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We constrain the neutrino-dark matter cross section using properties of the dark matter density profiles of
Milky Way dwarf spheroidal galaxies. The constraint arises from core-collapse supernova neutrinos
scattering on darkmatter as a form of energy injection, allowing the transformation of the darkmatter density
profile from a cusped profile to a flatter profile. We assume a standard cosmology of dark energy and cold,
collisionless, and non-self-interacting dark matter. By requiring that the dark matter cores do not lose too
much mass or overshoot constraints from stellar kinematics, we place an upper limit on the cross section of
σν−DMðEν ¼ 15 MeV; mχ ≲ 130 GeVÞ ≈ 3.4 × 10−23 cm2 and σν−DMðEν ¼ 15 MeV; mχ ≳ 130 GeVÞ≈
3.2 × 10−27ð mχ

1 GeVÞ2 cm2, which is stronger than previous bounds for these energies. Consideration of
baryonic feedback or host galaxy effects on the dark matter profile can strengthen this constraint.

DOI: 10.1103/PhysRevD.110.023004

I. INTRODUCTION

Constraining the interaction cross section between neu-
trinos and dark matter (DM), σν−DM, is important to better
understand both neutrinos and DM. Such an interaction is
intriguing considering the fact that the neutrino properties we
observe do not agree with the predictions from the Standard
Model (SM), e.g., the origin of neutrino masses [1–6]
and oscillation experiment anomalies [7,8]. However,
given the weak nature of neutrino interactions, the cross
section is only weakly tested, mostly from astrophysical
neutrinos, e.g., SN1987A [9], higher energy astrophysical
neutrinos observed at IceCube [10–14], or low energy
relic neutrinos [15,16]. Other searches have looked for
the effects such an interaction will have on Milky Way
satellites [17], cosmology [9,18–21], astrophysics [22–26],
boosted DM detection [27–35], etc.
If ν − DM scattering can take place, it can also have

effects on the small-scale structure of the Universe. For
example, dark energy and cold darkmatter (ΛCDM) by itself
cannot reproduce the observed small-scale structures purely
thought gravitational interactions (for a review see, e.g.,
Refs. [36,37]). One such problem is that the DM only
simulations predict subhalos inhabited by dwarf galaxies
to have cuspy DM density profiles [38,39], while

observations suggest the presence of near constant density
cores of DM [40–47]. Many solutions to this discrepancy
exist involving some form of feedback in order to cause a
redistribution of the DM mass profile, e.g., Refs. [48–50].
The question of how effective baryonic feedback should be is
still an ongoing effort. The role of neutrinos, specifically
those fromcore-collapse supernovae (CCSNe), as a source of
feedback in dwarf galaxy-sized subhalos, is not well studied.
In this paper, we explore supernova neutrinos as a source

of energy for feedback, in particular in light of beyond the
standard model physics which allow larger interactions
between neutrinos and DM. This is potentially a powerful
probe since each core-collapse supernova (CCSN) emits
Oð1053Þ erg of energy in neutrinos [51–59], so the total
energy budget available for injection over the history of the
dwarf galaxy is potentially very large. Since CCSN neu-
trinos have ∼10 MeV energies, there areOð1058Þ neutrinos
from each CCSN. Therefore, even small interaction cross
sectionsmay still have noticeable impacts onDMstructures.
This is because the scattering will inject some amount of
energy into the DM, and this can change, e.g., an initially
cuspy central density profile into a centrally cored profile.
Since observations of stellar kinematics constrain the
maximum size of such DM density cores, the amount of
energy that can be injected into the subhalo is constrained
which translates into a constraint on σν−DM.
In this work, we derive an upper bound on the cross

section between neutrinos and DM. We use the fact that
measured core sizes have estimated upper limits to con-
strain the maximum size of the interaction cross section. As
we know that CCSNe have occurred in these dwarf
spheroidals, there is an associated neutrino emission with
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typical energies of 3 × 1053 erg released in neutrinos per
supernova with an average neutrino energy of 15 MeV.
In order to not overshoot estimated upper limits of DM

core sizes or lose too much mass such that the cores cannot
exist as we observe them today, we find that σν−DMðEν¼
15MeV;mχ≲130GeVÞ≲3.4×10−23 cm2 and σν−DMðEν¼
15MeV;mχ≳130GeVÞ≲3.2×10−27ð mχ

1GeVÞ2 cm2. This is
slightly stronger than those at similar energies from
SN1987A [9]. Considering other forms of energy injection
or feedback occurring would strengthen our constraints.

II. DWARF GALAXY SUBHALO PROPERTIES

In this section, we cover the DM subhalo properties of the
dwarf spheroidals (dSphs) studied in this work. These
properties are estimated from stellar kinematic data of the
stars in the dwarfs. We also cover how we model the amount
of energy needed to transform a cusped profile into a cored
profile, for which we follow the methods of Ref. [49].

A. NFW parameters

To be able to constrain the ν − DM interaction, we
assume that ΛCDM cosmology is correct and that the
subhalos of DM that dSphs occupy initially have a
Navarro-Frenk-White (NFW) profile [38]. We first find
the properties of the DM subhalo that each dwarf sphe-
roidal occupies.
We estimate the density distribution of the DM from the

motions of stars in dwarf galaxies, based on the Jeans
equation. This analysis closely mirrors previous work that
investigated the deformation of the DM density distribution
due to DM self-interactions; see Ref. [60].
We model the subhalo DM density distribution for core

radius rc with a modification of the NFW profile,

ρðrÞ ¼ ρ0r3s
ðrc þ rÞðrþ rsÞ2

; ð1Þ

where ρ0 is the characteristic halo density and rs is the scale
radius.
We adopt the data on half-light radii, characterized using

the Plummer profile, from Ref. [61]. Additionally, we
utilize the stellar kinematics data of member stars in each
dwarf galaxy, as reported in various sources [62–80].
Furthermore, we apply the concentration-mass relation to
the NFW model parameters, as described by Ref. [81].
These allow us to estimate rc for each dwarf galaxy we

consider in this study. The upper limit for each is shown in
Fig. 1, where the solid (dashed) lines correspond to the 1σ
(2σ) upper limit. These are the values of rc that let us place
an upper limit on the energy injection from ν − DM
interactions that is allowed. The NFW parameters assuming
rc ¼ 0 are also estimated using Markov chain Monte Carlo
techniques, the results of which are shown in Table I.

B. Virial radius and mass

We assume the DM profile is virialized and in equilib-
rium before any CCSNe occur. Then, the neutrinos emitted
from CCSNe within the dSphs interact with the DM
subhalo, injecting energy via ν − DM scatterings and
causing the profile to become cored. In this process, we
assume that DM is not lost such that the subhalo remains at
a constant mass, and that the profiles revirialize and are
equilibrated again into what we currently observe.
We define the virial radius (r200) and the virial mass

(M200) adopting Δcrit ¼ 200, i.e., that the subhalo extends
until the density of the DM is 200 times greater than the
critical density of the Universe,

ρð< r200Þ ¼ Δcritρcrit ¼ 200
3HðtÞ
8πGN

; ð2Þ

where HðtÞ is the Hubble constant and GN is Newton’s
gravitational constant.
Therefore, we can simply find the virial radius using the

subhalo parameters found in Sec. II A. Using Eq. (1) with

FIG. 1. Upper limit of dwarf galaxy DM subhalo core size. Solid (dashed) lines lines correspond to to 1σ (2σ) bounds.
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rc ¼ 0 and the NFW parameters, we find at what radius the
density satisfies the condition of Eq. (2). As we keep the
virial mass constant and only the inner regions of the DM
profile change with the energy injection, this should stay
constant as the core forms. The specific values of r200 for
each dwarf galaxy are found in column 5 of Table I.M200 is
then found easily as well. We take the volume integral of
the mass density profile out to r200. These masses are given
in column 6 of Table I.
We assume that the only form of feedback that acts upon

the DM subhalos is from neutrinos. This should make our
upper bound a conservative limit, as we ignore other
sources of feedback, e.g., gas blowout or tidal effects from
the Milky Way DM halo, and other possible sources that
can change the shape of the DM profile [48,50,107–131].

III. DERIVING THE UPPER LIMIT ON THE
DM-NEUTRINO CROSS SECTION

In this section, we first define the CCSN neutrino energy
spectrum. We then use the dwarf galaxy properties to

estimate how many CCSNe have gone off in each dwarf
galaxy. Next, we get an upper limit on the amount of energy
that can be injected into the DM subhalo by neutrino
interactions using the estimated upper limit of the core
radius found from stellar kinematics. We first place a bound
on the interaction cross section for light DM that is
accelerated above the escape velocity of the host subhalo.
Next, we take the energy constraint and transform it into a
constraint on the interaction cross section under certain
assumptions of the interaction. These assumptions are that
the interactions take place within the DM core region and
that each interaction has maximal energy transfer.

A. Neutrino emission

In our phenomenological derivation of an upper limit
on σν−DM, we consider flavor-independent interactions.
For the sake of simplicity, we therefore use a time-
integrated, flavor-independent energy spectrum for CCSN
neutrino emission from Ref. [132], which when normal-
ized is given by

TABLE I. Dwarf galaxy DM properties from stellar kinematic observations. Included is a shorthand name for the dwarf, the scale
density (ρs), the scale radius (rs), the core radius and bounds (rc � 1σ), the virial radius (r200), and the virial mass (M200). Derivations of
the DM subhalo parameters are covered in Sec. II. The virial mass and radius are calculated from the mass profile assuming Δcrit ¼ 200.

Name ρs ½M⊙=pc�a rs ½pc�a ðrc � 1σÞ × 102 [pc] r200 ½pc�a M200 [M⊙] Refs.

Seg1 2.64 × 10−2 3.19 × 103 1.24þ1.30
−1.00 2.93 × 104 1.53 × 1010 [82,83]

Seg2 1.14 × 10−1 1.56 × 102 13.8þ10.5
−9.74 2.39 × 103 1.00 × 107 [84]

Boo1 4.64 × 10−2 4.83 × 102 19.6þ8.70
−12.2 5.40 × 103 1.04 × 108 [82,85]

Her 3.87 × 10−2 5.63 × 102 17.4þ8.92
−12.9 5.92 × 103 1.33 × 108 [82,86]

Com 4.08 × 10−2 8.23 × 102 6.56þ4.29
−4.38 8.80 × 103 4.41 × 108 [82,87]

CVn1 2.31 × 10−2 9.84 × 102 18.6þ10.8
−16.3 8.60 × 103 3.81 × 108 [82,87]

CVn2 1.64 × 10−2 1.58 × 103 10.0þ5.84
−6.41 1.22 × 104 1.05 × 109 [82,87]

Leo5 2.87 × 10−2 5.63 × 102 23.6þ9.60
−15.8 5.33 × 103 9.32 × 107 [82,88,89]

UMa1 3.39 × 10−2 9.32 × 102 15.5þ8.77
−12.8 9.34 × 103 5.14 × 108 [82,87]

UMa2 3.82 × 10−2 1.16 × 103 8.45þ5.85
−5.80 1.21 × 104 1.14 × 109 [82,87]

Ret2 7.34 × 10−2 3.69 × 102 7.02þ4.15
−4.78 4.85 × 103 7.95 × 107 [90–92]

Psc2 4.46 × 10−2 3.54 × 102 20.0þ10.4
−14.8 3.91 × 103 3.91 × 107 [93]

Gru1 5.57 × 10−2 2.56 × 102 23.6þ10.1
−15.5 3.06 × 103 1.93 × 107 [92,94]

Hor1 2.40 × 10−2 2.12 × 103 2.64þ2.58
−2.06 1.88 × 104 3.97 × 109 [91,92]

Tuc2 7.29 × 10−2 2.77 × 102 24.4þ9.44
−15.7 3.64 × 103 3.35 × 107 [90,95]

Tuc4 1.05 × 10−1 1.97 × 102 20.5þ10.1
−15.6 2.94 × 103 1.84 × 107 [96,97]

Wil1 3.50 × 10−2 1.42 × 103 2.47þ2.05
−2.05 1.44 × 104 1.88 × 109 [82,98]

Car 8.76 × 10−3 2.76 × 103 23.2þ4.50
−14.0 1.70 × 104 2.56 × 109 [82,99,100]

Dra 5.02 × 10−3 6.73 × 103 12.5þ7.43
−5.30 3.37 × 104 1.84 × 1010 [82,101,102]

For 2.61 × 10−2 1.29 × 103 2.97þ0.53
−2.10 1.18 × 104 9.94 × 108 [82,99,100,103]

Leo1 1.50 × 10−2 1.96 × 103 1.79þ7.93
−1.33 1.46 × 104 1.77 × 109 [82,104]

Leo2 2.28 × 10−2 1.50 × 103 1.05þ1.02
−0.75 1.30 × 104 1.32 × 109 [82,102]

Scl 2.42 × 10−2 1.42 × 103 1.82þ0.04
−1.30 1.26 × 104 1.21 × 109 [82,99,100,105]

Sex 3.40 × 10−2 8.06 × 102 2.51þ4.19
−1.64 8.09 × 103 3.34 × 108 [82,99,100]

UMi 3.12 × 10−2 1.09 × 103 6.45þ15.7
−5.12 1.06 × 104 7.37 × 108 [82,101,106]

aAssuming a pure NFW profile.
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FνðEνÞ ¼
Eν;totEα

ν

hEνi2þα

ðαþ 1Þðαþ1Þ

Γðαþ 1Þ Exp

�
−ðαþ 1Þ Eν

hEνi
�
; ð3Þ

where Eν;tot is the total energy emitted in neutrinos, hEνi is
the average neutrino energy, α is the pinching parameter, and
Γ is the gamma function. The normalization ofFν is such thatR
FνdEν ¼ N ν, where N ν is the total number of neutrinos

emitted. The bounds of the integral are the energy range of
the neutrinos, which throughout this work we choose to be 0
to 1 GeV. The specific values of the spectrum parameters
change over time during core collapse due to the different
stages of collapse, asymmetries, dependence upon the
stellar progenitor, and remnant. To reduce complexity, we
consider only the time-integrated spectrum with averaged
values motivated by simulations of CCSNe [132–138]:
Eν;tot ¼ 3 × 1053 erg, hEνi ¼ 15 MeV, and α ¼ 2.3
(Fermi-Dirac). This is reasonable given the duration of
neutrino emission for each CCSN, which is only ∼10
seconds and much shorter than the time of the DM profile
adjusting.
We then find the total energy budget of CCSN neutrinos

for each dwarf galaxy. For this, we take the observed stellar
masses of the dwarf and use them as the total historical
stellar mass. This assumption and the fact that in order to
find the stellar mass, it is assumed thatM⊙=L⊙ ¼ 1, should
lead to a minimum estimate for the total historical stellar
mass and therefore a conservative estimate on the total
neutrino energy budget. Next, we assume an initial mass
function of Ref. [139],

ξðmÞ ∝

8><
>:

m−0.3; if m ≤ 0.08M⊙;

m−1.3; if 0.08M⊙ < m ≤ 0.5M⊙;

m−2.3; if 0.5M⊙ < m;

ð4Þ

normalized such that
R 100M⊙
0.1M⊙

ξðmÞdm ¼ 1. We can then
estimate the approximate number of massive stars that used
to exist, and therefore the number of CCSNe (N CCSNe) that
have occurred in each dwarf galaxy using the following
equation:

N CCSNe ¼ M�

R 100M⊙
8M⊙

ξðmÞdmR 100M⊙
0.1M⊙

mξðmÞdm
; ð5Þ

which builds on the observation that the minimum mass
threshold for core collapse is 8M⊙ [140–143]. Here, M� is
the stellar mass of the dwarf galaxy which sets the overall
normalization. The calculation of this for each dwarf galaxy
is shown in the third column of Table II, kept as floating
point numbers. Then, we simply assume that each CCSN
emits 3 × 1053 erg of energy in neutrinos in order to get the
total ν − DM energy budget as seen in column 4 of Table II,
i.e., Eν;budget ¼ N CCSNe × ð3 × 1053 ergÞ.

B. Constraining the energy injected into DM

In order to place a constraint on the energy injection, we
must first find out the energy needed to transform the DM
profile. For this, we follow Ref. [49]. We assume a ΛCDM
cosmology with H0 ¼ 71 km s−1Mpc−1, Ωm ¼ 0.268,
ΩΛ ¼ 1 − Ωm, and Δcrit ¼ 200 (rvir ¼ r200). With these
parameters and assuming constant subhalo mass and full
equilibration for the initial cusped profile and the final
cored profile we observe today, the virial theorem can be
applied to find the energy needed for the transformation to
occur. This change in energy required is

ΔE ¼ Wcore −Wcusp

2
; ð6Þ

where the work, W, is given by

W ¼ −4πGN

Z
r200

0

rρðrÞMðrÞdr; ð7Þ

withMðrÞ being the halo mass profile. In the case ofWcusp,
rc ¼ 0 pc so Eq. (1) becomes the normal NFW profile. The
halo mass profile is found by integrating the density profile
over volume and has the analytic form of

MðrÞ
M0

¼
8<
:
lnð1þ r̃Þ− r̃ð2þ3r̃Þ

2ð1þr̃Þ2 ; x¼ 1

x2 lnð1þr̃=xÞþð1−2xÞ lnð1þr̃Þ
ð1−xÞ2 − r̃

ð1þr̃Þð1−xÞ ; x≠ 1;
ð8Þ

where M0 is the total mass of the halo, r̃≡ r=rs,
and x≡ r=rc.
Using Eqs. (1)–(8) and the dwarf galaxy properties

shown in Table I, we calculate the energy required for
this transformation between the �1σ bounds of the core
radius estimates, which are the last two columns in Table II.
We constrain the amount of energy that can be injected

into the DM subhalo of each dwarf galaxy using Eq. (6).
We do this by requiring that the energy injected must not be
too large such that the core size becomes larger than the
rupperc ≡ rc þ 1σ estimation. For this, we allow the fraction
of energy injected,

ε≡ Einj

Eν;budget
; ð9Þ

to be freely changed until it satisfies our virial energy
change constraint for a dwarf galaxy that is well studied.
This is shown in Fig. 2, where the horizontal bars are the
virial energy change found from Eq. (6) for the upper 1σ
core radius (Eupper) and the lower 1σ core radius (Elower).
The circles correspond to the energy injected calculated
using Einj ¼ ε × Eν;tot. The smallest upper limit on the
energy injection fraction we get is ε ≈ 6.8 × 10−6 such that
the requirement of rc ≤ rc;upper is maintained, which occurs
for Fornax. We can see this limit in Fig. 2 as the circle for

HESTON, HORIUCHI, and SHIRAI PHYS. REV. D 110, 023004 (2024)

023004-4



Fornax’s energy injection is overlaying the upper energy
bound (top bar). This energy injection constraint is carried
out for each dSph. However, this is only valid in a regime
where the DM is not accelerated above the host subhalo
escape velocity (i.e., nonescaping).

C. Mass loss cross section bound

In order to find the valid DM mass regime in which the
energy injected by neutrinos does not cause the DM to
become gravitationally unbound from the host subhalo (i.e.,
nonescaping), we must first find the escape velocity. This is
done by setting the work it takes to unbind the DM as its
kinetic energy. Assuming a NFW profile, the escape
velocity, vesc, is given by

v2esc ¼
Z

∞

0

2GNMðrÞ
r2

dr ¼ 8πGNρsr2s ; ð10Þ

where MðrÞ is the mass interior to radius r, given by
Eq. (8). With this, we can find the minimum mass at which

the neutrinos do not give enough energy to the DM to cause
it to escape by setting the kinetic energy equal to the energy
transfer per interaction. We assume the energy transferred is
what is maximally allowed from relativistic collisions,

ΔEint ¼ 2E2
ν

2Eνþmχ
where mχ is the DM mass, and that the

DM is initially at rest. We then average over the neutrino
energy spectrum, i.e.,

1

2
mχv2esc ¼

R
1 GeV
0 GeV FνðEνÞ2E2

ν=ð2Eν þmχÞdEνR
1 GeV
0 GeV FνðEνÞdEν

: ð11Þ

With the dSphs we study in this work, the escape velocities
are in between ∼20–200 km s−1, which translates to DM
withmχ ≲ 50–500 GeV becoming gravitationally unbound
from the ν-DM interaction. In order to place a constraint on
the interaction cross section in this region, we invoke a
mass loss bound in which the subhalo cannot lose too much
mass within its core region. We set the limit on the mass
lost by the ν-DM interaction to be when the subhalo core

TABLE II. Dwarf galaxy energetic properties. The second column shows the estimated stellar mass (M�). The number of massive stars
(N CCSNe) is found from Eq. (5). The total ν energy budget (Eν;budget) is found by assuming each CCSN emits 3 × 1053 erg across all
flavors, and sets the maximum energy that can be injected to the DM profile. For the energy injected (Einj), an overall energy transfer
fraction between CCSN neutrinos and DM of ε ¼ Einj=Eν;tot ¼ 6.8 × 10−6 is assumed, which is the smallest energy injection limit we
find (Fornax). The energy bounds (Elower and Eupper) are calculated using Eq. (6) for the different core radii estimates.

Name M� ðM⊙Þa N CCSNe Eν;budget (erg) Einj (erg) Elower (erg) Eupper (erg)

Seg1 3.40 × 102 3.56 × 100 1.07 × 1054 7.31 × 1048 2.23 × 1054 1.75 × 1055

Seg2 8.60 × 102 9.01 × 100 2.70 × 1054 1.85 × 1049 7.73 × 1050 1.09 × 1051

Boo1 2.90 × 104 3.04 × 102 9.12 × 1055 6.24 × 1050 2.57 × 1052 3.66 × 1052

Her 3.70 × 104 3.88 × 102 1.16 × 1056 7.96 × 1050 2.90 × 1052 5.07 × 1052

Com 3.70 × 103 3.88 × 101 1.16 × 1055 7.96 × 1049 1.19 × 1053 2.64 × 1053

CVn1 2.30 × 105 2.41 × 103 7.23 × 1056 4.95 × 1051 7.77 × 1052 2.33 × 1053

CVn2 7.90 × 103 8.28 × 101 2.48 × 1055 1.70 × 1050 3.83 × 1053 8.20 × 1053

Leo5 1.10 × 104 1.15 × 102 3.46 × 1055 2.37 × 1050 1.86 × 1052 2.72 × 1052

UMa1 1.40 × 104 1.47 × 102 4.40 × 1055 3.01 × 1050 1.57 × 1053 4.08 × 1053

UMa2 4.10 × 103 4.30 × 101 1.29 × 1055 8.82 × 1049 5.21 × 1053 1.23 × 1054

Ret2 3.02 × 103 3.16 × 101 9.49 × 1054 6.50 × 1049 1.24 × 1052 2.28 × 1052

Psc2 8.60 × 103 9.01 × 101 2.70 × 1055 1.85 × 1050 4.92 × 1051 7.59 × 1051

Gru1 2.09 × 103 2.19 × 101 6.57 × 1054 4.49 × 1049 2.03 × 1051 2.61 × 1051

Hor1 2.24 × 103 2.35 × 101 7.04 × 1054 4.82 × 1049 7.55 × 1053 4.01 × 1054

Tuc2 2.82 × 103 2.95 × 101 8.86 × 1054 6.06 × 1049 5.45 × 1051 7.01 × 1051

Tuc4 1.38 × 103 1.45 × 101 4.34 × 1054 2.97 × 1049 2.05 × 1051 2.93 × 1051

Wil1 1.00 × 103 1.05 × 101 3.14 × 1054 2.15 × 1049 2.48 × 1053 1.45 × 1054

Car 3.80 × 105 3.98 × 103 1.19 × 1057 8.17 × 1051 1.91 × 1054 3.18 × 1054

Dra 2.90 × 105 3.04 × 103 9.12 × 1056 6.24 × 1051 2.22 × 1055 4.27 × 1055

For 2.00 × 107 2.10 × 105 6.29 × 1058 4.30 × 1053 1.62 × 1053 4.30 × 1053

Leo1 5.50 × 106 5.76 × 104 1.73 × 1058 1.18 × 1053 1.59 × 1053 1.41 × 1054

Leo2 7.40 × 105 7.75 × 103 2.33 × 1057 1.59 × 1052 9.09 × 1052 4.34 × 1053

Scl 2.30 × 106 2.41 × 104 7.23 × 1057 4.95 × 1052 1.35 × 1053 3.66 × 1053

Sex 4.40 × 105 4.61 × 103 1.38 × 1057 9.46 × 1051 3.94 × 1052 1.32 × 1053

UMi 2.90 × 105 3.04 × 103 9.12 × 1056 6.24 × 1051 1.59 × 1053 6.79 × 1053

aAssuming M⊙=L⊙ ¼ 1 from Refs. [93,144].
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region loses enough mass such that it cannot form the core
we see today, i.e.,

ΔMlim ¼ MNFWðrcÞ −McoredðrcÞ: ð12Þ

This is then transformed to a limit on the cross section first
by getting the fraction of neutrinos that must interact to
cause this mass loss,

η≡ N int

N ν;tot
¼ ΔMlim

mχN ν;tot
; ð13Þ

where N int is the number of interactions and N ν;tot ¼
N CCSNe ×N ν is the total number of neutrinos emitted
for all CCSNe. The next component that is needed to place
a limit on the cross section is the column number density
of DM that a neutrino would pass through in the core
region,

ΣDM ¼
R rc
0 ρNFWðrÞdr

mχ
; ð14Þ

where we choose to integrate out to the best fit core radius,
as that is where the interactions need to occur for the mass
loss. Changing the upper limit of the integration to be the
1σ core radius upper limit does not appreciably change the

column number density (∼0.5%). The cross section is then
given by

hσν−DMðmχ ≤ mχ;limÞi ¼
η

ΣDM
¼ ΔMlim

mχΣDMN ν;tot
;

¼ ΔMlim

N ν;tot

R rc
0 ρNFWðrÞdr;

ð15Þ

where we include hi to denote that this is averaged over
the neutrino energy spectrum. Note, that this limit is a
constant for each dSph and not a function of mχ . This
comes from the number of interactions needed to remove
the same amount of mass increasing at the same rate as the
number density of DM.
Calculating this bound, the strongest limit comes from

Fornax, which has mχ;lim ≈ 130 GeV. The bound from
Fornax is the strongest as the subhalo has a large escape
velocity compared to other dSPhs, and it has a large number
of massive stars so the total number of CCSN neutrinos is
large. The limit comes out to be hσν−DMi≈3.4×10−23 cm−2.

D. Energy injection cross section bound

With the constraint on ε, we now convert that into a
constraint on the cross section for DM that is not gravi-
tationally unbound. For this, we assume that the fraction of
energy transferred between the neutrinos and the DM in
their scattering interaction is what is maximally allowed in
relativistic collisions, and that fraction is given by

fmax ¼
2Eν

mχ þ 2Eν
: ð16Þ

In this energy injection limit regime, we can then relate η
to the energy injection limit ε and the fraction of energy
injected f by the following equation:

η≡ N int

N ν;tot
¼ N int

N ν;tot
×
hEνi
hEνi

¼ Einj=f

Eν;budget
¼ ε

fmax
: ð17Þ

We estimate the limit on the cross section again by using
Eq. (15). We still integrate ΣDM out to the upper limit of the
core radius. As we assume an initial cusped NFW profile a
majority of the interactions should occur near the center of
the subhalo, which is where it needs to happen for core
formation. Integrating out to r200 instead only increases
ΣDM by a few percentages. This yields the limit

σν−DMðmχ > mχ;limÞ ¼
ε

fmaxΣDM
; ð18Þ

where σ0 is the value of the cross section assuming that all
neutrinos are emitted at a single energy. However, as the
neutrino spectrum from CCSNe is not monoenergetic, we
take into account the spectrum energy dependence. To do

FIG. 2. Scatter plot of the energy injected into the DM profiles
of Milky Way dSph galaxies: the lines represent the upper and
lower bounds such that the DM core radii are not larger than the
1σ upper limit from Fig. 1, and the circles represent the energy
injected from CCSN neutrinos assuming ε ≈ 6.8 × 10−6—this is
the value when the energy injected from neutrinos is just small
enough to not conflict with DM core radii limits.
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so, we average the value of the cross section over the
neutrino energy spectrum

hσν−DMðmχ >mχ;limÞi ¼
R
1 GeV
0 GeV FνðEνÞσν−DMðEνÞdEνR

1 GeV
0 GeV FνðEνÞdEν

;

ð19Þ
where σν−DM has mass and energy dependence from ΣDM
and fmax.
The resulting hσν−DMi only has mass dependence. We

plot the cross section dependence on the DMmass in Fig. 3,
showing both the mass loss bound and the energy injection
bound. We can approximate the strongest bound from
Fornax in the two mχ regions numerically as

hσν−DMi≈
8<
:

3.4× 10−23 cm2; mχ ≤ 130 GeV;

3.2× 10−27
�

mχ

1 GeV

�
2
cm2; mχ > 130 GeV:

ð20Þ
If we assume a power law form of the energy dependence of
the cross section, then our upper bound is

σν−DMðEνÞ ¼ hσν−DMi
�

Eν

15 MeV

�
n
; ð21Þ

where the specific value of hσν−DMi depends on the choice
ofmχ and n determines the specific energy dependence. We
plot our upper limit in its naive power law form along with

other constraints from similar works in Fig. 4 where in all
casesmχ ¼ 1 GeV is fixed. We see that in the energy range
of CCSN neutrinos, our upper limit is slightly stronger than
those placed by SN1987A [9].

IV. DISCUSSION

In this section we discuss our resulting upper limit and
compare it to other limits on the ν − DM cross section. We
consider a simple particle DM model and work out how to
use our energy constraint to place constraints on the
coupling constants. We also go over the different uncer-
tainties that are in our analysis.

A. Comparison to limits from previous works

There are several previous works that constrain the
interaction cross section between neutrinos and DM, of
which we have chosen a few to compare to. The bounds
from the similar studies are also plotted in Fig. 4, repre-
sented by the upside-down triangles. The works we chose
to compare to are spread out in terms of the neutrino energy,
going from ∼0.5 meV up to 290 TeV.
The most relevant comparison is to the bounds from

SN1987A, which remains the only supernova we have
measured neutrinos from. Reference [9] looks at elastic
scattering of neutrinos on DM and uses the fact that the
theoretical neutrino flux from SN1987A agrees with the
observed neutrino flux [145–147] to retrieve a bound of

FIG. 3. Dependence of the phenomenological cross section on
the DM mass, where the colors represent the bounds from
different dSphs, with the same colors used as Fig. 2. Fornax
has the strongest constraint for all DM masses. For small masses
the bound comes from a mass loss argument, and for large masses
the bound comes from an energy injection argument.

FIG. 4. Upper bound assuming a cross section with a simple
power law energy dependence with index n; see Eq. (21). This
does not take into account the changing mχ;lim for differing Eν.
All forms are normalized such that they fit the upper bound found
in this work (orange cross). Shown for comparison are bounds
from SN1987A [9] (red triangle), TXS 0506þ 056 [11,13]
(green triangle), AT2019dsg [14] (yellow triangle), Lyman-α
forest [15] (blue triangle), and relic neutrinos [16] (pink triangle).
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σ ∼ 10−22 cm2, which is just the column number density
for a 1 GeV DM candidate (red triangle). Our bound
for a 1 GeV DM particle is slightly stronger than this,
by around a factor of 3. We are only slightly stronger
as this falls within the region where the DM is accel-
erated above the escape velocity, so we cannot use the
strong energy injection constraint. If we extend to larger
(smaller) mχ , our limit becomes stronger (weaker) in
comparison.
At higher energies, works have used high energy

neutrino events observed by the IceCube experiment,
e.g., Ref. [10], which looks at the 290 TeV neutrino from
the flaring blazar TXS 0506þ 056 [148]. More stringent
constraints have also been made using TXS 0506þ 056, by
assuming DM spike profiles near the supermassive black
hole which are model dependent [11,13] (green triangle).
There are also bounds from a high energy neutrino at
270 TeV thought to be associated with the tidal disruption
event AT2019dsg [149] also assuming a dark matter spike
model [14] (yellow triangle).
Low energy limits come from looking at data

from the cosmic microwave background, baryon acoustic

oscillations, matter power spectrum, and Lyman-α data
[9,15,19,20,150,151]. There are also constraints of relic
neutrinos interacting with Milky Way satellites [16].
These limits have a smaller upper bound for the cross
section, and are stronger than the limit found in this paper
if the energy dependence scales as n ≲ 2.

B. Z0 model

As an illustrative example, we discuss a simple model for
a Dirac fermion DM candidate that scatters with neutrinos,
the Z0 model. It is an interaction that has a vector boson
exchange (Z0) with massmZ0 , and two couplings, gν and gχ .
For simplicity, gν is assumed to take the same value for all
flavors and for particles and antiparticles. This is the same
model as discussed in Refs. [11,12,14].
We place a constraint on the product of the couplings by

computing the ratio between the upper limit we find and the
full form of the cross section with dependence on the DM
mass, mediator mass, and neutrino energy (we assume
Eν ¼ 15 MeV for simplicity). The full form of the cross
section, from Ref. [152], is

σν−DM ¼ ðgνgχÞ2
16πE2

νm2
χ

�
ðm2

Z0 þm2
χ þ 2EνmχÞ log

�
m2

Z0 ð2Eν þmχÞ
mχð4E2

ν þm2
Z0 Þ þ 2Eνm2

Z0

�

þ 4E2
ν

�
1þ m2

χ

m2
Z0
−
2Eνð4E2

νmχ þ Eνðm2
χ þ 2m2

Z0 Þ þmχm2
Z0 Þ

ð2Eν þmχÞðmχð4E2
ν þm2

Z0 Þ þ 2Eνm2
Z0

��
: ð22Þ

We plot this calculation using the cross section limit from
Fornax both as a function of mediator mass (see Fig. 5) and
as a function of DM mass (see Fig. 6). In Fig. 5, we also
show bounds that are calculated using enhanced DM spikes
around supermassive black holes with neutrinos from TXS
0506þ 056 [11] with mχ ¼ 1 keV and AT2019dsg [14]
with mχ ¼ 1 MeV. Those bounds on the product of the
couplings are much stronger than ours for any DM mass
and/or mediator mass.

C. Uncertainties

There are various sources of uncertainty that we do not
include in our derivation of an upper bound in the ν − DM
cross section. Uncertainties with the stellar kinematics and
stellar groupings can have large effects on the inferred
subhalo properties and observed stellar masses. In order to
try and minimize the impact of uncertainties, we make
assumptions that result in a more conservative σν−DM when
possible. For example, we chose to use the upper limit for
the core radius such that the cross section estimation was
maximal. For the same reasoning, we used a minimum
estimation for the total dSph stellar mass, which results in

the minimum estimate of the number of CCSNe, taking it
directly from the observed luminosity with a conservative
mass-to-light ratio M⊙=L⊙ ¼ 1.
We also ignore any effects other than ν − DM interactions

that could contribute to DM core formation. For example,
baryonic feedback which results from supernova explosion
energy [110,112,115,117,118,120,122–125,129,131] (note
that this is the explosion energy, which is ∼1% of the total
neutrino energy) and tidal effects from the Milky Way
halo [108,113,115,116,119,123,126,128] are both neglected.
If any of these were included, they would contribute to DM
core formation, yielding stronger constraints on the energy
injection and ν − DM interaction.
Other effects we do not consider come from specific DM

particle models, such as flavor dependence, that we do not
consider as we solely look at the phenomenological upper
bound. This can also change the energy dependence of the
cross section to not be a simple power law. The mediator of
the interaction also affects the cross section which depends
on the specific particle model that is considered.
Uncertainties in our derivation itself come from neglect-

ing the distribution of energy transfer, that all interactions
occur near the center of the subhalo, and neglecting time
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dependence of CCSN occurrence. The energy transfer
distribution is a highly model dependent quantity, so we
only consider one example. For assuming most interactions
happen within the central cusp/core region, one can expect
most of the interactions to happen within the DM cusp as
the number density of DM is much larger compared to
other regions of the subhalo, e.g., for Fornax the column
number density only increases by ∼3% when changing the
upper integration bound from rupperc to r200; thus most of the
DM lies in the central region. Even when an initial core
begins to form, the number density is still larger within the
core, so interactions are more favorable within the inner
volume. There is also an uncertainty in the pinching/anti-
pinching of the neutrino spectrum, but changing this
parameter has only a small impact on σν−DM. Finally,
CCSNe are transient injections of energy, and a numerical
simulation is desirable to explore beyond our treatment
based on Ref. [49]. For example, the impact of energy
injection from supernova feedback is dependent on the
number and size of so-called blowouts, with a single large
blowout influencing the DM profile more strongly than
multiple weaker blowouts [118]. While the star-forming
activity of Milky Way satellites often occurs in prominent
bursts [153], it would still be interesting to explore the
impacts of time-dependent energy injections from CCSN
neutrinos.

V. SUMMARY

In this work, we find a phenomenological upper bound
on the interaction cross section between neutrinos and DM
using the condition that CCSN neutrinos cannot have too
many interactions with DM particles inside the subhalos of
Milky Way dwarf spheroidals such that their DM cores are
less massive or become too large when compared to
observed estimations. Using stellar kinematic data, we
estimate the subhalo properties for different dSphs. We
then estimate the amount of energy that needs to be injected
in order to transform an initial NFW cusped DM profile
into the cored profile that we observe today. Under the
assumptions that ΛCDM is correct, the ν − DM inter-
actions are the only source of energy injection and feed-
back, and that the energy transfer between the neutrinos and
the DM particle is maximal, we find an upper bound of
σν−DMðEν ¼ 15 MeV; mχ ≲ 130 GeVÞ≲ 3.4 × 10−23 cm2

and σν−DMðEν ¼ 15 MeV; mχ ≳ 130 GeVÞ ≲ 3.2×
10−27ð mχ

1 GeVÞ2 cm2. This upper limit we find is slightly
stronger than previous limits using supernova neutrino
data [9] for Oð10Þ MeV neutrinos.
There are several sources of uncertainty in our deriva-

tion, e.g., constant energy transfer, stellar kinematics, and
assumptions of core formation. Wherever possible we
adopt assumptions within the calculation that make the
upper limit more conservative. Therefore, our limit is
conservative, and inclusion of additional effects will likely
result in stronger constraints.

FIG. 6. Upper limits from Fornax on the product of the neutrino
coupling and DM coupling as a function of the DM mass for
varying mediator masses that are some factor times the DMmass.
The values for the multiplication factor we choose are 0.1 (blue),
1 (orange), and 10 (green).

FIG. 5. Upper limits from Fornax on the product of the neutrino
coupling and DM coupling as a function of the vector boson
mediatormass, plotted for differentDMmass values of1 keV (blue),
1 MeV (orange), 1 GeV (green), 1 TeV (red), and 1 PeV (purple).
Included are the most stringent bounds on the Z0 model from works
using high energy neutrinos propagating through enhanced DM
spikes, TXS 0506þ 056 [11] with mχ ¼ 1 keV (brown dashed),
and AT2019dsg [14] with mχ ¼ 1 MeV (pink dotted).
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Additional uncertainties that can affect our result are
model dependent. While we remain model agnostic
throughout the derivation, we briefly discuss a simple
model of particle DM that can interact with neutrinos that
is flavor independent (Sec. IV B). We then use the
derivation of our cross section upper limit to place con-
straints on parameters of the model itself, specifically the
product of the neutrino and DM couplings to the mediator.
For other models the same can be done; however one needs
to remain careful about the flavor dependence of the
interaction(s) as well as the kinematics.
Many different astrophysical neutrino sources have been

used to constrain the cross section of neutrinos and DM. At
MeV energies, our limits remain competitive compared to
those from SN1987A neutrinos [9]. Looking to the future,
the detection prospects of the diffuse supernova neutrino
background are very promising [154,155], which can help
in constraining σν−DM further.
Future missions like the Thirty Meter Telescope [156]

and the Vera C. Rubin Observatory with the Legacy Survey
of Space and Time [157] will be able to help reduce the
uncertainties. First and foremost, they will be able to get
more precise measurements of the proper motions, reduc-
ing uncertainties on the stellar kinematics. Another impor-
tant future effort, as mentioned in Refs. [158,159], would
be to reduce the uncertainties in confirming more stars

associated in these dwarf galaxies. Together, the DM
profiles of dwarfs would be determined better, which
will result in more stringent constraints for neutrino-DM
interactions.
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