V, we conclude by discussing incoming
cosmological experiments able to probe the freeze-in
regime of RH neutrino production. Two appendices
follow.

II. RH NEUTRINO PRODUCTION RATE

Neutrinos with a magnetic moment interact with the
surrounding plasma through current-current interactions
with the electromagnetic fields generated by charged
particles. Information about the medium and its electro-
magnetic fluctuations is encoded in the imaginary part of
the photon polarization tensor II,,, obtained at one loop by
summing over loops with all the charged particles in a
plasma. Reference [24] calculated the net RH neutrinos
production rate I" in a hot plasma using the thermal field

theory approach,

2 ) 0
r= ‘ZL dkk / dko(—K*(K* + 4pko + 4p?))
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where (py, p) is the neutrino four-momentum, K = (k, k)
the photon four-momentum, 7" the temperature of the
thermal bath, 6 the Heaviside theta function, e the
sign function, and the sources of electromagnetic fields
are encoded in the photon spectral functions Ay,
defined as

1 ImIl;

Ap 1 (K) = —~
r.(K) 7|K? —Relly 2 + [Iml;,

5. ()

in terms of the transverse I1; and longitudinal I1; compo-
nents of the photon polarization tensor. In a single
component plasma with a fermion of mass m, and charge
e the photon polarization tensor is given by [26]

KZ
HL (mf, ef) = —?M#MUHMD,

1 1
HT(mf7 ef) = __HL + Eg’wHyw (4)

2

where ¢* is the metric tensor, #* the plasma four-velocity,
which in the rest frame reduces to u* = (1,0,0,0),
while
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with E, = | /q* + m7 the energy of the fermion in the loop.

Note that this formalism includes all the effects proportional
to u?, as plasmon decay and electron-positron annihilation in
neutrino-antineutrino pairs, spin-flip transitions, and Cher-
enkov processes [24]. Among these, plasmon decay is
negligible in the early Universe [25]. In a multicomponent
plasma, the full polarization tensor is obtained by summing
Egs. (5) and (6) over all the species f:

Iy, = ZHT,L(mf’ ef)' (7)
S

Our study extends the previous results [24], valid for a
monocomponent plasma of massless electrons, to the more
realistic case of a multicomponent primeval plasma, includ-
ing finite mass effects. We underline that the numerical
integration of the production rate in Eq. (2) is stiff when the
photon approaches the on-shell condition. In this limit, the
imaginary part of the polarization tensor vanishes,
ImIl;; — 0, and Eq. (3) reduces to a Dirac delta function
5(K? — Relly ). Therefore, we can replace the integration
over the photon energy with just the contribution
coming from the on-shell photon. This is at the origin of
the peak in the production rate I" at low values of the neutrino
momentum (p/T < 1) shown in the upper panel of Fig. 1.
However, this affects only slightly our results, which depend
mostly on large momenta. As expected, the rate increases
with the number of charged species in the plasma, as
encoded by the effective number of entropy degrees of
freedom g, ((T). We find that 'y 2T (p/T)/ /9. s(T)
is approximately constant for 7 2 10 MeV.

In the lower panel of Fig. 1 we show the full shape of
(T')/(au?T?), obtained by averaging over a thermal neu-
trino distribution. The series of drops below T ~ 100 GeV
are due to changes in g, (7). Our calculation smoothly
interpolates between different temperatures, leading to
(T) = 1.91auT?, where the brackets denote a thermal
average over a plasma containing only electrons at
T =10 MeV, and (') = 6.04au>T> at T = 100 GeV.
This result can be compared to [25], which evaluated the

[
RH neutrino production rate using a different approach,

obtaining (I') = 6.47au>T>.
III. COSMOLOGICAL IMPLICATIONS

The phase-space distribution function for RH neutrinos
fR(t,q) of comoving momentum ¢ = ap, with a the

1.2 :
——10 MeV
1.0t - - 300 Mev
& — 10 GeV
3
S 0.
Zo.
N
[
0.
103 102 101 1 10
p/T

<>/ (ou?T?)

103 102 107! 1 10 102 103
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FIG. 1. Upper panel: production rate I' for RH neutrinos as a

function of the neutrino momentum in terms of p/T, for different
values of temperature. The lines are a linear interpolation between
the values of p/T at which the rate is computed, marked by
circles. Lower panel: thermally-averaged production rate (I') as a
function of temperature. The solid curve shows a linear inter-
polation between the values of 7" at which the rate is computed,
marked by circles.
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cosmological scale factor, evolves according to the
Boltzmann equation [24]:

O ff = —I'(f* = f9). (8)

where f%(t,q) is the (local) equilibrium distribution
function. We take f®1 to be the distribution function of
the left-handed neutrinos f,, which are kept in thermal
equilibrium with the primordial plasma at temperature 7" by
the weak interactions

Waf - 1
=, exp(%>+l. ©)

The evolution equation is solved for f® over a grid of
values of the comoving momentum, together with the
initial condition fR =0, i.e., no initial population of RH
neutrinos.

The initial integration time, corresponding to a tempera-
ture T7,, can be chosen freely and may affect the outcome.
The integration always ends at T, = 10 MeV as, at lower
temperatures, the spin-flip rate becomes rapidly negligible,
and no more RH neutrinos are produced.

The ratio (I')/H, H being the Hubble parameter, scales
as 4T in the radiation-dominated era, for constant effective
number of entropy degrees of freedom g, . Thus, the
production of RH neutrinos is dominated by the high-
temperature regime, and our results might depend on the
initial time chosen for the integration. Defining the decou-
pling temperature T, through (T')/H|7, = 1, RH neutrinos
quickly thermalize roughly at the initial time, if T3, > T,
and their final abundance will be independent of T,. In this
case, the abundance relative to active neutrinos depends
only on entropy injections in the plasma happening at
T < T,. Note that since (I')/H « T, it takes some time for
decoupling to complete, and significant entropy injection to
the RH component can take place even at T < T ;. On the
other hand, if T;, ST, then the abundance of RH
neutrinos depends on T7,, since their production happens
out-of-equilibrium, in a “freeze-in” kind of process, with
T;, setting the time interval during which RH neutrinos can
be efficiently produced. Both regimes are correctly cap-
tured by solving the Boltzmann equation, as discussed in
Appendix A. The extra contribution AN to N due to
the population of a single species of RH neutrinos at a given
time is obtained as

_ Jdpp’f(p.T)

ANer(T) = [dppf,(p.T)

(10)

In the standard cosmological model, the number of relativistic
degrees of freedom beyond photons is given by active neutrinos
only. The predicted value is N = 3.044 [27-31], and we define
ANeff = Neff —3.044.

T;n=100 GeV

1 Gev

— — Tip=

ANeff
o

.10

|

|

|
1072 10! 1 10 102
T (GeV)

FIG. 2. Evolution of AN due to the population of a single
species of RH neutrinos, as per Eq. (10). The solid lines are
obtained for T}, = 100 GeV and different values of u, while the
dashed line for y = 10"z and T,, = 1 GeV. The dots mark the
values of the decoupling temperature 7.

In Fig. 2, we show the evolution of AN (T) for
different values of p setting the initial temperature to
T;, = 100 GeV. On each curve, we mark with a small
circle the corresponding decoupling temperature. There are
no circles on the curves for g = 1072y and p = 107y,
as those lie outside the temperature range shown in the plot
(at higher and lower temperatures, respectively). For the
largest values of u in the plot, AN quickly reaches a
saturation limit corresponding to a thermal abundance at
the photon temperature. The drop in AN (T) at later times
is due to entropy injection in the plasma happening after the
decoupling of RH neutrinos (particularly evident is the drop
at the QCD phase transition, Tocp ~ 150 MeV). In this
regime, the final abundance is thus basically set by the
decoupling temperature.

For lower values of y (u < 107" up for T;, = 100 GeV),
RH neutrinos do not have enough time to thermalize. In this
regime AN decreases with decreasing y due both to entropy
production and a smaller RH population. As expected, AN
becomes negligibly small for vanishing y. In the plot we also
include the case fory = 10~ yz and T, = 1 GeV, shown as
a dashed red line. The lower initial temperature implies that,
despite the rapid initial growth, AN remains significantly
smaller than the contribution obtained for the same value of 4,
but with T}, = 100 GeV (solid red line).

In the following, we take the “late-time” value of
AN (T) as the one relevant for cosmological observations.
AN 4(T) is constant for 7' < 10 MeV since no significant
production of RH neutrinos takes place after that time, and
the comoving density of active neutrinos does not change in
the limit of instantaneous decoupling.3 We then use
AN (T = 10 MeV) as the late-time value of AN .

*Neutrino decoupling is not instantaneous, implying that
neutrinos actually benefit from a small fraction of entropy release
from electron-positron annihilation. Neglecting this effect does
not change significantly our results.
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FIG. 3. The late-time value of AN due to the population of
three (solid) or one (dashed) species of RH neutrinos as a function
of u for different initial temperatures, enlarged in the region
where AN s < 0.5. The horizontal dashed lines indicate the
current 95% bound (Planck + baryon acoustic oscillations (BAO)
and Planck + BBN) and the 20 sensitivity of future experiments
(Simons Observatory (SO) and CMB-S4). The dots mark the
values of p giving (I)/H =1 at T = Tj,.

IV. CONSTRAINTS ON THE NMM

In Fig. 3 we report the late-time value of AN as a
function of u for different initial temperatures
(T;, = 100 MeV in black, T;, = 100 GeV in red, T;, =
300 GeV in blue), in the case of one (dashed lines) or three
(solid lines) species of RH neutrinos. We can identify three
main regions, depending on the size of y. As expected, in
the limit of very large u, the RH population remains
coupled to the active neutrino species until late times,
hence providing a large contribution to N.. For lower
values of x, RH neutrinos are still in thermal equilibrium
with the plasma at early times, but the decoupling happens
earlier. In this scenario, RH neutrinos are efficiently diluted
by entropy production, and their contribution to Ny is
smaller. For even smaller values of x, RH neutrinos are
never in thermal equilibrium with the active species. A
residual nonthermal population can then develop and
contribute very feebly, yet nonvanishingly, to N.y. As
further discussed in Appendix B, the results that we obtain
for N in both the limits of large and small y are different
from the ones obtained in Ref. [25], since we do not employ
the instantaneous decoupling approximation, nor do we
assume a priori that RH neutrinos are in thermal equilib-
rium with the primeval plasma. Precisely, since I'/ H scales
linearly with 7, sizable entropy transfer from the Standard
Model (SM) plasma to the RH neutrinos can take place for
quite some time after the decoupling, implying that the
approximation of instantaneous decoupling is particularly
crude. Thus, neglecting entropy production happening after
decoupling can severely underestimate the value of AN
associated to a given value of the NMM. Concerning the
assumption of thermal equilibrium, one might argue that
since I'/ H increases at high temperatures, the condition for
equilibrium I'/H > 1 can always be met at some very early

time. This argument, however, requires to be addressed
more carefully. There are several reasons why an extrapo-
lation to very high energies might be inappropriate. First,
from a strictly observational point of view, we have no
information about the cosmic thermal history above the
BBN energy scale. Second, new physics might play a role
above the electroweak scale, altering the thermal evolution
of the plasma. Finally, our effective description of the
neutrino-photon coupling induced by the NMM is expected
to break down at some high energy scale, that depends on
the physics inducing the NMM. Thus, it is not granted that
one can always take T}, large enough for thermal equilib-
rium to be established. Solving the Boltzmann equation
with vanishing initial RH population, we are able to
describe the scenario in which thermal equilibrium is
established, as well as the scenario in which the interactions
are not strong enough to generate a thermal population. In
Fig. 3 we mark with small circles the values of y that yield
(I'Y/H =1 at the initial temperature. To the right of the
circles, (I')/H > 1 at T;,, corresponding to the thermal
regime. All curves overlap in the right part, where the final
abundance of RH neutrinos is independent of T, since
T, < T;,. Conversely, the region to the left of the circles
traces the freeze-in regime, (I')/H < 1 at T},.

With our approach we are able to smoothly compute the
value of AN as a function of the NMM and compare it
with observations to set constraints. The horizontal dashed
lines in Fig. 3 represent the 95% Bayesian credible upper
bounds on AN,y from a combination of current cosmo-
logical data (observations of CMB anisotropies from
Planck, combined with BAO, from a compilation of
large-scale-structure surveys [32], and BBN data [33])4
and the expected 2¢ sensitivity on AN from future
CMB surveys (SO [34] and CMB-S4 [35]). Assuming
T;, = 100 MeV (black line in Fig. 3) current measure-
ments probe the thermal regime and imply

u<21x10" "y, (Planck + BAO),

< 1.6x 107y, (Planck 4+ BBN). (11)
However, the value of T;, is somewhat arbitrary and can
affect the final abundance. Values of T;, > 100 MeV can
be safely assumed, provided that other particle species
heavier than electrons and positrons are included in the
plasma. Therefore, it is necessary to follow the RH neutrino
thermalization across a large temperature range, from T, to
today, by properly taking into account the charged particle
species contributing to the RH neutrino production. At this
regard, the formalism discussed in Sec. II and the use of the
Boltzmann equation allow us to accurately reconstruct the
evolution of AN due to the population of RH neutrinos

“The current 95% credible interval for Ngg from Planck +
BAO is Nz = 2.991033 [32] and for Planck + BBN is N =
2.83 £0.38 [33].

023510-5



PIERLUCA CARENZA et al.

PHYS. REV. D 110, 023510 (2024)

produced starting from 7, > 10 MeV. This represents the
main improvement of this work compared to previous
literature [24]. Taking T;, = 100 GeV (red line) as our
benchmark, current bounds become

1 <9.1x1072u,  (Planck + BAO),

U <2.6x10"2u, (Planck + BBN). (12)
Future cosmological data will instead go deep into the
freeze-in regime, for three RH neutrino families, and test
values as low as y = 1.7 x 1072y (SO) and p = 1.2 x
1072y (CMB-S4). The formalism developed here allows
us to constrain even such low values of the neutrino
magnetic moment, which do not lead to the establishment
of a thermal population of RH neutrinos. A detailed
comparison with the results obtained in the previous
literature can be found in Appendix B.

V. DISCUSSION AND CONCLUSIONS

In this work, we have revisited the calculation of the RH
neutrino production in the early Universe, extensively
discussing the cosmological implications and computing
current bounds and sensitivities of future cosmological
surveys on the neutrino magnetic moment x. As mentioned
in Sec. IV, one key aspect of the cosmological analysis
presented here is that the choice of Tj, is somehow
arbitrary: it can be as large as the highest reheating
temperature TRy currently allowed by the nonobservation
of primordial B-modes in the CMB. Assuming a perfectly
efficient reheating and instantaneous thermalization of
standard model particles after inflation, T;, ~ Try ~
V1/4 < 1.6 x 10'° GeV [36], V being the energy density
at inflation.

In the thermal regime, the final RH abundance only
depends on the value of g, ; at decoupling, and increasing
T;, above 100 GeV does not change the Planck + BAO
bound on u, while it slightly affects the Planck + BBN
bound, assuming no other species beyond the particle
content of the standard model; compare the red and blue
lines in Fig. 3. The freeze-in abundance is instead propor-
tional to 4*T, for constant g, ,, as shown in Appendix A.
The future sensitivity on p will then increase for
T, > 100 GeV, scaling as 1/y/T;,.> Note, however, that
the effective interaction Lagrangian in Eq. (1) will break
down above some energy threshold determined by the
physics governing the magnetic moment, and other
assumptions made in our calculation could fail for
T;, > 100 GeV. For example, several theories beyond
the standard model predict new degrees of freedom that

*We have explicitly checked that when deriving constraints
on y using the rates computed at 10° GeV, we find u < 4.3 x
10‘13ﬂ3 for CMB-S4, in line with the expected V10
improvement.

could contribute to g,  at those temperatures. Furthermore,
the spin-flip rate in Eq. (2) assumes thermal equilibrium of
the standard model plasma. Though possible (see, e.g.,
Refs. [37-39]), a quick, effectively instantaneous, thermal-
ization of the standard model plasma after reheating is not
guaranteed, as it depends on the details of the inflation
model. A careful extension of the formalism laid down in
this work is therefore required to project the sensitivity on u
in the regime T;, > 100 GeV.

Moreover, it cannot be excluded that the Universe
underwent other reheating episodes beyond the one asso-
ciated to the end of inflation. In fact, the latest of such
reheating events can happen at a temperature 7Tgy as low as
a few MeV without contradicting available observations
[40]. The final abundance is reduced for T;, ~ Try < Ty,
resulting in looser constraints on y; see, e.g., the T;, =
100 MeV curve in Fig. 3. Our choice of T;, = 100 GeV
amounts to assume a standard thermal history at
T <100 GeV and that the physics responsible for the
generation of neutrino magnetic moment lies at or above
the electroweak scale.

In order to better understand the role of the initial
temperature, in Fig. 4 we plot current constraints and
discovery potentials for ¢ assuming that production of RH
neutrinos begins at an arbitrary energy scale A = T;,. There
are two main ways to interpret this plot. If one assumes that
the physics generating the magnetic moment lies well

108~ —
E N\ 5
£ \\ ]
L h =
105§— g
%
10 &
£ T R e
- :
% 10°
3 E
< 10%F
10
1
r \
-1 N L N L N L
1010‘—14 10‘—13 10‘—12 16‘—11
U/ U

FIG. 4. Current constraints (blue) and discovery potential of
future experiments (orange) in the (A, p) plane, where A is the
energy scale at which production of RH neutrinos begins. The red
dashed line separates the regions of thermal and nonthermal
production. The yield of RH neutrinos is practically independent
of A above this line. The blue dotted line shows the prediction
u~my/(16x>A?) for the magnetic moment generated by new
physics at the scale A, mediated by a charged heavy fermion with
mass my = 1 GeV [41].
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above the energy scale associated to reheating, then A can
be identified with Try. Otherwise, A can be identified with
the scale of the new physics itself. Note that in this case the
constraints shown in Fig. 4 are conservative, since we are
neglecting any production that might have occurred at
T > A. The red dashed line in the figure separates the
regions of thermal and nonthermal production® and clearly
shows how next generation experiments will probe the
nonthermal regime. In Fig. 4 the blue regions are probed by
current data (Planck + BAO, Planck + BBN). It is possible
to note that these exclusion regions are independent of A
when crossing the dashed red line, denoting the condition
of equilibrium. Reasonably, from the particle physics point
of view, we expect A > 10° GeV, while cosmological
observations allow for a nonstandard thermal history for
A Z 10 MeV. In this context, future cosmological probes
such as SO and CMB-S4, whose sensitivities are repre-
sented by the orange regions, will be capable of fully
exploring the nonthermal production of RH neutrinos,
shedding light on the possible new physics above A.

We remark that the constraints discussed here are
irreducible, since they are obtained neglecting additional
nonstandard interactions between neutrinos and other,
perhaps exotic, particles. Indeed, these interactions,
required to justify a neutrino magnetic moment larger than
the standard model prediction, > O(107"%ug), might
contribute to the RH neutrino production in the early
Universe, increasing the value of AN .
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APPENDIX A: DETAILS ON THE FREEZE-IN
REGIME

In the freeze-in regime, it is possible to derive the explicit
dependence of AN on p and the initial temperature T,
and far from entropy production events, when the equilib-
rium distribution does not depend on time, i.e.,
/g, 1) = f9(q). Introducing the deviation from equilib-
rium Af(q,t) = fR(q,1) — f%(q), it is straightforward to
write a formal solution of the Boltzmann equation,

Af(q 1) = ~F4(q) exp [— / rdf]

= —f*(q) exp {— /szﬁdf], (A1)

where we use ¢ = ap as the momentum variable to ensure
that 9,f°9 =0, and the initial condition Af(q,t,) =
—f%4(q) because we assume a vanishing initial population
of RH neutrinos. In the following, we will use the subscript
“in” to denote quantities evaluated at the initial time. We
now write the RH neutrino production rate as

I'= aﬂz \/ g*,S(T)T?’f‘(y’ T)’

where the momentum variable is y = p/T = ¢g/aT. Note
that I" does not depend on the temperature far from entropy
production events, and its temperature dependence is,
anyway, very mild, even when accounting for entropy
production (see the lower panel in Fig. 1).

Using the expression for the Hubble rate in the radiation-
dominated era, we can recast the integral in Eq. (Al) as

A 45 @ I'T
——d7 =\ —au? / dz~
/Z Hi+2) “Nagz™ ™ | 175%
[45 .
~ 4—]13(le/tzmpl(FT)

where the approximate equality holds for z <« z;, and when
the initial time is far from entropy production events.
Precisely, since T/(1 + z) o g, ((T) and T itself is weakly
dependent on temperature, the integrand varies signifi-
cantly only in proximity of entropy production events,
and the value of the integral is dominated by the high-
temperature contribution. Note the somehow fortunate
cancellation between the factors of /g,y in I' and H,
since the effective number of degrees of freedom for energy
density g, , = g, for T > 1 MeV.

Since we are focusing on the freeze-in regime, I'/H < 1.
From the above discussion, the requirement that this

(A2)

. (A3)

Zin

Zin
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inequality holds at T, guarantees that it also holds at
7 < zjp, and that its integrated value over dIn(1 + z) is
itself much smaller than 1. In terms of x and Ty,, the
condition T, /H;, < 1 reads

o\ in
0.47
x <10—12ﬂ,,> (100 GeV

>Fm < 1. (A4)
We can thus expand the exponential in Eq. (Al) to first
order in its argument and then compute AN . This yields,
for a single species of RH neutrinos,

120 / g, (T) \*3 [ . T,
AN (T < Tiy) =-3 (ﬁ%) A dyy3H—‘f‘f°q,
S m m

(AS)

where I';, = I'(y, T};,). The temperature dependence of the
right-hand side is encoded in the g, ,** factor and can be
understood as follows. In the freeze-in regime, the pro-
duction of RH neutrinos mostly happens at high temper-
atures, thus the RH abundance quickly saturates shortly
after the initial time and stays constant for 7 < T;,. The
energy density of RH neutrinos relative to the active ones
can only change when more active neutrinos are produced
due to entropy injection in the plasma. Substituting the
explicit expression of I',/H;, with the one shown in
Eq. (A3), we obtain

120 [45
AN = 7\ A Tinmp,

x (9*,S(T) )4/3 / Tdy YT (A6)
0

g*,s(Tin)

This quantity depends on the initial temperature through
the explicit factor T,g, (Ti,)™*3 and also through the
integrand. However, when g,  is constant, this dependence
reduces to the only factor Tj, In this regime,
ANy o y>Ty,. Thus, a given observational bound on
ANy translates, in the freeze-in regime defined by
Eq. (A4), to a bound on u>T;,. In other words, constraints
on y in the freeze-in regime scale as T i;l/ 2. Note that, since
I'/H « u’T, the decoupling temperature scales as 2. This
ensures that, for constant g, ;, the rescaled constraint will
still correspond to the freeze-in regime. To illustrate this, let
us consider an initial temperature in the freeze-in regime,
T;,, < T,, and the associated constraint y < ji. Rescaling
Ty, to T{ >T;, would produce a new upper bound

(assuming freeze-in) i’ = ji % Since the decoupling

. . 2
temperature 77, associated to z' is T, =T, ;%’ we find
that T{n/T/ = Tin/Td < 1.

APPENDIX B: IMPACT OF THE DIFFERENT
COSMOLOGICAL ANALYSES

Here we discuss modeling assumptions and approxima-
tions that enter the computation of N and subsequent
bounds on the NMM. We find it useful, for the purpose of
this discussion, to show in Fig. 5 the value of Ny for
three RH neutrinos as a function of u, as obtained with
different approaches. The black, red, and blue curves have
been obtained by direct integration of the Boltzmann
equation, for three different initial temperatures, namely
T,, = 100 GeV, T,, =10° GeV, and T,, = 100 MeV,
respectively, and assuming a vanishing population of RH
neutrinos at the initial time.

First, we compare our results with those of Ref. [24],
where the primeval plasma is composed only by electrons
and positrons, restricting the analysis to temperatures
T <m,~100 MeV. A bound x<62x107"up was
derived by requiring that RH neutrinos have already
decoupled from the thermal bath at the highest temperature
considered in the analysis, i.e., ' < H at T = 100 MeV,
with " the thermally-averaged interaction rate. Since a
species decoupling after "y~ annihilation is at a temper-
ature equal or larger than the active neutrinos, this amounts
to requiring that each RH neutrino species contributes with
ANy < 1 to the radiation density. Applying the same
criterion (I' < H at 100 MeV) using our own calculation of
the rate, we obtain u < 5.3 x 107" g, as represented by
the blue dot in Fig. 5, roughly in good agreement with
Ref. [24].

Current  observations  constrain AN < 0.286
(Planck + BAO), leading to a stronger bound on u.
Indeed, ignoring any production that might have happened
at epochs earlier than 7 ~ 100 MeV, as implicitly done in
Ref. [24], would yield u < 2.1 x 107!y, as shown by the
blue curve in Fig. 5. However, the value of T, is somehow

10
5L

— Boltzmann, Tj, =100 GeV — Boltzmann, T, = 100 MeV

— Boltzmann, T, =10 GeV — Thermal eq and inst dec

Planck+BAO

ANegs

%)715 10-14 1013 1012 1ot 10-10
U/ s

FIG. 5. Late-time value of AN due to the population of three
species of RH neutrinos as function of u for different initial
temperatures and calculation methods (see text for details). The
horizontal dashed lines indicate the current 95% bound
(Planck + BAO and Planck + BBN) and the 20 sensitivity of
future experiments (CMB-S4). The dots mark the values of u
giving thermal equilibrium at the initial temperature 7' = T},.
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arbitrary and can affect the final abundance. Values of
T;, > 100 MeV can be considered, provided that other
particle species in the plasma are included. This is the main
improvement of this work. For T;, = 100 GeV (the black
curve in Fig. 5) we obtain the bound

u<9.1x 107" 2. (B1)
Notice that this result corresponds to full thermalization at
T = 4 GeV. Therefore, this is insensitive to further
increases of the initial temperature above 100 GeV, as
confirmed by the T, = 10° GeV case (i.e., by noting that
the black and red curves in Fig. 5 overlap in the region
constrained by the Planck + BAO dataset).

The dataset combination Planck + BBN prefers smaller
values of N than Planck 4+ BAO, albeit with a slightly
large uncertainty and, as a result, provides the stronger
constraint AN < 0.163, leading to u < 2.7 x 1072y for
T;, = 100 GeV. In this case, the largest allowed value of u
corresponds to thermal equilibrium at 7' 2 50 GeV, which
is fairly close to T;,. We can thus expect that the bound will
saturate for a somehow larger choice of the initial temper-
ature. This can be concluded by noting that the black and
red curves in Fig. 5 start to diverge for values of the NMM
close to the upper bound. Indeed, we have explicitly
verified that the bound saturates at p < 1.7 x 10724,
for large enough values of T;,, as shown by the red line.

We now comment on the difference between the green
line and the other cases previously discussed. In our
analysis, we follow the decoupling of the RH neutrinos
by solving the relevant Boltzmann equation with vanishing
initial population and for different values of the
initial temperature T7,. This yields the black, red, and blue
lines in Fig. 5 for T,, = 100 GeV, T;, = 10° GeV, and
T;, = 100 MeV, respectively, as detailed before. A differ-
ent approach, used, e.g., in Ref. [25], would consist in
assuming that a thermal population is established at early
times and that decoupling happens instantaneously at the
time when I'/H = 1. One should then use entropy con-
servation to find the ratio between the RH and photon
temperatures at late times and compute the corresponding
value of ANy. This yields the green line in Fig. 5.

The first difference between the two approaches is
related to the instantaneous decoupling approximation,
as evident by comparing the black and green lines in
Fig. 5. Before commenting further on the origin of this
difference, we discuss the effects on the NMM bounds. The
initial temperature for the red curve, T, = 10° GeV, has
been chosen to correspond to thermal equilibrium for
U= 2x 107y, as represented by the red dot, so that
the differences between the two curves at larger values of
the NMM are due to the treatment of decoupling. It can be
clearly seen in Fig. 5 that the instantaneous decoupling can

significantly underestimate the value of AN, and thus
lead to (artificially) looser constraints on u. For
Planck + BAO, the constraint would go from u < 9.1 x
107%up to pu < 3.7x 107" up. For Planck 4+ BBN, the
constraint would go from u<1.7x10"%u; to
i < 2.6 x 107"%up. The latter value matches very closely
the bound quoted in Ref. [25], u < 2.7 x 107%up, as
expected given that it has been obtained under the same
assumptions. This bound is also very close to the one we
found using the full Boltzmann approach for
T;, = 100 GeV (black line). This agreement should be,
however, regarded as accidental, as it is clear that the black
and green curves in Fig. 5 have different behaviors, and
only by chance cross at a value of AN corresponding to
the Planck + BBN bound.

Given that I'/H scales linearly with T, sizable
entropy transfer from the SM plasma to the RH neutrinos
can take place for quite some time after the condition
I'/H =1 is realized at the decoupling temperature 7T 4.,
i.e., the approximation of instantaneous decoupling is
particularly crude. Thus, neglecting entropy production
happening after decoupling, at 7 < T4, can severely
underestimate the value of AN ; associated to a given
value of the NMM. This explains the discrepancy between
the black and green lines. The solution obtained by solving
the Boltzmann equation with the full temperature depend-
ence of I'/H (red curve) clearly differs in the region of
107%pup < <5 x 107" ug. This is particularly important
since this is exactly the region probed by currently available
data. Note also that solving the Boltzmann equation leads
to a much smoother behavior for ANy (x), making the
results obtained in this approach less dependent on the
modeling of the expansion and interaction rates around
the time of QCD decoupling.

One might naively expect that, since I'/H increases at
large temperatures, the equilibrium condition I'/H > 1 can
be always met in the early Universe. However, several
factors might affect this extrapolation to high temperatures.
From an observational standpoint, there are direct probes of
the cosmological history only below the BBN energy scale.
Additionally, new physics might appear above the electro-
weak scale, potentially altering the primeval plasma.
Moreover, the NMM interaction is an effective description
valid up to a certain high energy threshold, depending on
the physics inducing the NMM. Hence, it cannot be
assumed that the parameter 75, can always be set suffi-
ciently high to establish thermal equilibrium. By resolving
the Boltzmann equation with a vanishing initial RH
neutrino population, we are able to both describe the
scenario in which thermal equilibrium is established, as
well as the scenario in which the interactions are not strong
enough to generate a thermal population.
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