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Neutrinos are produced during stellar evolution by means of thermal and thermonuclear processes. We
model the cumulative neutrino flux expected at Earth from all stars in the Milky Way: the Galactic stellar
neutrino flux (GSνF). We account for the star formation history of our Galaxy and reconstruct the spatial
distribution of Galactic stars by means of a random sampling procedure based on Gaia Data Release 2. We
use the stellar evolution code MESA to compute the neutrino emission for a suite of stellar models with solar
metallicity and zero-age-main-sequence mass between 0.08M⊙ and 100M⊙, from their premain sequence
phase to their final fates. We then reconstruct the evolution of the neutrino spectral energy distribution for
each stellar model in our suite. The GSνF lies between Oð1Þ keV and Oð10Þ MeV, with thermal
(thermonuclear) processes responsible for shaping neutrino emission at energies smaller (larger) than
0.1 MeV. Stars with mass larger than Oð1M⊙Þ, located in the thin disk of the Galaxy, provide the
largest contribution to the GSνF. Moreover, most of the GSνF originates from stars distant from Earth about
5–10 kpc, implying that a large fraction of stellar neutrinos can reach us from the Galactic Center. Solar
neutrinos and the diffuse supernova neutrino background have energies comparable to those of the
GSνF, challenging the detection of the latter. However, directional information of solar neutrino
and GSνF events, together with the annual modulation of the solar neutrino flux, could facilitate the
GSνF detection; this will kick off a new era for low-energy neutrino astronomy, also providing a novel
probe to discover new physics.
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I. INTRODUCTION

Stars radiate energy by emitting neutrinos, in addition to
electromagnetic emission. By means of nuclear fusion in
the core of stars, light atomic nuclei combine to form
heavier ones. Thermonuclear neutrinos are produced as a
by-product with Oð0.1–10Þ MeV energy (see, e.g.,
Refs. [1–3] for an overview of thermonuclear processes).
Stars also emit thermal neutrinos from thermal processes
that strongly depend on the temperature, density, and
composition of the medium; thermal neutrinos have typical
energies of Oð10–100Þ keV (see, e.g., Refs. [3–5] for an
introduction to thermal processes in stars). Hence, all stars
in our Universe are neutrino sources, including those in our
own Galaxy—the Milky Way. The flux of Galactic neu-
trinos from stars was first estimated in Ref. [6], relying on
the FRANEC evolutionary code [7] and a Galactic model
from Ref. [8]. Similar results for thermonuclear neutrinos
were presented in Ref. [9] for other models accounting for
the structure and evolution of our Galaxy, relying on the
stellar evolution results and neutrino emission properties
presented in Ref. [6].

Our understanding of stellar evolution and neutrino
production in stellar environments has greatly improved
in the past decade; we refer the reader to, e.g., Refs. [10,11]
for recent reviews on the topic. Solar neutrinos from different
thermonuclear channels, such as the pp chain [12–15] and
the carbon–nitrogen–oxygen (CNO) cycle [16], have been
experimentally identified. The thermal neutrino emission
from the Sun has also been accurately computed [17]. In this
regard, solar neutrino spectroscopy has been fundamental to
improve our understanding of the Sun, see, e.g., Refs. [18–
22], as well as to learn about neutrino properties [23,24]. In
addition, we have gained a deeper understanding of the
dependence of neutrino emission on stellar mass and
metallicity [25–27].
In this work, we forecast of the Galactic stellar neutrino

flux (GSνF): the cumulative neutrino flux from all stars in the
Milky Way expected at Earth. Our findings are summarized
in Fig. 1. We rely on Ref. [28], which employs the Gaia Data
Release 2, for modeling the spatial distribution of stars in our
Galaxy and use new insights from Galactic archaeology [29]
to model the Galactic star formation history (SFH).
Moreover, we compute the neutrino emission from stars
with zero-age-main-sequence (ZAMS) mass between
0.08M⊙ and 100M⊙, following the stellar evolution from
the premain sequence stage to the final evolutionary stages.
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This paper is organized as follows. In Sec. II, we describe
our modeling of the Milky Way stellar population, including
the spatial distribution of stars and the SFH. In Sec. III, we
outline our modeling of the evolution of each star in our
suite. Section IV describes the approach adopted to compute
the GSνF. Section V presents our results for low-mass stars
(M < 0.9M⊙), intermediate-mass stars (0.9M⊙ ≲M <
8M⊙), and high-mass stars (M ≥ 8M⊙); the main GSνF
features are alsodiscussed.Finally,we summarizeour findings
and discuss the GSνF detectability prospects in Sec. VI.

II. GALACTIC STAR FORMATION RATE

In this section, we present the model of the Galactic stellar
population and our parametric description of the birthrate
of stars.

A. Spatial distribution of stars

As sketched in the top left panel of Fig. 2, we divide the
baryonic mass distribution in our Galaxy in three indepen-
dent components: the Galactic bulge, a thin disk, and a
thick disk. We describe the mass distribution of stars in the
Milky Way in Galactocentric coordinates ðR; zÞ.
For the bulge, we adopt a parametrization of the baryonic

density that does not account for the complex stellar dis-
tribution in the bulge and neglects the bar structure [30,31],

ρbulge ¼
ρ0;bulge

ð1þ r0=r0Þα
exp ½−ðr0=rcutÞ2�; ð1Þ

with r0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 þ ðz=qÞ2

p
.1 Here, q, r0, rcut, and α are

phenomenological parameters determining the three-

dimensional shape and size of the bulge, and ρ0;bulge is the
baryon density of the bulge.
The baryon density of the thin and thick disks is modeled

in three dimensions as follows [32,33]:

ρd ¼
Σ0

2zd
exp

�
−
jzj
zd

−
R
Rd

�
; ð2Þ

the parameters zd and Rd determine the size of each of the
disks, and Σ0 is the corresponding density.
Table I summarizes the values adopted for the parameters

introduced in Eqs. (1) and (2), following Ref. [28]. The
parametrization proposed in Ref. [28] relies on Gaia Data
Release 2 [34], assumes a Navarro-Frenk-White dark
matter distribution [35], an axisymmetric model of the
Milky Way with no spiral arms, and accounts for two
additional gas disks as well as the circum-Galactic medium.
Under these assumptions, the baryonic mass of the bulge is
Mbulge ¼ 9.2 × 109M⊙, the baryonic mass of the thin disk
isMd;thin ¼ 3.98 × 1010M⊙, and the one of the thick disk is
Md;thick ¼ 1.07 × 1010M⊙ [28].
We implement the arm structure of the Milky Way of the

thick and thin disks, specifically the arms Centaurus,
-Carina, Perseus, and Norma-Outer following Ref. [36].
However, we do not account for the gas disks and the inter-
Galactic medium. Those additional components have a
small density of stars and, therefore, are expected to
provide a negligible contribution to the GSνF. The uncer-
tainties in the morphology and baryonic mass of the
Galactic components (see, e.g., Ref. [37]) can further affect
our forecast.

B. Birthrate function

The stellar birthrate function, B, provides the number of
stars born in the time interval ðt; tþ dtÞ and mass interval

FIG. 1. Galactic stellar neutrino and antineutrino flux at Earth for all flavors as a function of neutrino energy (dashed line), including
solar neutrinos. The contributions from low-mass (0.08M⊙ ≲M < 0.9M⊙), intermediate-mass (0.9M⊙ ≤ M ≲ 8M⊙), and high-mass
(M ≥ 8M⊙) stars are displayed as solid lines in orange, red, and blue, respectively. The light and dark gray shaded areas indicate the flux
expected at Earth from solar neutrinos and the DSNB, respectively, as from Ref. [10].

1This parametrization is the axisymmetric version of the model
proposed in Ref. [30].
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ðM;M þ dMÞ in the Milky Way. It can be expressed as the
product of the SFH [ζðtÞ] and the initial mass function
[IMF, ξðMÞ],

Bðt;MÞdtdM ¼ ζðtÞξðMÞdtdM; ð3Þ

note that we assume that the IMF is constant in time and the
star formation rate does not depend on M.

1. Star formation history

Different methods have been proposed to investigate the
star formation rate of the Galaxy based on its chemical
evolution, such as the serial and parallel approaches [29];
in the former, the formation of the Milky Way is modeled
through continuous accretion of gas during which the halo,
thick, and thin disks are formed, or assuming several
episodes of gas infall. The latter approach considers that

FIG. 2. Top left: Sketch of the Milky Way, highlighting its three components: the bulge, the thin disk, and thick disk. To guide the eye,
we also mark the distance of the Solar System from the Galactic Center. Top right: SFH of the Milky Way [ζ, Eq. (4)], normalized to
unity and in in arbitrary units (a.u.), as a function of the lookback time, assuming the Universe is 13.5 Gyr old. We assume the two-infall
formation model. The red line corresponds to the first infall episode, responsible for the formation of the bulge and thick disk; the orange
line represents the second infall episode, leading to the formation of the thin disk. Bottom: IMF ([ξ, in black, Eq. (5)] normalized to
unity, in arbitrary units, and as a function of the ZAMS mass. The vertical dashed lines indicate the ZAMS mass of the progenitors
evolved in MESA in this work; the shaded bands indicate the range of ZAMS masses for which each model, marked by a dashed line, is
assumed to be representative. The orange, red, and blue bands correspond to our low- (88.9%), intermediate- (10.5%), and high-mass
(0.6%) stellar populations.
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Galaxy formation results from different episodes of gas
accretion occurring in parallel, but at a different rate.
In this work, we adopt an effective two-infall model that

parametrizes the star formation rate of the Milky Way
following Ref. [38].2 The two-infall model assumes that an
initial collapse led to the formation of the halo of the thick
disk. Star formation continued at a very efficient rate (much
larger than the current one) until the gas density dropped
below a certain threshold. The gas lost by the halo
accumulated in the center, forming the bulge (cf. left top
panel of Fig. 2). Then, a second infall event is responsible
for the thin disk. This was either the result of a merger event
with a small galaxy or due to the longer time required for
material with a high angular momentum to accrete. A recent
analysis supports the occurrence of a delayed episode of gas
infall [41].
We consider the first infall epoch, which resulted in the

formation of the bulge and the thick disk, and a later infall
forming the thin disk (see the top left panel of Fig. 2). We
parametrize the SFH during the two-infall episodes as

ζðtÞ ∝ tκ expð−t=τÞ; ð4Þ

and determine the effective parameters κ and τ for each
infall episode by fitting the two-infall best-fit model from
Ref. [42]. For the SFH of the bulge and thick disk, we take
κ ¼ 0.4 and τ ¼ 0.5 Gyr, while for the thin disk SFH, we
assume κ ¼ 0.5 and τ ¼ 6.2 Gyr.
The top right panel of Fig. 2 shows the SFH for each of

the two infalls, using the parameters above. Stars in the
bulge and thick disk formed rapidly (12–13 Gyr ago),
followed by stars in the thin disk forming at a roughly
constant rate for the past 12 Gyr. Hence, the bulge and thick

disk host older stars, whereas the stellar population of the
thin disk should exhibit a wider spread in stellar age.

2. Initial mass function

The IMF describes the distribution of stars at birth as a
function of stellar mass (see, e.g., Ref. [43] for a recent
review). We adopt a broken power law for the IMF [44],

ξðMÞ ∝ M−α ð5Þ

with
�
α ¼ 1.3 0.08M⊙ ≤ M < 0.5M⊙

α ¼ 2.3 0.5M⊙ ≤ M ≤ 100M⊙
: ð6Þ

The lower limit in mass of the IMF is chosen according to
the fact that, if a protostar forms with a mass smaller than
0.08M⊙, its internal temperature never becomes high
enough for thermonuclear fusion to begin, leading to a
brown dwarf. The choice of the IMF upper limit in this
work is arbitrary, since the IMF strongly suppresses the
population of high-mass stars. The bottom panel of Fig. 2
illustrates the IMF in Eq. (5).

III. STELLAR EVOLUTION

In this section, we present our modeling of the evolution
of stars with ZAMS mass of ½0.08; 100�M⊙. We also
illustrate the approach adopted to reconstruct the spectral
energy distribution of neutrinos.

A. Stellar models

1. Stellar population modeling

We construct a suite of stellar models, considering each
star with fixed ZAMS mass between ½0.1; 100�M⊙ as a
single, nonrotating object with solar metallicity. We divide
the population of stars in three groups: low-mass stars
with M < 0.9M⊙, intermediate-mass stars with 0.9M⊙ ≤
M < 8M⊙, and high-mass stars with M ≥ 8M⊙.
As illustrated in the bottom panel of Fig. 2, we select a

discrete subset of 13 progenitors with ZAMS M=M⊙ ¼
0.1, 0.2, 0.4, 0.6, 0.8, 1, 1.2, 2, 3, 12, 15, 20, and 40. We
evolve each of these models using MESA 24.08.1 [45–49],
adapting existing models from the MESA Test Suite. We
assume that each of these progenitors is representative of a
range of ZAMS masses, as shown in the bottom panel of
Fig. 2. The models with mass≲1M⊙ are evolved from their
premain sequence evolutionary stage until their terminal
age main sequence (i.e., until hydrogen is approximately
exhausted, since their main-sequence lifetime would oth-
erwise be larger than the age of the Universe). Intermediate-
mass progenitors (1M⊙ ≤ M ≤ 3M⊙) are evolved until the
white-dwarf phase, when the photon luminosity signifi-
cantly exceeds the neutrino luminosity. Finally, the high-
mass progenitors are evolved until pre-core-collapse con-
ditions are reached.

TABLE I. Parameters used to describe the contributions to the
baryonic mass of the Milky Way, modeled following Eqs. (1) and
(2), as from Ref. [28].

Contribution Quantity Value

Bulge r0 75 pc
rcut 2.1 kpc
α 1.8
q 0.5

ρ0;bulge 101M⊙pc−3

Thin disk zd;thin 300 pc
Rd;thin 2.43 kpc
Σ0;thin 1070M⊙pc−2

Thick disk zd;thick 900 pc
Rd;thick 3.88 kpc
Σ0;thick 113M⊙pc−2

2Alternative effective parametrizations of the SFH have been
proposed in the literature, including a decreasing exponential
function [39] or a Gaussian distribution [40].
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2. Convection

For each stellar model, we adopt a mixing-length treat-
ment of convection, following Refs. [45,50]. We fix the
mixing-length parameter (αML), relying on a solar calibra-
tion. Other parameters related to the mixing-length velocity
and temperature gradient in a rising bubble are set to default
as in Ref. [45]. We also account for convective overshooting
with an exponential parametrization of the diffusion coef-
ficient, as illustrated in Ref. [51], with fov ¼ 0.016 [25].3

3. Solar calibration

We calibrate our suite of models to solar data to fix the
initial hydrogen, helium, and heavy-element mass fraction
(X, Y, and Z, respectively), as well as the mixing length
parameter αML. To this end, we use the MESA SIMPLEX built-
in routine. We find the set of parameters that best reproduces
the solar luminosity (L⊙ ¼ 3.828 × 1033 erg s−1 [52]),
effective temperature (Teff ¼ 5772 K [52]), helium surface
fraction (Ysurface ¼ 0.2485� 0.0035 [53]), the radius of the
convective zone (Rcz ¼ ð0.713� 0.001ÞR⊙ [54]), and the
measured sound-speed profile [55].

We perform calibration for two solar models with dif-
ferent predicted surface abundances of heavy elements:
ðZ=XÞsurface ¼ ð1.8� 0.1Þ × 10−2 for the AGSS09 solar
model [56] and ðZ=XÞsurface ¼ ð2.3� 0.1Þ × 10−2 for the
GS98 solar model [57], for the estimated age of the Sun
(4.61 × 109 Gyr) [58,59]. We have tested that the predicted
neutrino flux from the pp chain, which dominates the solar
neutrino emission, is in agreement with observations for both
solar models. Hereafter, we adopt the calibration values for
the GS98 model (X0 ¼ 0.7020, Y0 ¼ 0.2778, Z0 ¼ 0.202,
and αML ¼ 1.96), which yield a solar neutrino luminosity
Lν;⊙ ¼ 0.02469L⊙, where L⊙ is the photon luminosity.

4. Nuclear network, thermonuclear and
thermal processes

We rely on the built-in MESA nuclear reaction networks,
MESA_49 for low- and intermediate-mass stars and
MESA_206 for the high-mass stars. The nuclear reaction
rates are taken from the Joint Institute for Nuclear
Astrophysics REACLIB library [60] and account for
plasma screening effects [61] (we refer the interested reader
to Refs. [48,62] for details on the calculation of the nuclear
reaction rates). In addition, tabulated weak reaction rates
are from Refs. [63–65].
Table II summarizes some of the thermonuclear and

thermal reactions taking place during stellar evolution and

TABLE II. Thermonuclear and thermal neutrino-emitting reactions considered in the computation of the GSνF. The last column
indicates the stage of stellar evolution during which each reaction channel dominates (if applicable). Notice that all thermonuclear
reactions emit solely electron neutrinos. For thermal neutrinos, neutrino-antineutrino pairs are produced. The processes marked by an
asterisk are not included in the computation of the GSνF; see main text for details.

Thermonuclear reactions

pp chain pp pþ p→2 Hþ eþ þ νe Dominant for T ≲ 1.9 × 107 K, in
main-sequence low-mass stars.Pep pþ e− þ p→2 Hþ νe

7Be 7Beþ e− →7 Liþ γ þ νe
8B 8B → 2αþ eþ þ νe
hep 3Heþ p→4 Heþ eþ þ νe

CNO cycle 13N 13N→13 Cþ eþ þ νe Dominant for T ≳ 1.9 × 107 K, in main sequence
intermediate- and high-mass stars.15O 15O→15 Nþ eþ þ νe

17F 17F→17 Oþ eþ þ νe

Others 18F neutrinos 18F→18 Oþ eþ þ νe Relevant during He burning

Thermal reactions

Plasmon decay γ� → νþ ν̄ Dominant during early stages of white-dwarf cooling
andmain thermal process during H-burning for

M ≲ 3M⊙.

Photoneutrinos� e− þ γ → e− þ νe þ ν̄e Main thermal process during H-burning for M ≳ 3M⊙
and during He burning.

Pair annihilation� eþ þ e− → νþ ν̄ Relevant in the late stages of evolution of high-mass stars.

Bremsstrahlung� Nþ e− → Nþ e− þ νþ ν̄ Subdominant
Recombination� e−continuum → e−bound þ νe þ ν̄e

3Note that the treatment of convection might not be ideal for
the modeling of stars with ZAMS mass far from 1M⊙. We
comment on the impact of this caveat in Sec. V.
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that lead to neutrino production. We take these reaction
channels into account for computing the GSνF, as illus-
trated below.

B. Neutrino energy spectrum

For each time snapshot of stellar evolution, MESA

provides the reaction rates for each thermonuclear process,
see Table II, as well as the total energy released. The
neutrino energy spectrum is not provided as MESA output,
but can be computed considering the kinematics of each
reaction.
Neutrinos from β processes occurring as part of the pp

and CNO cycles produce a continuous spectrum that can be
computed knowing the Q value of the reaction; whereas
reactions with two bodies in the final state produce spectral
lines. As for the thermonuclear component of the neutrino
flux, we compute the energy spectrum for all pp-chain
reactions (i.e., the continuous neutrino spectra from pp and
hep neutrinos, 8B decay, and the spectral lines of pep
neutrinos and 7Be neutrinos), the CNO-cycle (i.e., the
energy spectra from the decay of 13N, 15O, and 17F), and
the spectrum from 18F decay. For a detailed discussion on
the modeling of the spectral shape of pp-chain and CNO-
cycle reactions, we refer the reader to Ref. [10] and
references therein. An analogous procedure approximately
holds for β processes, such as 18F.
As for thermal processes, MESA outputs the reaction rates

as functions of radius and for several time steps of the
evolution, for plasmon decay, pair annihilation, brems-
strahlung, photoneutrinos, and neutrinos from recombina-
tion. For such processes, the neutrino emission strongly
scales as a function of, e.g., the electron temperature and
electron number density (see e.g. Ref. [4]). Hence, we
extract the radial profiles of the relevant thermodynamic
quantities from MESA at the relevant time snapshots during
stellar evolution; relying on such profiles, one can compute
the energy spectrum of neutrinos from plasmon decay
[66,67], pair annihilations [68,69], bremsstrahlung [70],
recombination [71,72], and photoneutrinos [73]. As dis-
cussed in Sec. V, we only account for plasmon decay as
contributing to white dwarfs cooling, and we refer the
reader to Sec. V for details on the relevance of the
remaining thermal processes.
In thermonuclear reactions, only electron neutrinos are

produced. However, thermal processes produce neutrino-
antineutrino pairs. Photoneutrinos and recombination neu-
trinos are always of electron flavor, while all the other
thermal processes produce a mixture of electron-type and
nonelectron type neutrino pairs, where the ratio is fixed by
the structure of weak interactions. When traveling toward
the outer layers of stars, and depending on their energy and
the radial profile of the electron number density at each
stellar evolution stage, neutrinos undergo flavor conversion
[74,75]. Flavor conversion in the source, together with loss
of coherence en route to Earth, determines the flavor

composition of neutrinos reaching Earth. We do not
account for flavor conversion due to the complexity of
integrating the energy-dependent and time-dependent fla-
vor evolution for each progenitor. Therefore, hereafter we
report the total neutrino and antineutrino flux for all six
flavors.

IV. GALACTIC STELLAR NEUTRINO FLUX

The GSνF at Earth and at present time is,

Φν ¼
Z

d3r⃗
N�ðr⃗Þ

4πD2
⊕ðr⃗Þ

Z
dt ζðt; r⃗Þ

×
Z

dM ξðMÞ dϕν

dEν
ðM; τÞ: ð7Þ

Here, N� denotes the number of stars at the location r⃗
expressed in Galactic coordinates and corresponding to the
distance from Earth D2

⊕ðr⃗Þ; ζ denotes the SFH normalized
to unity [introduced in Eq. (4)], ξ is the IMF normalized to
unity [defined as in Eq. (5)] under the assumption of
uniform IMF across the Milky Way, τ ¼ tU − t with tU ¼
13.5 Gyr being the age of the Universe. The neutrino
energy flux emitted from a star of ZAMS massM and age τ
is dϕν=dEν.
For simplicity, we treat the bulge, thin disk, and thick

disk separately and we only consider one generation of
stars. This allows us to break Eq. (7) into three integrals
with independent SFH (cf. Sec. II B 1). As for the spatial
distribution of stars, we construct a finely binned spatial
grid for each of the Milky Way components. Under the
assumption of isotropic IMF, the number density of stars at
each discrete volume element of the 3D grid (Vk) is the
ratio between the baryon density of each Galactic compo-
nent (see Table I) and the mean mass, M̄, according to the
IMF, i.e.,

M̄ ¼
R 100M⊙
0.08M⊙

dM ξðMÞMR 100M⊙
0.08M⊙

dM ξðMÞ
: ð8Þ

For each 3D volume element, we draw a random position
(r⃗k) and assume that all stars in that volume element are
located in r⃗k. Then, the spatial integral in each of the
elements of the spatial grid is

Z
Vk

d3r⃗
N�ðr⃗Þ

4πD2
⊕ðr⃗Þ

≃
1

4πD2
⊕ðr⃗kÞ

R
Vk
d3r⃗ρnðr⃗Þ
M̄

≡ εðnÞk ; ð9Þ

where ρn is the baryon density of the bulge [Eq. (1)] and
each of the disks [Eq. (2)]. The index n indicates each of the
three components, i.e., n ¼ fbulge; thin disk; thick diskg.
We also consider a grid of stellar ages for which we

compute the average neutrino emission. We use the
normalized SFH distribution and IMF as weights,
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wij ¼
RMi;max
Mi;min

dM ξðMÞR 100M⊙
0.08M⊙

dM ξðMÞ

R tj;max
tj;min

dt ζðtU − tÞR tU
0 dt ζðtU − tÞ : ð10Þ

Here Mi;min and Mi;max indicate the minimum and maxi-
mum mass of the ith mass bin. Note that since the bulge,
thin, and thick disks have different SFHs (see Sec. II B 1),
we compute such weights for each of the three Galactic
components separately.
Using the discretization method outlined above, Eq. (7)

becomes

ΦðnÞ
ν ¼

X
k

εðnÞk

X
i;j

wðnÞ
ij

dϕν

dEν
ðMi; τjÞ: ð11Þ

The cumulative neutrino flux is the sum of the neutrino
emission from the three Galaxy components.
In our numerical modeling, we consider 4331 volume

elements for the bulge, and 50601 volume elements for
each of the disks. For low- and intermediate-mass stars, our
stellar-age grid has 2700 elements linearly spaced between
5 and 13.5 Gyr. For high-mass stars, we adopt 4000 bins
in stellar age between 5000 yr and 20 Myr. We have
performed resolution tests for the stellar age grid and the
spatial grid to ensure convergence of our results (plots not
shown here).

V. RESULTS: STELLAR NEUTRINO FLUX

In this section, we present our findings on the GSνF from
low-, intermediate-, and high-mass stars in our Galaxy. We
discuss the reactions dominating the neutrino emission for
each class and discriminate among neutrino and antineutrino
emission from the bulge, the thin disk, and the thick disk.

A. Low-mass stars

For low-mass stars (we refer the reader to, e.g.,
Refs. [76,77] for details on the evolution of low-mass stars
including post-main-sequence stages), we follow the evo-
lution of stars with ZAMS mass of 0.1M⊙, 0.2M⊙, 0.4M⊙,
0.6M⊙, and 0.8M⊙, as outlined in Sec. III A. We evolve
such models until the terminal-age main sequence, i.e.,
until hydrogen is close to being exhausted and the central
mass fraction of 1H reaches 0.01%. We halt the evolution of
these models before the end of the main sequence because
the lifetime of these stars as main sequence stars would be
larger than the age of the Universe. We then compute the
neutrino emission by means of Eq. (11). Our results
concerning the evolution of low-mass progenitors is in
agreement with the existing literature [26].
The top panel of Fig. 3 displays the GSνF at Earth from

low-mass stars in our Galaxy. The neutrino luminosity of
low-mass stars increases as a function of the ZAMS mass
and as the star ages in its main sequence phase. Therefore,
the main contribution to the GSνF from Galactic low-mass
stars comes from the oldest and most massive stars of this

subpopulation. The leading neutrino emission channel is
the pp chain, although neutrinos from the CNO cycle start
to become relevant toward the end of their main sequence
lifetime. Lines emerge from the continuum spectrum in
Fig. 3; such spectral lines are characteristic of the 7Be and
pep reactions.
The GSνF from low-mass stars shown in the top panel of

Fig. 3 is divided according to the contribution from the
bulge, thin and thick disks, from left to right, respectively.
The emission from the thin disk dominates since the latter
has the largest stellar population. Notice, however, that a
bump is expected in the spectrum at 1–1.6 MeV from the
CNO cycle and due to the contributions from the bulge and
thick disk, as visible from Fig. 1 (orange curve). The bulge
and the thick disk are the oldest in the Milky Way, therefore
a fraction of their stellar population has already reached the
temperature threshold for the CNO cycle to become a
relevant neutrino production channel.

B. Intermediate-mass stars

1. Main neutrino production channels

Our sample of intermediate-mass stars consists of
progenitors with ZAMS mass M ¼ 1M⊙, 1.2M⊙, 2M⊙,
3M⊙. We explore the evolution of these stellar models
employing MESA and then compute the neutrino energy
spectrum for this population, as outlined in Sec. III A and
Eq. (11). For these stars, the CNO cycle dominates the
hydrogen burning for M > 1.2M⊙, and is of relevance for
lower masses. As for low-mass stars, the neutrino lumi-
nosity increases as a function of the ZAMS mass and stellar
age during the main sequence.
During the post-main-sequence evolution, since the core

temperature of these stars is not large enough (≲109 K) to
fuse carbon, an inert core of carbon and oxygen builds up.
The star then loses its outer layers to stellar winds, forming
a planetary nebula and a white dwarf. White dwarfs lack a
source of heat; electron degeneracy supports them against
gravitational collapse. Hence, first they cool down by
means of neutrino emission (mainly via plasmon decay,
which we compute following Ref. [66]); then, at later
stages, radiative cooling takes over. We have tested that our
stellar models are in agreement with existing literature,
including recent work focusing on neutrino emission [25].
The middle panels of Fig. 3 show the GSνF from

intermediate-mass stars in our Galaxy. For the oldest
Galactic components (the bulge and the thick disk), the
neutrino emission from the smaller ZAMS masses is the
largest, since these are the only stars that are still in the
main sequence to date. The thermal neutrino emission from
the cooling of white dwarfs is also led by intermediate-
mass stars with smaller mass due to their abundance, as
implied by the IMF and shown in Fig. 2. For the thin disk,
the contribution from thermonuclear reactions is similar for
all masses in this range, since there is a significant part of
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FIG. 3. Galactic stellar neutrino and antineutrino flux at Earth for all flavors and from all low-mass (top), intermediate-mass (middle),
and high-mass (bottom) stars in our Galaxy. The (anti)neutrino emission from the bulge, thin disk, and thick disk is displayed from left to
right, respectively. The total emission for each mass range is marked by a black dashed line; the solid (dotted) lines correspond to
thermonuclear (thermal) neutrinos. The (anti)neutrino emission from low- and high-mass stars is dominated by thermonuclear
processes, while the low-energy tail of intermediate-mass stars is due to thermal processes. Overall, the largest (anti)neutrino emission
comes from the thin disk, independent of the ZAMS mass range.
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the population in the main-sequence stage. These differences
arise from the relative importance between the pp chain and
the CNO cycle during hydrogen burning according to the
core temperature. The thermal part of the neutrino energy
spectrum is coming from plasmon decay and it is dominated
by the highest ZAMS masses in the low-energy range.

2. Additional neutrino production channels

At the end of the main sequence, stars with mass ≲2M⊙
have a degenerate core. When the mass of the degenerate
core reaches ∼0.5M⊙, the core temperature is about 108 K
and helium ignition is activated via triple-α process.
Helium ignition is responsible for an electromagnetic flash.
The helium flash is sometimes followed by subflashes;
such flashes become less likely as the progenitor mass
increases and burns a smaller amount of helium. As a
consequence, the nuclear energy that is generated mainly
goes into lifting electron degeneracy in the core. This
process leads to the formation of a stable convective core of
helium burning under nondegenerate conditions.
The slowest step in the CNO cycle is proton capture on

14N. As a result, when hydrogen burning is completed, one
expects a significant abundance of 14N. During helium
ignition, 14N is converted into 22Ne by the following set of
reactions,

14Nþ α → γ þ 18F; ð12aÞ
18F → eþ þ νe þ 18O; ð12bÞ

18Oþ α → γ þ 22Ne: ð12cÞ

Hence, the helium flash (and the subflashes) are correlated
with the emission of a burst (or multiple bursts) of neutrinos
from 18F decay (with a Q value of 1.655MeV) [78]. Despite
their large neutrino luminosity, these flashes barely affect
the time-integrated energy emitted in neutrinos from each
intermediate-mass star during its life. In addition, the end
point of the energy spectrum of neutrinos from 18F is
very close to the one of neutrinos from 15O decay
(Eν ≃ 1.73 MeV) from the CNO cycle. Hence, the neutrino
energy spectra from these two channels tend to overlap in
energy.
For massesM > 2M⊙, helium ignition occurs in the core

under nondegerate conditions. Hence, no helium flash (or
neutrino burst) is expected.
At later stages in the post-main-sequence evolution,

during the asymptotic giant branch phase, hydrogen and
helium burning occur in geometrically thin shells on top of
the carbon-oxygen core. Thermal pulses occur when the
helium shell ignites. These episodes also produce a burst of
neutrinos from 18F decay. Such neutrino bursts are less
luminous than the ones following helium flashes. We stress,
however, that this phase of stellar evolution is very uncertain,

therefore existing models are calibrated to observational data
[79,80]. Importantly, the number of thermal pulses depends
on the treatment of mass loss [81]. The latter may halt pulses
once the envelope has been ejected.
In our models, a parametric treatment of convection has

been adopted, based on mixing-length theory, and calibrated
to match observations in the Sun. However, for masses larger
than 1.5−2M⊙, stars develop a convective core and a
radiative envelope, contrary to the case of solar-mass stars.
Hence, the number of thermal pulses in our models, and even
their existence, might be a result of the approximations
intrinsic to our model. Despite that, given the short duration
of such pulses, their contribution to the GSνF is negligible.
During the hydrogen- and helium-burning stages of

evolution, the stellar-core temperature is such that neutrinos
from plasmon decay and photoneutrinos are also emitted.
The neutrino flux from these reaction channels was
estimated to be comparable to or smaller than the number
of neutrinos emitted during white-dwarf cooling [6]. Our
forecast of the GSνF does not account for these thermal
processes in these stages of stellar evolution; in this sense,
our prediction is conservative. These thermal processes
would partially modify the thermal component of the
spectrum (below 100 keV) in shape, enhancing it. Given
the strong dependence of these processes on temperature, a
detailed assessment of their impact is beyond the scope of
this work; in fact, a more accurate treatment of convection
in the core would be needed to this purpose.

C. High-mass stars

1. Main neutrino production channels

Our discrete sample of high-mass stars, evolved using
MESA as outlined in Sec. III, consists of four progenitors
with ZAMS mass of 12M⊙, 15M⊙, 20M⊙, and 40M⊙. We
follow the evolution of these progenitors until they reach
conditions close to core collapse—namely when the
material inside the iron core exceeds 107 cm=s.
During their life as main sequence stars, neutrino

emission is dominated by the CNO cycle. At later stages,
thermal neutrino emission, mainly from pair processes,
becomes relevant. This efficient energy-loss mechanism
sets a rapid evolution (years to hours) of the presupernova
stars during the advanced stages of nuclear fusion. Hence,
neutrino emission during the main-sequence evolution
dominates the contribution to the GSνF.
The bottom panels of Fig. 3 show the GSνF from high-

mass stars, computed based on Eq. (11). Despite the smaller
abundance of high-mass stars dictated by the IMF (cf. Fig. 2),
the neutrino emission grows with the ZAMS mass in the
range below 1.6 MeV and is mainly due to the CNO cycle.
For higher neutrino energies, the spectrum is shaped by
pp neutrinos, 8B, and hep neutrinos, from progenitors with
mass ≲15M⊙ within this population, i.e., from the less
massive stars of this subpopulation.
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High mass stars have a very short main-sequence life-
time. Therefore, the contribution to the GSνF is smaller for
the older components of the Milky Way (i.e., the bulge and
thick disk). However, since star formation in the thin disk is
a continuous process, occurring even in recent times, we
find that there is a significant population of high-mass stars
in the main-sequence stages of evolution at present; this
population of main-sequence stars emits a copious amount
of neutrinos.
We note that our treatment of convection calibrated to the

Sun might not be accurate for high-mass stars with a
convective core. This could affect the late stages of stellar
evolution. However, such stages have a negligible impact
on the GSνF due to their short duration and overall neutrino
emission smaller than the one integrated during the
remaining lifetime of the massive star.

2. Additional neutrino production channels

As the presupernova phase approaches, β processes
contribute to increase the electron-to-baryon ratio, making
the medium more neutron rich and favoring the emission
of a significant number of MeV neutrinos [27,82–84].
Thermal neutrino emission from the presupernova phase
should be expected [69,85]. Nevertheless, we do not
account for the contribution of presupernova neutrinos to
the GSνF. This is justified because about 30 supernova
candidates have been identified at a distance smaller than
1 kpc from Earth [86]; their presupernova emission is
expected to increase substantially only less than a day

before the core collapse of the massive star. As a conse-
quence, we estimate that the cumulative neutrino emission
from these local supernova candidates is negligible with
respect to the total neutrino emission from the remaining
massive stars in our Galaxy.
Notice that our approach yields a local rate of 2–3 stars

with M ≳ 8M⊙ undergoing core collapse per century; this
is compatible with more sophisticated estimates [87]. Since
the number of core-collapse supernovae in the Galaxy at
present is ≪ 1=s, we conclude that supernovae do not
contribute to the GSνF. Instead, a local core-collapse
supernova would be observed at neutrino telescopes as a
transient signal [11,88,89].
For high-mass stars, it is known that photoneutrino

production is the dominant thermal process during main-
sequence evolution, especially during the helium burning
phase. Previous work evaluated this contribution to be
smaller than or comparable to the one resulting from
the cooling of a white dwarf [6]. For reasons analogous
to the ones discussed in Sec. V B, we do not include this
contribution in our prediction.

D. Cumulative neutrino flux

The GSνF is displayed in Fig. 1. For readers wishing to
reproduce their own version of the GSνF plot, we provide
the tabulated fluxes of the different GSνF components
displayed in Fig. 1 as Supplemental Material [90] of this
paper (and ancillary data files in the arXiv repository). In
addition, Fig. 4 highlights the contributions to the GSνF

FIG. 4. Galactic stellar flux of neutrinos and antineutrinos (black dashed line) as a function of the neutrino energy and for all flavors.
The solid and dotted lines distinguish between the thermonuclear or thermal origin of neutrino emission, respectively. The flux from
solar neutrinos and the DSNB, modeled as in Ref. [10], are shown as light and dark gray bands, respectively. Left: contributions to the
GSνF for different distances from Earth. We distinguish among five distance bins in the range between 0 and 20 kpc from Earth (0–6,
6–8, 8–10, 10–15, and 15–20 kpc plotted in orange, red, blue, and green, respectively). The GSνF is dominated from stars between 6 and
10 kpc from Earth. Right: contributions to the GSνF from the bulge, the thin disk, and the thick disk are plotted in purple, magenta, and
light blue, respectively. Stars in the thin disk of the Milky Way provide the largest contribution to the GSνF.
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according to the distance of stars from Earth and the overall
contributions from the bulge, thin, and thick disks (in the
left and right panels, respectively). For energies smaller
than 100 keV, the GSνF is dominated by thermal processes,
in particular plasmon decay from white dwarfs marking the
end of the evolution of intermediate-mass stars; see also
Fig. 3. For larger energies, thermonuclear processes domi-
nate the GSνF. Overall, the flux peaks at energies
≲0.5 MeV; this emission is mostly due to pp neutrinos
produced in low- and intermediate-mass stars. For energies
up to ∼1.6 MeV, the GSνF is shaped by CNO reactions
occurring in the core of intermediate- and high-mass stars.
Therefore, the spectral lines from 7Be and pep neutrinos
displayed in Fig. 1 for low-mass stars (orange curve) do not
leave any trace in the overall emission plotted as black
dashed lines in Fig. 4. The GSνF is significantly reduced at
high energies (≳1.5 MeV), with a spectral shape deter-
mined by 8B and hep neutrinos.
The left panel of Fig. 4 suggests that stars within 6 and

10 kpc from Earth are the main contributors to the GSνF.
Notably, this distance range includes the Galactic Center
(located at roughly 8 kpc from Earth), where the number
density of stars is the largest.
The right panel of Fig. 4 highlights that the largest

contribution to the GSνF comes from the thin disk of the
Milky Way. The reason is twofold. First, the thin disk is
the most massive component (and hence the one with the
largest number of stars, under the assumption of isotropic
IMF). Second, the thin disk is the youngest component of
the Galaxy and therefore the one hosting the largest number
of intermediate- and high-mass stars in the main sequence
(with the main sequence being the evolutionary stage
dominating the neutrino emission).
Figures 1 and 4 suggest that the neutrino flux from stars

in our Galaxy is about five orders of magnitude smaller
than the solar neutrino flux and the diffuse supernova
neutrino background (DSNB). Although the development
of dedicated experimental techniques would be necessary
to make the detection of stellar neutrinos possible, it is
worth noting that the magnitude of the GSνF has never
been larger than at present. The Earth formed when the
Universe was about 4.5 Gyr old (after the first infall leading
to star formation in the bulge and thick disk); star formation
has taken place at a slightly decreasing rate since then.
Hence, one can expect that the population of intermediate-
and high-mass stars in the thin disk (which happens to be
the most massive component of the Galaxy) has increased
since then. Most of these are main-sequence stars, with
neutrinos being abundantly produced.
Our forecast of the GSνF is in overall agreement with

earlier work presented in Refs. [6,9], both as for the spectral
shape and normalization of the flux. However, our work is
based on up-to-date 1D modeling of stellar evolution (with
a complete nuclear reaction network) and accounts for a
modeling of the Milky Way stellar population based on

recent observational data. In principle, one could extend
these results and estimate the diffuse cumulative flux from
stars in other galaxies. Estimates of this sort can be found in
Refs. [6,9] based on simple assumptions.

E. Components of the GSνF

In order to compare the various components of the GSνF
to the well-known solar neutrino flux, Table III summarizes
the observed flux of neutrinos in all flavors from the
thermonuclear reactions taking place in the Sun and the
GSνF. We note that instead of relying on the solar neutrino
flux from Ref. [10] (as otherwise done in this work), we
quote the solar neutrino components from Ref. [91],
obtained fitting all available solar neutrino data. For com-
pleteness, we also provide the Q value for each thermonu-
clear reaction channel, which corresponds to the maximum
electron neutrino energy for the reaction channels leading to
spectral energy distributions and the neutrino energy for the
7Be and pep channels responsible for spectral lines. We can
see that the solar neutrino flux dominates over the GSνF
across all neutrino-production channels. However, the ratio
of the flux from pp neutrinos to CNO-cycle neutrinos is
larger for the Sun than for the rest of the GSνF. This is
because the neutrino emission from intermediate- and high-
mass stars is dominated by the burning of hydrogen through
the CNO cycle during their life as main sequence stars.
Figure 5 shows the rate per unit volume of pp, CNO, and

18F neutrinos as functions of the distance from Earth for the
bulge, the thin disk, and the thick disk. For all Galactic
components CNO neutrinos constitute the largest contri-
bution to the overall neutrino flux. However, the radial
evolution of each contribution depends on the matter
distribution of each of the spatial components of our
Milky Way model. The largest neutrino flux at Earth
should be expected from the Galactic Center, as highlighted
by the vertical dashed line at 8 kpc. Of course, if the
observer were to point in other directions, the GSνF should
be expected to be significantly smaller.

TABLE III. Solar neutrino flux [91] and GSνF (excluding the
solar flux) from the main thermonuclear reactions. For each
reaction channel, the Q value (maximum νe energy for the
continuum spectra) is also provided.

Process
Sun

(cm−2 s−1)
GSνF (w=o Sun)

(cm−2 s−1) Q (MeV)

pp 5.94 × 1010 2.38 × 102 0.420
7Be 4.93 × 109 25.8 0.862 (89.7%)

0.384 (10.3%)
pep 1.42 × 108 0.60 1.442
8B 5.20 × 106 1.02 15.2
hep 3.0 × 104 4.6 × 10−5 19.795
13N 3.5 × 108 5.37 × 102 1.199
15O 2.5 × 108 5.40 × 102 1.732
17F 5.5 × 107 2.10 1.740
18F 30.2 0.644
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Figure 6 represents the GSνF contributions of neutrinos
and antineutrinos. The high-energy tail of the GSνF, for
Eν ≳ 0.1 MeV, comes from thermonuclear reactions and,
therefore, is composed solely of neutrinos. However, the
thermal component of the flux has equal contributions from
neutrinos and antineutrinos since these are produced in pairs
in thermal processes. For comparison, we also show other

relevant neutrino and antineutrino backgrounds in the energy
range of interest, such as the DSNB, solar neutrinos, geo-
neutrinos, and reactor antineutrinos [10]. We stress, however,
that the reactor antineutrinos and geoneutrinos, although they
could be backgrounds to the GSνF detection, are strongly
dependent on the neutrino telescope location; hence the
fluxes shown in Fig. 6 should only serve for orientation.

FIG. 5. Differential neutrino emission rate from the thermonuclear reactions contributing to the GSνF as a function of the distance
from Earth from the bulge, thin disk, and thick disk in the left, middle, and right panels, respectively. The orange, red, and blue lines
correspond to the flux from the pp chain, the CNO cycle, and 18F neutrinos from He burning flashes (see main text for details). The
distance of the Galactic Center from Earth is marked by a gray dashed vertical line. The flux from the CNO cycle dominates, with the
largest contribution coming from the thin disk.

FIG. 6. Galactic stellar flux of neutrinos (left panel, dashed line) and antineutrinos (right panel, dash-dotted line) as functions of the
neutrino energy. The shaded region in the left (right) panel indicates the total neutrino (antineutrino) flux, including background sources
to the GSνF (i.e., solar neutrinos, DSNB, geoneutrinos, and reactor antineutrinos from Ref. [10]). In the left panel, the DSNB neutrinos
as well as the solar themonuclear and thermal neutrinos are show in orange, red, and dark blue, respectively. In the right panel, the DNSB
antineutrinos, reactor antineutrinos, geoneutrinos, and themal solar antineutrinos are displayed in light blue, green, yellow, and brown,
respectively. Notice that the fluxes of reactor antineutrinos and geoneutrinos are strongly location dependent.
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VI. CONCLUDING REMARKS

Stars produce neutrinos throughout their life because of
thermal and thermonuclear processes. In addition to the
routinely observed solar neutrinos, we should expect the
GSνF between a few keV and tens of MeV from all stars in
our Galaxy. In this work, we compute this neutrino signal.
In order to do so, we consider three different components of
our Galaxy: the bulge, a thin disk, and a thick disk. The SFH
for each of these components is modeled according to the
two-infall model. The baryon density distribution is inferred
from the analysis presented in Ref. [28], which uses Gaia
Data Release 2. In order to compute the neutrino energy
spectrum expected from each star, we construct a suite of 13
progenitors with solar metallicity and ZAMS mass ranging
between 0.1M⊙ and 40M⊙. We rely on the stellar evolution
code MESA to evolve each of these stars from their premain
sequence phase to their final fates. We assume that such
models are representative of the Galactic population of stars
with ZAMS in the range between 0.08M⊙ and 100M⊙. For
each time snapshot during stellar evolution, MESA outputs
the reaction rates and total energy released from the
thermonuclear (pp chain, the CNO cycle, and 18F decay)
and thermal processes (plasmon decay, photoneutrinos, pair
annihilation, recombination, and bremsstrahlung) taking
place in the core of each star. We then compute the neutrino
energy spectrum for each of these processes during the
evolution of the models in our suite.
We find that the bulk of the GSνF comes from thermal

processes for neutrino energies ≲Oð0.1Þ MeV and thermo-
nuclear ones otherwise. For energies in the range of
0.1M⊙–0.5 MeV and above ∼1.6 MeV, the GSνF is
dominated by pp neutrinos from stars with ZAMS smaller
than 8M⊙; the remaining (intermediate) part of the spectrum
for 0.5 MeV≲ Eν ≲ 1.6 MeV results from the CNO
cycle occurring in stars with mass ≳1M⊙. The neutrino
emission mainly comes from the thin disk of the Milky Way,
since this is the youngest and most massive component of
our Galaxy, with the largest density of stars with ZAMS
mass ≳1M⊙ in their main-sequence evolutionary stage. The
GSνF dominated by thermonuclear reactions is solely
composed of neutrinos, whereas the thermal component
of the GSνF has an equal number of neutrinos and anti-
neutrinos (see Table II). The bulk of the GSνF comes
from stars within 5 and 10 kpc from Earth; this implies that
we are favorably located to receive a copious amount of
neutrinos from the Galactic Center where the density of stars
is the highest.
The GSνF lies in the same energy region of solar

neutrinos, reactor antineutrinos, geoneutrinos, the DSNB,
and possibly the diffuse background of neutrinos from
Thorne-Żytkow Objects [10,92], although the spectral
features of these fluxes are very different and the reactor
and geoneutrino contributions are strongly dependent on
the neutrino telescope location. In particular, the detection
of the GSνF is challenged by the fact that this flux is about

five orders of magnitude smaller than the one of solar
neutrinos. It would be crucial to devote experimental efforts
to overcome solar neutrinos and the DSNB, favoring a
unique discovery for stellar archaeology. In fact, the
detection of the GSνF would provide unique insight on
the Galactic stellar population, especially for stars with
ZAMS mass greater than 1M⊙.
Leveraging on the directionality of the neutrino events

detected at Earth could be crucial to discriminating between
the GSνF and the solar and supernova backgrounds. In fact,
we could combine our precise understanding of the solar
neutrino flux with directional information on solar neutrino
events to tag and remove the solar background. Moreover,
the annual modulations of the solar neutrino flux could be
employed as an additional discriminant factor to disen-
tangle the solar neutrino background from the GSνF. We
expect that a large fraction of GSνF comes from the
Galactic Center. However, even with perfect directional
reconstruction, the DSNB might only be reduced by
approximately one order of magnitude (at most by a factor
1=4π due to the DSNB isotropy). Hence, work is strongly
encouraged to improve the detection prospects of neutrinos
with energy ≲1.6 MeV, where the DSNB is negligible.
As a final remark, we stress that a detailed knowledge of

the GSνF can be of relevance to the discovery of physic
scenarios beyond the Standard Model. For instance, in the
presence of nonstandard neutrino self-interactions, neutri-
nos from distant astrophysical sources would scatter off the
GSνF, leading to potential observable features, such as
spectral distortions or changes in the flavor composition.
We refer the reader to Ref. [93]—and references therein—
for analogous examples involving astrophysical neutrinos
scattering off the cosmic neutrino background. Moreover, a
high-energy neutrino flux could originate from the scatter-
ing of cosmic rays on the GSνF or the diffuse flux from
stars in other Galaxies, as proposed for cosmological relic
neutrinos [94,95]. If neutrinos were unstable, their emission
from stars and decay en route to Earth could give rise to a
detectable flux of photons or dark matter; this scenario was
explored in Ref. [9] based on their prediction of the diffuse
flux from all Galaxies.
The Tycho supercomputer hosted at the SCIENCE HPC

center at the University of Copenhagen was used to support
the numerical simulations presented in this work.
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PABLO MARTÍNEZ-MIRAVÉ and IRENE TAMBORRA PHYS. REV. D 113, 023014 (2026)

023014-14

https://doi.org/10.1086/192264
https://doi.org/10.1146/annurev.aa.24.090186.003045
https://doi.org/10.1146/annurev.aa.24.090186.003045
https://doi.org/10.1016/j.astropartphys.2003.12.002
https://doi.org/10.1016/j.astropartphys.2003.12.002
https://doi.org/10.1103/RevModPhys.92.045006
https://doi.org/10.1103/RevModPhys.92.045006
https://doi.org/10.1038/s42254-025-00828-2
https://doi.org/10.1103/PhysRevLett.86.5651
https://doi.org/10.1103/PhysRevLett.86.5651
https://doi.org/10.1103/PhysRevLett.87.071301
https://doi.org/10.1103/PhysRevLett.87.071301
https://doi.org/10.1103/PhysRevD.100.082004
https://doi.org/10.1103/PhysRevD.100.082004
https://doi.org/10.1103/PhysRevD.101.062001
https://doi.org/10.1103/PhysRevD.101.062001
https://doi.org/10.1103/PhysRevD.108.102005
https://doi.org/10.1103/PhysRevD.108.102005
https://doi.org/10.1088/1475-7516/2017/12/010
https://doi.org/10.1088/1475-7516/2017/12/010
https://doi.org/10.1103/RevModPhys.64.885
https://doi.org/10.1103/RevModPhys.64.885
https://doi.org/10.1086/428929
https://doi.org/10.1086/428929
https://doi.org/10.1146/annurev-astro-081811-125539
https://doi.org/10.1146/annurev-nucl-011921-061243
https://doi.org/10.1140/epja/i2016-16087-0
https://doi.org/10.1140/epja/i2016-16087-0
https://doi.org/10.1016/j.physrep.2017.04.002
https://doi.org/10.3847/1538-4357/ab7f2c
https://doi.org/10.3847/1538-4357/ad324c
https://doi.org/10.3847/1538-4365/ad0787
https://doi.org/10.3847/1538-4365/ad0787
https://doi.org/10.3847/1538-4357/aa95c4
https://doi.org/10.1093/mnras/staa1017
https://doi.org/10.1093/mnras/staa1017
https://doi.org/10.1007/s00159-021-00133-8
https://doi.org/10.1046/j.1365-8711.2002.05116.x
https://doi.org/10.1046/j.1365-8711.2002.05116.x
https://doi.org/10.1093/mnras/stw2759
https://doi.org/10.1086/523619
https://doi.org/10.1086/523619
https://doi.org/10.1051/0004-6361/201527346
https://doi.org/10.1051/0004-6361/201527346
https://doi.org/10.1051/0004-6361/201833051
https://doi.org/10.1051/0004-6361/201833051
https://doi.org/10.1086/177173
https://doi.org/10.1086/177173
https://doi.org/10.1093/mnras/stad3350
https://doi.org/10.1093/mnras/stad3350
https://doi.org/10.1038/nphys3237
https://doi.org/10.1038/nphys3237
https://doi.org/10.1086/303726
https://doi.org/10.1086/303726
https://arXiv.org/abs/1404.0402
https://doi.org/10.1051/0004-6361/201424281
https://doi.org/10.1051/0004-6361/201424281
https://doi.org/10.1051/0004-6361/201834188
https://doi.org/10.1093/mnras/stx2201
https://doi.org/10.1093/mnras/stx2201
https://doi.org/10.1046/j.1365-8711.2001.04022.x
https://doi.org/10.1088/0067-0049/192/1/3
https://doi.org/10.1088/0067-0049/192/1/3
https://doi.org/10.1088/0067-0049/208/1/4
https://doi.org/10.1088/0067-0049/220/1/15


[48] B. Paxton et al., Astrophys. J. Suppl. Ser. 243, 10
(2019).

[49] A. S. Jermyn et al. (MESA Collaboration), Astrophys. J.
Suppl. Ser. 265, 15 (2023).

[50] L. Henyey, M. S. Vardya, and P. Bodenheimer, Astrophys. J.
142, 841 (1965).

[51] F. Herwig, Astron. Astrophys. 360, 952 (2000).
[52] E. E. Mamajek et al. (IAU Inter-Division A-G Working

Group on Nominal Units for Stellar & Planetary
Astronomy), arXiv:1510.07674.

[53] S. Basu and H. M. Antia, Astrophys. J. Lett. 606, L85
(2004).

[54] S. Basu and H. M. Antia, Mon. Not. R. Astron. Soc. 287,
189 (1997).

[55] E. J. Rhodes, Jr., A. G. Kosovichev, J. Schou, P. H. Scherrer,
and J. Reiter, Sol. Phys. 175, 287 (1997).

[56] M. Asplund, N. Grevesse, A. J. Sauval, and P. Scott, Annu.
Rev. Astron. Astrophys. 47, 481 (2009).

[57] N. Grevesse and A. J. Sauval, Space Sci. Rev. 85, 161
(1998).

[58] J. N. Bahcall and M. H. Pinsonneault, Rev. Mod. Phys. 67,
781 (1995).

[59] J. N. Bahcall, A. M. Serenelli, and S. Basu, Astrophys. J.
Suppl. Ser. 165, 400 (2006).

[60] R. H. Cyburt et al., Astrophys. J. Suppl. Ser. 189, 240
(2010).

[61] A. I. Chugunov, H. E. DeWitt, and D. G. Yakovlev, Phys.
Rev. D 76, 025028 (2007).

[62] A. S. Jermyn et al. (MESA Collaboration), Astrophys. J.
Suppl. Ser. 265, 15 (2023).

[63] K. Langanke and G. Martínez-Pinedo, Nucl. Phys. A673,
481 (2000).

[64] T. Oda, M. Hino, K. Muto, M. Takahara, and K. Sato, At.
Data Nucl. Data Tables 56, 231 (1994).

[65] G. M. Fuller, W. A. Fowler, and M. J. Newman, Astrophys.
J. 293, 1 (1985).

[66] E. Braaten and D. Segel, Phys. Rev. D 48, 1478 (1993).
[67] M. Haft, G. Raffelt, and A. Weiss, Astrophys. J. 425, 222

(1994); 438, 1017(E) (1995).
[68] D. A. Dicus, Phys. Rev. D 6, 941 (1972).
[69] M. Misiaszek, A. Odrzywolek, and M. Kutschera, Phys.

Rev. D 74, 043006 (2006).
[70] G. Guo and Y.-Z. Qian, Phys. Rev. D 94, 043005 (2016).
[71] V. S. Pinaev, Sov. Phys. JETP 18, 377 (1964).
[72] Y. Kohyama, N. Itoh, A. Obama, and H. Mutoh, Astrophys.

J. 415, 267 (1993).

[73] S. I. Dutta, S. Ratkovic, and M. Prakash, Phys. Rev. D 69,
023005 (2004).

[74] L. Wolfenstein, Phys. Rev. D 17, 2369 (1978).
[75] S. P. Mikheyev and A. Y. Smirnov, Sov. J. Nucl. Phys. 42,

913 (1985).
[76] M. Dell’Omodarme, G. Valle, S. Degl’Innocenti, and P. G.

Prada Moroni, Astron. Astrophys. 540, A26 (2012).
[77] A. Bressan, P. Marigo, L. Girardi, B. Salasnich, C. D. Cero,

S. Rubele, and A. Nanni, Mon. Not. R. Astron. Soc. 427,
127 (2012).

[78] A. M. Serenelli and M. Fukugita, Astrophys. J. Lett. 632,
L33 (2005).

[79] G. Pastorelli et al., Mon. Not. R. Astron. Soc. 485, 5666
(2019).

[80] G. Pastorelli et al., Mon. Not. R. Astron. Soc. 498, 3283
(2020).

[81] F. Herwig, Annu. Rev. Astron. Astrophys. 43, 435 (2005).
[82] A. Odrzywolek and A. Heger, Acta Phys. Pol. B 41, 1611

(2010).
[83] T. Yoshida, K. Takahashi, H. Umeda, and K. Ishidoshiro,

Phys. Rev. D 93, 123012 (2016).
[84] C. Kato, H. Nagakura, S. Furusawa, K. Takahashi, H.

Umeda, T. Yoshida, K. Ishidoshiro, and S. Yamada, As-
trophys. J. 848, 48 (2017).

[85] C. Kato, K. Ishidoshiro, and T. Yoshida, Annu. Rev. Nucl.
Part. Sci. 70, 121 (2020).

[86] M. Mukhopadhyay, C. Lunardini, F. X. Timmes, and K.
Zuber, Astrophys. J. 899, 153 (2020).

[87] K. Rozwadowska, F. Vissani, and E. Cappellaro, New
Astron. 83, 101498 (2021).

[88] A. Mirizzi, I. Tamborra, H.-T. Janka, N. Saviano, K.
Scholberg, R. Bollig, L. Hüdepohl, and S. Chakraborty,
Riv. Nuovo Cimento 39, 1 (2016).

[89] G. G. Raffelt, H.-T. Janka, and D. F. G. Fiorillo, arXiv:
2509.16306.

[90] See Supplemental Material at http://link.aps.org/
supplemental/10.1103/tw4t-jk8d for the tabulated fluxes
of the different GSνF components.

[91] M. C. Gonzalez-Garcia, M. Maltoni, J. P. Pinheiro, and
A.M. Serenelli, J. High Energy Phys. 02 (2024) 064.
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