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Cosmic-ray scatterings with the cosmic neutrino background induce a flux of gamma-rays and
X-rays from boosted meson decays and charged lepton processes. Here we estimate such flux on
cosmological scales for the first time. Confronting expectations with Fermi-LAT diffuse gamma-ray
data, we find a limit on the cosmic neutrino background overdensity at the level of n < 2.2x 10* for a
lightest neutrino mass of m, = 0.1 eV, orders of magnitude stronger than current direct laboratory
probes, and comparable in sensitivity to searches of boosted relic neutrinos with IceCube. We further
show that X-ray synchrotron emission from cascade electron-positron pairs in intergalactic magnetic
fields provides a complementary probe, though the resulting constraints from the cosmic X-ray
background data are significantly weaker. We discuss how anisotropic signatures and future gamma-
ray data from CTA could further improve bounds on the relic neutrino overdensity, approaching in
sensitivity the ACDM expected density and complementing neutrino telescopes.

I. INTRODUCTION

Detecting relic neutrinos from the early Universe re-
mains one of the most important open challenges in as-
troparticle physics. While the cosmic neutrino back-
ground (CvB) is a robust prediction of the standard cos-
mological model, its presence has so far only been in-
ferred indirectly through its contribution to the radiation
energy density during Big Bang Nucleosynthesis and re-
combination [I]. This provides indirect gravitational
evidence for relic neutrinos at two specific redshifts while
leaving their particle properties and possible subsequent
evolution in the local Universe experimentally untested.

Direct detection of the CvB is notoriously difficult be-
cause relic neutrinos today are extremely cold, with tem-
perature

A\ 1/3
T, = (11> T, ~ 0.17meV, (1)

and number density
n, =~ 336cm 3. (2)

At such energies, Standard Model interaction cross sec-
tions are vanishingly small, rendering conventional de-
tection strategies, for instance scatterings off nuclei or
electrons at underground detectors, very ineffective.

One proposed laboratory strategy is neutrino capture
on beta-unstable nuclei [2], which benefits from the ab-
sence of an energy threshold. Experiments such as KA-
TRIN and PTOLEMY aim to probe this possibility [3] [4].
However, the achievable sensitivity is limited by the ex-
tremely small expected event rates and by intrinsic un-
certainties in distinguishing capture electrons from the
beta-decay endpoint [5H7].

Recently, it has been recognized that high-energy cos-
mic rays propagating through the Universe inevitably
scatter off relic neutrinos, directly boosting these to high

energies, in the range of neutrino telescopes [8H12]. The
absence of such a signal in IceCube data already con-
strains the relic neutrino overdensity on cosmological
scales to 7 < 10* under reasonable assumptions on the
cosmic-ray composition and source evolution [10, [12].

An essential aspect of this scenario is that cosmic-ray
interactions with relic neutrinos enter the deep-inelastic
regime at high energies. In this regime, neutrino—proton
scattering produces hadronic final states that include
neutral and charged pions. The decay of neutral pi-
ons generates high-energy gamma rays, implying that
any boosted-neutrino signal must be accompanied by an
electromagnetic counterpart. This connection follows di-
rectly from energy conservation and hadronic cascade
physics, and therefore provides an independent and un-
avoidable probe of relic neutrinos in the Universe that
complements the neutrino telescope channel.

This motivates a multi-messenger approach for the
detection of the cosmic neutrino background, in which
neutrino-telescope limits are complemented by gamma-
ray observations, predominantly from Fermi-LAT [I3].
In addition to gamma rays, the same hadronic interac-
tions produce relativistic electron-positron pairs through
charged pion decay and charged-current lepton produc-
tion. In the presence of extragalactic magnetic fields,
these et pairs emit synchrotron radiation at X-ray en-
ergies. The cosmic X-ray background (CXB), mea-
sured with high precision by HEAO-1 [14] and confirmed
at comparable levels by INTEGRAL [I5] and Swift-
BAT [I6], and most recently NuSTAR [I7], therefore
provides a complementary window for constraining relic
neutrino fluxes. However, as we will show later, the re-
sulting limits are considerably weaker than those from
gamma rays due to the subdominant role of synchrotron
cooling in typical extragalactic fields.

Here we compute the gamma-ray and X-ray fluxes pro-
duced by cosmic-ray scattering with the cosmic neutrino
background across redshift and derive new constraints



on the relic neutrino abundance using Fermi-LAT and
HEAO-1 data. We first obtain a conservative bound
based on energy-budget considerations with minimal as-
trophysical assumptions (Section . We then perform a
spectral calculation of the gamma-ray and X-ray signals
under different cosmic-ray source evolutions and com-
positions, deriving improved limits on the cosmic neu-
trino background (Section [[II]). In Section we com-
pare with existing neutrino telescope constraints, discuss
anisotropic source contributions, and outline prospects
for future multi-messenger searches for relic neutrinos.
We present our conclusions in Section [V]

II. A SIMPLE ESTIMATE

Let us first derive an approximate and conservative
limit from energy budget arguments. In terms of the total
electromagnetic energy density, we can approximate that
all the extragalactic background light (EBL) absorbed
very high energy gamma-ray emission cascades into the
Fermi MeV-GeV band, then

uP) =y Kkpm (Tpw) WUHECR, (3)

where kgyp ~ 0.3 is the fraction of energy carried by neu-
tral pions that goes into photons, uyggcr is the ultra-
high-energy cosmic-ray (UHECR) energy density, esti-
mated as [I§]

WUHECR ~ Ecr tr ~ 10 ergMpc 3 yr—! x 100y, (4)

and (7,,) is the effective optical depth, which we define
as

(Tpw) = 1, (0) opy ity (5)

where ty ~ [dzc/[H(2)(1 + z)]. At redshift z =~
0, the relic neutrino background is expected to have
an average cosmological number density of n,(z =
0) = 336 cm~3, summing over all flavors and neu-
trinos plus antineutrinos [19]. For the typical center-
of-mass energy of UHECR scattering off relic neutri-
nos, /s ~ v/2m,Euyarcr ~ GeV, the cross section is
opy ~ 10737 cm? [20] 21].

The observed isotropic y-ray background (IGRB) mea-

sured by Fermi-LAT corresponds to an energy density of
order ul®FB ~ 1077eVem™® [13]. Requiring u(vp”) <

0.1 x uLGRB yields an upper limit on the relic neutrino
overdensity n of

IGRB
0.1 Uy

~ KEM (Tpy) WUHECR

<107, (6)

which is four to five orders of magnitude better than KA-
TRIN, and about two to three orders of magnitude worse
than IceCube limits from Ref. [I0, [12]. In the next sec-
tion, we refine this calculation, accounting for the full
DIS proton-neutrino cross section, spectral shape of the

UHECR flux, UHECR emissivity evolving with redshift,
energy losses on the EBL, comparison with the IGRB
flux from Fermi-LAT at different energies [13], X-ray syn-
chrotron emission, and directional anisotropic effects.

III. COSMOLOGICAL DIFFUSE
ELECTROMAGNETIC FLUX FROM pv
COLLISIONS

The estimate from the previous section can be im-
proved in several ways. We begin by modeling the evo-
lution of the ultra-high-energy cosmic-ray flux with red-
shift in detail. Only ultra-high-energy cosmic rays are
able to yield electromagnetic radiation from scattering
off relic neutrinos. Pion production in pv scattering
requires a center-of-mass energy above the pion mass,
\/8 2 m, which for relic neutrinos of mass m, ~ 0.1eV
implies UHECR protons with lab-frame energies E, 2
m2/(2m,,) ~ 107 eV; hence only the highest-energy cos-
mic rays contribute to this process.

We assume a pure proton composition, with a local co-
moving energy injection rate of ultra-high-energy cosmic
rays of [I8]

écr(z=0) ~ 5 x 10" ergMpc 3 yr 1, (7)

We then assume that the comoving cosmic-ray emissivity
evolves with redshift as

écr(z) = écr(z = 0)¢(2), (8)

following either the Star Formation Rate (SFR) [22] or
the Quasar Evolution Rate (QSO) [23]. Both evolution
functions take the phenomenological form

(4
1+ (HJ)QQ ’

normalized to unity at z = 0. The SFR evolution uses
o) = 2.7, z, = 2.9, and as = 5.6, while the QSO evolu-
tion adopts a; = 5.0, z, = 1+ 2z, = 3.2 (with 2z, = 2.2),
and as = 11.0. The QSO model peaks more sharply
and at slightly higher redshift than the SFR, leading to
a larger integrated signal.

£(2) (9)

The neutrino-proton scattering cross section in the
resonant and Deep-Inelastic scattering regimes (1/s 2
1 GeV) is well described theoretically and further mea-
sured experimentally within 1-10% precision [20]. The
dominant contribution arises from charged-current inter-
actions,

vi+p—=l+X, H+p—olt+X, (10)

where X denotes any set of final hadrons. The charged-



current DIS cross section is given by [24] [25]

1
05C = 205° | 3 (a) + 3 > @2,
q=d,s q=u,c
- - (11)
1
| g=d,s q=u,c i
with
GQ QZ -2
od¢="Es (1+2> : (12)
2w My,

In these expressions, s denotes the center-of-mass en-
ergy squared, and (z)} ; = [dzx f ;(x) denote the av-
erage fractional momenta carried by quarks and anti-
quarks [25]. We take these from ManeParse [20]. The
center-of-mass energy depends explicitly on the neutrino
mass through s ~ 2m, E,, which determines the thresh-
old and normalization of the cross section.

We define an effective energy-weighted cross section
that accounts for the UHECR spectral shape as

Emax o —
<Ucﬁ> - fEmin d PEI% * e Ep/Fmax opu (Ep)

pv Emax 1— ,—E,/Fmax
i dE, By~ ¢=En/ B

where « is model-dependent. For an SFR-dominated
evolution, we take o = 2.2 [27], and for QSO, we
take @ = 1.9 [28]. The integration is performed from
Enin = 10'° eV, above which the pr cross section con-

accounts for the increasing physical number density of
the CvB with redshift. The energy fractions x; denote
the fraction of incoming cosmic-ray energy channeled into
each electromagnetic final state. At center-of-mass en-
ergies of a few GeV, we adopt Kro =~ 0.2, k= ~ 0.2,
and rp+ ~ 0.1 [25] 29H31]; the remaining ~ 50% of the
hadronic energy is carried away by neutrinos.

Neutral pions decay promptly into two photons (70 —
77), while charged pions decay into u® which subse-
quently produce e* pairs. Primary electrons from the
charged-current lepton channel are also produced. These
electrons and positrons radiate via inverse Compton scat-
tering on the CMB and EBL, further feeding the elec-
tromagnetic cascade. We include all these components
in our calculation. The differential gamma-ray flux ob-
served at energy [E, is obtained from the line-of-sight
integral,

dd c

Zmax 1
_— dzg ———MM ‘i T’z E _T’Y’Y(E"/7Z)_
dE, 47r/0 "HE +2) zi:’ (2) Ti(Ey, 2) e

(16)

We adopt cosmological parameters Hy =
67.4 km/s/Mpc, Qy = 0.685, and Q,, = 0.315 [I].
The functions T;(E,,z) are cascade redistribution ker-
nels that map the injected electromagnetic energy into
the observed GeV-TeV band after reprocessing through
electromagnetic cascades on the CMB and EBL [32]. We
parameterize each kernel as a smoothly broken power
law,

tributes appreciably, up to Epax = 3 x 102! eV.

i B
B9 B.\?
, _ Al —a ~,min ol
Ti(Ey,z) = Ny (142) B exp ( ) ) exp[ ( éi)) ,

III.1. Gamma-ray flux

With these ingredients, we construct the line-of-sight
electromagnetic emissivity from pv scatterings. At each
redshift, the comoving UHECR energy density is set by
the balance between continuous injection and Hubble di-
lution [I8],

ucr(z) ~ (14)

where H(z) = Hy \/Qm(l + 2)3+Qa. This expression
captures the approximate steady-state density in an ex-
panding Universe. Cosmic rays are injected at rate écr
and diluted on a Hubble timescale H ~!(z).

The volume emissivity (electromagnetic energy injec-
tion rate per unit comoving volume) for each channel is
then

ji(2) = rinn,(0) (1+ 2)° (ops) cucr(z),  (15)
where i = {n°, 7%, ¢*}, the parameter 7 = n,, /71, quanti-

fies a possible overdensity of relic neutrinos relative to the
standard cosmological expectation, and the factor (1+2)3

(17)
with 8 ~ 3 and normalization N; enforcing
JdE, E,T; =1, so that all injected electromagnetic en-
ergy is conserved after cascading. The high-energy cut-

off Eéi) captures the energy above which pair produc-
tion on the EBL efficiently reprocesses photons, while the

low-energy cutoff Eﬁ)min reflects the minimum energy of
inverse-Compton upscattered CMB photons by cascade
electrons. For the ¥ channel we adopt Ey min = 0.2 GeV
and E, = 500 GeV; for the charged pion and lep-
ton channels we use softer cutoffs (E, min = 0.05 GeV,
E. =300 GeV and Ey nin = 0.03 GeV, E, = 200 GeV,
respectively) to account for the additional energy degra-
dation through the 7% — y — e* decay chain[T]

The exponential factor e~ accounts for the absorp-
tion of cascade photons on the EBL, which becomes rel-

1 Our kernel parameterization is phenomenological. A full numer-
ical cascade treatment, e.g. with CRPropa [33], would provide a
more rigorous spectral prediction. Having said that, the bounds
on n derived here are primarily sensitive to the total electromag-
netic energy budget, rather than to the detailed spectral redis-
tribution within the Fermi-LAT band.
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Figure 1. Differential gamma-ray flux from cosmic-ray scat-
terings with the cosmic neutrino background on cosmological
scales. Solid lines show the total flux summing all electro-
magnetic channels: neutral pion decay (7° — ~v, dotted),
charged pion decay (71'i — = et, dashed), and charged-
current lepton production. Both SFR and QSO models for
the cosmic-ray emissivity evolution are shown assuming n =1
(standard CvB density), alongside a QSO prediction with lo-
cal overdensity 7 = 10°. The shaded band is the Fermi-LAT
isotropic gamma-ray background (IGRB) [13].

evant at 2 50-100 GeV depending on redshift. We use
the EBL model of [34].

In Figure[l] we show our calculated gamma-ray fluxes
from pv scatterings, considering both the SFR and QSO
evolution models. Solid lines show the total flux from all
electromagnetic channels (neutral pions, charged pions,
and charged leptons), while the dotted and dashed lines
show the individual contributions from the 7% — v and
charged-particle (7% + ¢*) channels, respectively. We
further overlay diffuse IGRB measurements from Fermi-
LAT [I3] for comparison. For the QSO scenario, a CvB
overdensity of n ~ 10* — 10° would be required to yield a
prediction at the level of the Fermi-LAT measurements,
with the strongest sensitivity arising in the 10-50 GeV
band in our phenomenological description.

II1.2. X-ray synchrotron flux

The same hadronic interactions that produce gamma
rays also inject relativistic e* pairs through the charged
pion (7% — u* — e*) and charged-current lepton chan-
nels. In the presence of extragalactic magnetic fields,
these electrons and positrons cool via both inverse Comp-
ton scattering on the CMB and synchrotron radiation.
While the inverse Compton component feeds the gamma-
ray cascade described above, the synchrotron component
produces photons at X-ray energies, providing a comple-
mentary observational channel.

The fraction of e* energy radiated as synchrotron ver-

sus inverse Compton is determined by the ratio of the
magnetic and radiation energy densities [35],

uB
n(B,2) = —2 18
Fam(B.7) = 22— (18)

where up = B?/(8) is the magnetic energy density and
Uraq ~ ucms (1 + 2)* x 1.1 accounts for the CMB plus a
~ 10% contribution from EBL starlight at low redshift
[B4]. At z = 0, the CMB energy density is ucmp =~
0.26 eV /cm?.

The synchrotron cooling fraction is strongly field-
dependent. For intergalactic magnetic fields of B ~ 1 nG,
representative of the intergalactic medium, one finds
fsyn ~ 1077; only for B > 10 uG, characteristic of galaxy
cluster cores [36], does synchrotron dominate over in-
verse Compton. This hierarchy is important to under-
stand why X-ray constraints on the CvB are substan-
tially weaker than gamma-ray constraints on cosmologi-
cal scales, see Fig. [2]

The characteristic synchrotron photon energy pro-
duced by an electron of energy E. in a magnetic field
B is [35]

B E 1
E.n ~ 0. ° (1
a2 0.67 eV <1 nG> (100 TeV) vz 19

For cascade electrons with typical energies F. ~ 1-
100 TeV in intergalactic fields of B ~ 1 uG = 1000 nG,
the synchrotron emission peaks in the keV band, directly
in the window of the cosmic X-ray background.

The differential X-ray flux from synchrotron radiation
is computed analogously to the gamma-ray flux,

Ay ¢ [ |
ovx o dy —— ,
dEx  ir /0 AT e ) nmw(2)

X <01°71;f> cucr(2) fsyn(B,2) Tx (Ex, 2z, B),
(20)

where only the charged channels (7% and ¢*) con-
tribute, since neutral pion decay produces photons rather
than e* pairs. The synchrotron redistribution kernel
Tx(FEx,z, B) maps the injected electron energy into the
X-ray band. For a single electron of energy F. in a mag-
netic field B, the radiated synchrotron spectrum is pro-
portional to the standard emission function [37]

Fa) == [ " Kaale) d (21)

where K53 is the modified Bessel function of the second
kind and * = Ex/E.(E., B, z), with the critical syn-
chrotron energy

_3¢hB , 1
2 mec Te ] +z°

B, (22)
The kernel T’y is constructed by integrating F'(x) over a
representative cooled electron spectrum dN/dE, oc E;?
with energies F. ~ 1-300 TeV, and is normalized such
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Figure 2. Left: Synchrotron cooling fraction fsyn = up/(up + urad) as a function of magnetic field strength for several

redshifts. At low z, synchrotron losses begin to dominate above B ~ 1 uG; at higher redshifts the rising CMB energy density
(thraa o< (1 4 2)*) shifts this transition to stronger fields. Right: Fractional energy budget of cascade e* at z = 0.5, showing
the partition between synchrotron (X-ray) and inverse-Compton (y-ray) cooling channels. For intergalactic fields B < 1 nG
virtually all energy goes into v-rays, while in galaxy-cluster cores (B ~ uG) a significant fraction is redirected into X-ray

synchrotron emission.

that deX Ex Tx =1, consistent with the gamma-ray
kernels.

In Figure |3 we show the predicted X-ray synchrotron
flux for several magnetic field strengths alongside the
CXB spectrum measured by HEAO-1 [I4] in the 3-60 keV
band. Even for an optimistic case of B = 1 uG (charac-
teristic of galaxy cluster), the n = 1 prediction lies about
9 orders of magnitude below the CXB, far weaker than
the gamma-ray constraints. The physical origin of this
hierarchy is twofold. First, the synchrotron cooling frac-
tion is small, and second, the CXB is intrinsically orders
of magnitude brighter than the IGRB in terms of photon
number flux.

IT1.3. Anisotropic signatures

Considering source-dependent effects can improve the
gamma-ray sensitivity further. The CR-CvB interaction
rate depends on both the relic neutrino density and the
cosmic-ray flux along each line of sight. So far we have
assumed isotropy to derive a limit, but isotropy is not a
good description in the nearby Universe.

The density of massive relic neutrinos is enhanced in
the potential wells of the Local Group and nearby galaxy
clusters, while the cosmic-ray emissivity traces the inho-
mogeneous distribution of matter along the supergalactic
plane. These effects introduce natural anisotropies in the
predicted gamma-ray flux. Quantitatively, the relic neu-
trino density in the direction of galaxy clusters is larger
by a factor of at least 7, ~ 2 [38440)], potentially larger
depending on the halo mass and redshift.

Regarding UHECR, anisotropies, the arrival distribu-
tion is nearly isotropic, with the Pierre Auger Obser-
vatory reporting a dipole amplitude of only a few per-

cent [41]. However, this small observed anisotropy does
not reflect the intrinsic anisotropy of the source popu-
lation. Magnetic deflections in Galactic and extragalac-
tic fields isotropize the arrival directions, even when the
underlying source emissivity is strongly inhomogeneous.
Numerical simulations in which UHECR sources trace
the local large-scale structure produce emissivity con-
trasts of O(1) between directions along the supergalactic
plane and toward nearby voids [42]. In the following,
we assume that the cosmic-ray emissivity can produce
a factor of ncr ~ 2 contrast between the brightest and
faintest sky directions.

We describe the resulting large-scale anisotropy using
a dipole modulation of the form [4T] 43]

I () = Iis [1 + 0y (ﬁd)] J (23)

where Ijs, is the isotropic baseline intensity, d is the di-
rection of maximal enhancement, and d, is the dipole
amplitude. Since the gamma-ray signal scales as I, (72)
n, (1) jor(7), the maximum contrast between directions
of smallest and largest enhancement is

Imax 1 + 67
= = v 5 24
Imm  1-0, Tlv ICR (24)
giving
v NICR — 1
0y = ————— . 25
’ M Ner + 1 (25)

For the fiducial example 1, ncr = 4, this yields 6, ~ 0.6,
corresponding to an O(1) dipole anisotropy. To visual-
ize this, we apply the dipole modulation to the computed
isotropic CR-CrB gamma-ray intensity at a reference en-
ergy of 10 GeV and generate an all-sky map in Galactic
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Figure 3. Differential X-ray flux from synchrotron radia-
tion of cascade e® pairs produced in cosmic-ray scatterings
with the CvB. Solid lines show the QSO evolution model
and dashed lines the SFR model, for intergalactic magnetic
field strengths B = 1uG, 100nG, and 10nG, all assuming
the ACDM-expected CvB density (n = 1). A QSO predic-
tion with B = 1 G and local overdensity n = 10° is shown
for comparison. The solid gold curve is the cosmic X-ray
background (CXB) spectrum measured by HEAO-1 [14]. The
large gap between predictions and the CXB reflects both the
small synchrotron cooling fraction fsyn < 1 in typical fields
and the intrinsic brightness of the CXB.

coordinates, shown in Figure [} The region used in the
Fermi-LAT IGRB analysis (defined by |b] > 20°) is indi-
cated by dashed lines.

Since the Fermi-LAT IGRB analysis excludes the
Galactic plane, the effective constraint comes from com-
paring the pv signal against the IGRB in the off-plane
sky. The anisotropy implies that a directional analysis
can improve the bound on 7 by a factor of ~ n,ncr ~ 4
relative to the isotropic diffuse limit.

IV. RESULTS AND COMPARISON WITH
COMPLEMENTARY PROBES

‘We now present the constraints on the CvB overdensity
7 obtained from our spectral analysis and compare them
with existing bounds from complementary probes.

IV.1. Gamma-ray constraints

To derive the upper limit on 7 from gamma-ray obser-
vations, we require that the predicted pr flux does not
exceed the 100% of the Fermi-LAT IGRB at any energy
in the measured range [I3]. This criterion is applied at
each energy bin, and the most constraining bin deter-
mines Nmax- Lhe limit depends on the neutrino mass
through the energy-weighted cross section (02‘3), which
scales linearly with m, in the DIS regime.

0.4 0.6 0.8 1.0 1.2
Intensity [GeV™! em ™2 57! sr7))

Figure 4. Expected dipole sky anisotropy of the gamma-ray
flux induced by cosmic-ray scatterings with the CvB. The
map shows the absolute intensity modulated by the assumed
dipole at a reference energy of 10 GeV. The dashed lines in-
dicate |b| = 20°, delimiting the region used in the Fermi-LAT
isotropic background analysis.

Figure 5| shows the resulting upper limits on 7 as a
function of the lightest neutrino mass m,, converting
to the heaviest mass state using the normal hierarchy
squared mass differences Am3; = 2.453 x 1072 eV? [44].
For the QSO evolution model and m, = 0.1 eV, the dif-
fuse Fermi-LAT data yields

n <22 x10*  (QSO, Fermi diffuse) (26)

while the SFR evolution gives a weaker bound of n < 106
due to its less peaked source evolution. Including the
anisotropy enhancement factor of ~ 4 from the direc-
tional analysis described in Section [[TI] strengthens these
bounds by a corresponding factor.

IV.2. X-ray constraints

As discussed in Section the X-ray synchrotron
constraints are substantially weaker than the gamma-ray
bounds. For a magnetic field B = 1 uG, the CXB data
constrains 1 > 10°, while for B = 10 nG the limit weak-
ens to n > 10'3. These values are indicated by text
annotations in Figure p| The X-ray channel is thus not
competitive with gamma-ray observations for constrain-
ing the CvB overdensity, but it provides a useful con-
sistency check. Any putative detection in gamma rays
would predict a specific, testable X-ray signature whose
amplitude depends on the ambient magnetic field. In
principle, future X-ray missions with improved sensitiv-
ity to the diffuse background, combined with observa-
tions toward galaxy clusters where B ~ uG fields are
present, could improve these constraints.

IV.3. Comparison with other probes

Our gamma-ray bounds can be compared with sev-
eral complementary constraints on the CvB overdensity.



First, neutrinos must obey the Pauli exclusion princi-
ple, which limits the maximum neutrino overdensity 7
achievable on cosmological scales. The neutrino number
density is restricted within the Fermi sphere [45],

_Am 4

VP ?pu,max . (27)

The neutrino energy density cannot exceed the critical
density of the Universe, (E,) n, < p. with p. = 3HZ M3,
which leads to a limit n < 10%2eV/(E,) < 102eV/m,,.
In the limit of neutrinos being effectively massless, the
condition p, < p. combined with Eq. leads to the
least stringent bound on cosmological scales,

n<2x10%, (28)

shown as a dashed horizontal line in Figure Gravi-
tational clustering of neutrinos in galaxy-scale halos can
enhance the local density by at most a factor of ~ 10
relative to the cosmological average for currently allowed
neutrino masses [3§].

The KATRIN experiment constrains the local CvB
overdensity on Earth through neutrino capture on tri-
tium, currently at the level of n < 10! [3]. This labora-
tory bound is shown as the shaded grey region in Figure
for m,, 2 0.45 eV (the KATRIN mass sensitivity thresh-
old).

Searches for boosted relic neutrinos in IceCube data
have yielded constraints at the level of n < 10%-10° de-
pending on the assumed cosmic-ray evolution model [I0}
12]. The already published results from [I0] are indicated
by downward-pointing triangles in Figure [5| at m, =
0.1 eV. Our Fermi-LAT gamma-ray bounds are compara-
ble in strength to the IceCube constraints, demonstrating
the complementarity of the electromagnetic and neutrino
channels.

IV.4. Future prospects with CTA

The Cherenkov Telescope Array (CTA) is expected
to improve the sensitivity to the diffuse extragalactic
gamma-ray background by roughly an order of magni-
tude compared to Fermi-LAT, particularly at energies
above ~ 100 GeV [46]. We estimate the projected CTA
sensitivity by scaling the Fermi-LAT diffuse limit by a
factor of 10, and the anisotropy limit by a factor of 40.
As shown in Figure [5] the resulting projections for the
QSO evolution model reach n ~ O(10%) at m, = 0.1 eV
under the anisotropy analysis, approaching the cosmo-
logically expected density. This suggests that a future
generation of gamma-ray telescopes, combined with di-
rectional analysis exploiting the known distribution of
cosmic-ray sources and neutrino clustering, may achieve
sensitivity to the CvB near ACDM expectations, com-
plementing neutrino telescopes [12].
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Figure 5. Upper limits on the CvB overdensity n compared
to the ACDM expectation, as a function of the lightest neu-
trino mass. The solid lines are obtained from pv scatterings
not inducing a gamma-ray flux that overshoots the diffuse
IGRB gamma-ray measurements at Fermi-LAT [I3], or pro-
jected sensitivities at CTA [46], while the dashed lines are
obtained from not observing a large directional anisotropy in
Fermi-LAT data, or future CTA data. The black lines cor-
respond to a cosmic-ray evolution following the star forming
rate from [22], and the purple lines correspond to the quasar
evolution function from [23].

V. CONCLUSIONS

Direcly detecting the cosmic neutrino background is a
challenging task, but very rewarding for our understand-
ing of Nature. Here we have proposed a novel detec-
tion channel through the gamma-ray and X-ray fluxes
produced by cosmic-ray scatterings with the cosmic neu-
trino background on cosmological scales, accounting for
neutral and charged pion decay, charged-current lepton
production, electromagnetic cascading, and synchrotron
emission in extragalactic magnetic fields. This opens the
multi-messenger perspective to detect the cosmic neu-
trino background, complementing the direct boosted relic
neutrino channel discussed in [8HI2].

From the diffuse isotropic gamma-ray background
measured by Fermi-LAT, we derived upper limits on the
CvB overdensity of n < 2.2 x 10* for the QSO evolu-
tion model at a lightest neutrino mass of m, = 0.1 eV,
and n < 2.5 x 10° for the SFR model. These bounds
are four to five orders of magnitude stronger than the
KATRIN laboratory limit and comparable in sensitivity
to IceCube searches for boosted relic neutrinos, demon-
strating that gamma-ray observations provide a powerful
and independent probe of the CvB.

We have further shown that the X-ray synchrotron
emission from cascade e® pairs provides a complemen-
tary but substantially weaker constraint. For already
optimistic intergalactic magnetic fields of B = 1 uG, the
CXB data yields n > 10°. The X-ray channel does not



seem competitive with gamma rays for constraining 7,
but it provides a consistency check and a potential diag-
nostic of the magnetic field environment if a signal were
detected.

Additionally, we have identified that directional
anisotropies arising from the clustering of relic neutrinos
in gravitational potential wells and the inhomogeneous
distribution of cosmic-ray sources can enhance the sensi-
tivity by a factor of ~ 4. Further efforts in this direction
are important. We estimated that CTA could probe CvB
overdensities at the level of  ~ O(10?), approaching the
cosmologically expected density.

The message we want to convey in this work is that a
multi-messenger strategy combining gamma-ray, X-ray,
and neutrino observations, is a promising method to de-
tect the cosmic neutrino background, and constitutes an

unavoidable electromagnetic floor for other possible cos-
mological, possibly beyond the Standard Model, contri-
butions. It is remarkable that the coldest thermal relics of
the Big Bang, decoupled just one second after it, can nev-
ertheless leave an observable imprint on the high-energy
electromagnetic sky through their inevitable encounters
with the most energetic particles in Nature.
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