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During the accretion phase of a core-collapse supernova (SN), dark-photon (DP) cooling can be largest
in the gain layer below the stalled shock wave. In this way, it could counteract the usual shock rejuvenation
by neutrino energy deposition and thus prevent the explosion. This peculiar energy-loss profile derives
from the resonant nature of DP production. The largest cooling and thus strongest constraints obtain for
DP masses of 0.1–0.4 MeV, a range corresponding to the photon plasma mass in the gain region. Electron-
capture supernovae, once observationally unambiguously identified, could provide strong bounds even
down to nearly 0.01 MeV. For a coupling strength so small that neutrino-driven explosions are expected to
survive, the DP cooling of the core is too small to modify the neutrino signal, i.e., our new argument
supersedes the traditional SN1987A cooling bound.
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Introduction—Collapsing stars are powerful sources
of neutrinos and, conceivably, new feebly interacting
particles [1], such as axions, axionlike particles, sterile
neutrinos, dark photons, and many others. The widely
accepted Bethe-Wilson mechanism [2] holds that the
associated supernova (SN) explosion is driven by neutrino
energy deposition behind the stalled shock wave that has
formed at the core bounce and so, these elusive particles are
actually thought to spawn some of the most dynamical
astrophysical class of events [3–6]. Moreover, the neutrino
signal was observed once from SN1987A and, within
sparse statistics, broadly agrees with expectations [7–9].
Depending on their exact nature and properties, feebly
interacting particles could likewise strongly affect the
explosion, proto-neutron star (PNS) cooling, or show up
directly through decays into γ rays, charged leptons, or
neutrinos. These latter effects can pertain to SN1987A,
neutron stars (NSs), and the cosmic diffuse flux from all
past supernovae (SNe). The literature on these subjects is
vast and has recently grown fast, but there are only partial
overall reviews of recent developments [10–13].
Dark photons (DPs) [14,15], also called hidden photons,

are an intriguing and widely discussed class of particles that
could constitute the cosmic dark matter with masses much

smaller than traditional WIMPs. They also appear as
mediators (a vector portal) to beyond the standard model
(BSM) physics [16,17]. They kinematically mix with the
usual photons and can thus interact with charged particles
and there can be γ0 ↔ γ oscillations. These are resonant if
the photon plasma mass ωpl equals the DP mass mγ0 , or for
the conversion to longitudinal plasmons, if mγ0 < ωpl.
There exist many astrophysical constraints on mγ0 and

the mixing parameter ε, defined such that in vacuum, γ0
sees the effective charge εe, e.g., on an electron. In
particular, SN1987A bounds have often been cited [18,19]
that rely on the traditional argument that too much PNS
cooling during the first second would excessively shorten
the observed neutrino signal duration. However, for any
particle constraint that relies on a certain phase of stellar
evolution, one minimal consistency requirement is that
preceding phases are not more strongly affected by the
same particles.
The main idea of this Letter is to show that this is the case

for the SN1987A bound on DPs in that these can efficiently
drain energy from the gain region below the stalled bounce
shock. The Bethe-Wilson explosion mechanism holds
that there is a gain region rgain < r < rshock, where the
net effect for neutrinos is to deposit energy, thus reviving
the shock wave (see also End Matter). The net effect of
DPs, on the other hand, is energy drain from the same
region, which prevents a sufficient net gain if the new
cooling effect is strong enough. The origin for the strong
energy loss derives from γ ↔ γ0 oscillations being resonant
for mγ0 ¼ 0.1–0.4 MeV, corresponding to ωpl in the gain
region. In this scenario, any argument based on subsequent
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PNS cooling would be moot, although to avoid our new
effect (SNe by definition explode), one finds more restric-
tive limits that are moreover independent of SN1987A.
DP model and production channels—The low-energy

effective Lagrangian for Aμ and A0
μ is [14,20]

L ¼ −
1

4
FμνFμν −

1

4
F0
μνF0μν þ ε

2
FμνF0μν

þmγ0

2
A0
μA0μ þ eAμJ

μ
EM; ð1Þ

where Fð0Þ
μν ¼ ∂μA

ð0Þ
ν − ∂νA

ð0Þ
μ is the photon (DP) field-

strength tensor, JμEM corresponds to the electromagnetic
current, and ε is the kinetic mixing, which sets the
interaction strength between the DP and the standard model
(SM). In vacuum, where the photon is massless, one can
diagonalize the kinetic terms and obtain the interaction
term εeA0

μJ
μ
EM.

In a dense medium, the effective interactions between
DP and the SM are modified by plasma effects and the
interaction becomes

εeA0
μJ

μ
EM ⟶ εe

m2
γ0

m2
γ0 − πT;L

A0
μJ

μ
EM ð2Þ

in terms of the transverse and longitudinal projections πT;L
of the photon polarization tensor. The DP cooling rate per
unit volume is then [18,21,22]

Qγ0 ¼
ε2m4

γ0

2π2

Z
dω

ω2vγ0

eω=T − 1

X
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gij Imπij�
m2

γ0 −Reπi
�
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;

ð3Þ

where vγ0 ¼ ð1 −m2
γ0=ω

2Þ1=2, gT ¼ 2 for the transverse and
gL ¼ 1 for the longitudinal polarization. We have used the
fact that the DP coupling structure precisely follows that of
ordinary photons after including the extra factors entering
the coupling to JμEM.
The dominant contribution to Im πi and thus to DP

production inside the PNS, is nucleon bremsstrahlung
nþ p → nþ pþ γ0 [19,23]. We use the soft-radiation
approximation [19,24,25] and assume the nuclear medium
to be nondegenerate and nonrelativistic [18,19]. Outside the
PNS, the dominant channel is Compton-like scatter-
ing, e− þ γ → e− þ γ0.
The energy integral in Eq. (3) can be split into a region

around the resonance and the rest. Because Im πi ≪ Reπi
at the resonance energy ωres, we can approximate ½ðm2

γ0 −
ReπiÞ2þjImπij2�−1≃ ½ð∂ωReπiÞ2ðω−ωresÞ2þjImπij2�−1≃
δðω−ωresÞ×πð∂ωReπiÞ−1jImπij−1. Therefore, the produc-
tion rate from the resonance is
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For longitudinal modes, resonant conversion is always
possible for ωpl > mγ0, while for the transverse ones,

resonance occurs only where
ffiffiffiffiffiffiffiffi
2=3

p
mγ0 < ωpl < mγ0 .

SN models—To make our Letter more robust, we
consider DP production during the neutrino-heating phase
of the stalled SN shock in a set of representative 1D SN
models with different PNS masses and nuclear equations of
state (EoSs), namely, two fairly soft ones, SFHo [26] and
LS220 [27], and the stiffer one of Shen [28].
Specifically, we use the SFHo-18.8 and SFHo-18.6

models of the Garching group [29,30], which include
muons, and produced NSs with baryonic masses of 1.35M⊙
and 1.55M⊙, respectively. These models were employed by
some of us before to study muon-philic boson emission and
low-energy SNe [29,31,32]. Moreover, we consider model
s18.88-LS220 as the 1D counterpart of a self-consistent 3D
explosion model [33] with a massive 1.81M⊙ NS. Finally,
we also analyze an 8.8M⊙ electron-capture SN (ECSN)
model [34], which was based on the Shen EoS and left a NS
with a baryonic mass of 1.37M⊙, but did not include muons
and PNS convection. Only this model exploded self-
consistently in 1D, whereas the other ones were exploded
artificially by reducing the density ahead of the stalled SN
shock at a suitable time after bounce.
This selection of models offers a reasonable variety of

postshock density profiles for different kinds of SNe. Since
1D explosion models cannot yield realistic neutrino-
heating conditions once the explosion has set in, we
investigate net DP cooling in models SFHo-18.8, SFHo-
18.6, and s18.88-LS220 only before the shock has been
reenergized and is on its way to explosion beyond
400–500 km at typically around 0.4s post bounce (pb).
The ECSN model is an exception. Such explosions develop
similarly in 1D and multi-D; multi-D hydrodynamics is
here not crucial for the neutrino-driven explosion [35,36].
Therefore, in this case we consider DP cooling even after
the onset of the explosion to explore the potentially
extended parameter space for future self-consistent simu-
lations. Although ECSNe have not been unambiguously
observed (see, e.g., the overview in Ref. [37]), their
existence is predicted by stellar evolution theory [38]
and their neutrino-driven explosions closely resemble those
of low-mass iron-core progenitors with steep outer density
profiles, so-called ECSN-like explosions [39–41].
Our analysis demonstrates that different model condi-

tions do not alter our main conclusions, but only mildly
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change the parameter space of interest, implying that the
impact of DP cooling is robust against variations of the
SN profile. Next we present results based on model
s18.88-LS220, because here the shock behaves similar to
the corresponding 3D simulation (though the mass in the
gain layer can still be different from the 3D model). Results
for the other models are in the End Matter.
Explosion failure for small DP masses—As a first

comparison, we show in Fig. 1 (left panel) the time
evolution of the plasma frequency, rescaled by

ffiffiffiffiffiffiffiffi
3=2

p
,

at the positions of the gain (red) and shock radius (blue) for
all snapshots up to 1 s pb. For mγ0 ∼ 0.2–0.4 MeV, a
resonance crossing occurs for the T modes within the gain
layer before the shock accelerates outward at t ∼ 0.4 s,
potentially jeopardizing the explosion. Such a resonance
implies that transverse DP production can efficiently
extract energy from this region.
To investigate the impact of this cooling channel, we

have computed the differential DP luminosity dLγ0=dr ¼
4πr2Qγ0 as a function of radius and compared it with
neutrino heating and cooling at various times before shock
revival. The neutrino heating and cooling terms are
(approximately) computed with Eqs. (28) and (31) (first
expressions) of Ref. [42], which we report in Eqs. (B1)
and (B3) of our End Matter. Figure 1 (right panel) shows
an example at 0.2s pb, well before shock revival, for
mγ0 ¼ 0.3 MeV and ε ≃ 10−8, the limiting value from the
SN1987A cooling constraint. The green curve represents
longitudinal DPs, which are here negligible, whereas the
blue curve (T modes) reveals a resonance near r ≃ 80 km.
The orange and red curves represent neutrino cooling
and heating, respectively, and the gain radius rgain is the
crossing point, where heating takes over. Evidently, DP
cooling exceeds neutrino heating by far in a narrow, but
sizable region within the gain layer for the chosen ε value.

For mγ0 ≲ 0.4 MeV, DP losses from below the cooling
layer (r < rgain) are negligible.
We have therefore scanned themγ0 -ε parameter space and

all available SN snapshots, determining when DP cooling
integrated over the gain region and a chosen time interval is
a fraction ξγ0=ν of the net neutrino energy deposition in the
same region and period. For the time integration we used
the interval between tst ∼ 70 ms pb, which is roughly when
the shock stagnates at a transiently steady radius, and
tsh ∼ 0.4 s pb, at which time the shock in the model has
expanded to 400–500 km, initiating the explosion. This is
the period when neutrino heating determines the success or
failure of the shock reheating mechanism, assisted by
strong postshock convection in 3D models. The fact that
our investigated 1D models capture the heating conditions
only approximately adds into the general uncertainty of the
best choice for the critical ξγ0=ν value.
Figure 2 shows the parameters for which DP cooling

hinders shock revival. The solid red line marks parameters
for which ξγ0=ν ¼ 0.2, although the precise value that
prevents explosions can only be determined by self-con-
sistent 3D simulations and depends on the progenitor and
somewhat also on SN modeling uncertainties. The value
chosen for Fig. 2 should be in the right ballpark, but the
final DP limits depend only weakly on this choice because
ε ∝ ξ1=2γ0=ν. Along this red curve, DP emission from the PNS
core is negligible, ensuring self-consistency of the SN
model. Above this curve, no explosion is expected, but
instead black hole formation. Models with different PNS
masses would result in different conditions and explore
other regions of the parameter space.
For comparison, in Fig. 2 we show analogous results

(dot-dashed red line) for our ECSN model; it resembles
other ECSN-like explosions as discussed earlier. We chose
a slightly larger value of ξγ0=ν ¼ 0.5, because the considered

FIG. 1. Numerical results for SN explosion model s18.88-LS220, 1D counterpart of 3D models in Ref. [33]. Left: time evolution of the
plasma frequency at the position of the gain radius (red) and shock radius (blue). When a horizontal dashed line for a given DP mass falls
between the red and blue curves, then transverse DPs are resonantly produced in the gain layer. Right: differential DP luminosity as a
function of radius 0.2 s pb for mγ0 ¼ 0.3 MeV and ε ≃ 10−8, the SN1987A cooling limit. Green curve for longitudinal DPs, blue for
transverse modes, showing a resonance near 80 km. The orange and red curves are neutrino cooling and heating. The vertical dashed
lines indicate the gain radius rgain and shock radius rshock.
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low-mass progenitors explode more easily due to the low
binding energies of the matter outside their degenerate
cores. Moreover, we integrated up to tsh ∼ 0.5 s, after
which the explosion energy is saturated, and therefore
later neutrino heating is not of great relevance for the
explosion. Interestingly, this model reaches to lower mγ0

values due to a smaller density in the gain layer and thus
covers additional DP parameters.
One may wonder whether efficient DP cooling could

cause the shock to retreat, potentially moving the DP
resonance out of the gain region. However, either the shock
lacks sufficient energy to be rejuvenated, or it expands
again with fresh energy input by neutrinos, but encounters
an efficient DP resonance once more, again halting its
progress. We can note examples of this type of shock retreat
and expansion due to modulated heating using simulations
of the SFHo-18.8 model, where the shock, after being
revived within 50 ms pb, experiences rapid early expansion
within 0.2 s, but subsequently stalls and retreats to less than
150 km, before reexpanding again. While this behavior
is observed in some 1D models, it is rare in multi-D
simulations, at least without DP cooling. Nevertheless, it
highlights an important point related to our Letter that we
further discuss in the End Matter.
For comparison, we show in Fig. 2 also the standard

cooling limit (gray shaded), nominally obtained by impos-
ing Lγ0 ¼ Lν at 1 s pb, where Lν is the total neutrino
luminosity of the Garching simulation. We also show the

limits (orange shaded region) obtained from the diffuse
DPs from all past SNe, which create a cosmic background
flux analogous to the diffuse SN neutrino background
(DSNB) [43–47], which subsequently decay into three
photons [48,49]. We integrate the DP luminosity over the
full simulation duration.
We show the limit from the absence of prompt γ rays

from SN1987A [31,50–52] (magenta) and from the explo-
sion energy of low-energy SNe [32,52] (green), which are
relevant for larger mγ0 (see below), where DPs decay into
eþe− pairs either outside the progenitor or in the progenitor
mantle, respectively. We also computed the limits derived
from a fire-ball formation and the data from the Pioneer
Venus Orbiter (brown), following Ref. [53]. Other probes
for DP masses above 1 MeVexist in the literature [54–56],
but they are generally less constraining than low-energy
SNe or γ rays from SN1987A. These bounds will be
evaluated in a forthcoming work [52].
Finally, we indicate parameters where thermally pro-

duced DPs exceed the dark matter abundance at the time of
matter-radiation equality within the simplest ΛCDM sce-
nario [52,57] (above the dashed black curve).
More massive DPs—For mγ0 ≳ 0.5 MeV, resonant pro-

duction of T modes is in deeper regions, below rgain. For the
first time, we observe that Lγ0 can be comparable to or even
exceed Lν during very early stages (Fig. 3). Thus one may
speculate that DPs might also prevent successful explosions
in such cases. Indeed, a 30%–40% reduction of the
neutrinospheric luminosities could result in a correspond-
ing drop in the energy transfer per nucleon in the gain layer,
potentially stalling the shock expansion (see Fig. 6 of
Ref. [42]). The blue curve in Fig. 2 represents the DP

FIG. 2. SN related DP constraints, all computed in the same
SN model; for references see main text. Solid red line: above
this line, DP cooling prevents shock revival by neutrino heating
(this Letter) using ξγ0=ν ¼ 0.2. Dot-dashed red line: same for the
ECSN-like model, but with ξγ0=ν ¼ 0.5. Blue dashed line: DP
luminosity dominates before shock revival for comparison.
Black line and shaded gray region: excessive PNS cooling
excluded by SN1987A. Orange: excessive diffuse γ-ray flux
from DP decay emitted by all cosmic SNe. Magenta: γ-ray
limits from SN1987A. Green: excessive energy deposition in
low-E SNe, causing excessive explosion energies. Brown: DP-
induced fireball formation. Dashed black line: above this line,
DPs are thermally overproduced before matter-radiation equal-
ity in standard cosmology.

FIG. 3. DP luminosities for mγ0 ¼ 5 MeV (solid lines) and
1 MeV (dashed), both for T (blue) and L (green) modes,
compared to the total Lν (red) from the Garching SN model.
For both DP masses, the kinetic mixing has been fixed to match
Lν at 1s, i.e., ε ≃ 3 × 10−9 and ε ≃ 5 × 10−10 for the DP masses
of 1 MeV and 5 MeV, respectively. Contrary to other particle
models, where production is highly temperature dependent (e.g.,
ALPs or QCD axions) and peaks around 1s pb, DP production
can be more significant at earlier times.
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parameters where Lγ0 exceeds 40% of the neutrinospheric
luminosity, integrated up to tsh ∼ 0.4 s. In Fig. 3, we also
display Lγ0 for masses of 5 MeV (solid lines) and 1 MeV
(dashed lines), comparing T (blue) and L (green) modes
to Lν (red). For both DP masses, the kinetic mixing was
adjusted to match Lν at 1s pb. Unlike other particle models,
where the production is highly temperature dependent
(e.g., ALPs or QCD axions) and peaks around 1s pb,
DP production is more significant at earlier times. A similar
behavior occurs for Majoron production, which primarily
depends on the neutrino chemical potential [58].
However, contrary to DP masses below 0.5 MeV,

for more massive DPs the impact on the SN explosion
is more subtle, because the particles are produced in the
inner regions and therefore the backreaction on the PNS
evolution and neutrino emission cannot be neglected.
Consequently, the blue curve in Fig. 2 is not a strict bound,
but rather an indication of the parameters that might
compromise the SN explosion.
Conclusions and future directions—We have highlighted

a new physical effect relevant for DPs that was previously
overlooked in the SN context. These particles, due to their
peculiar resonant production, can be copiously produced
within the SN gain layer, potentially preventing the
explosion. While most of the relevant DP parameters are
already constrained by diffuse γ-ray data from all SNe, our
findings remain significant for several reasons. First, we
proved that the usual arguments about PNS cooling are
moot, revealing a completely new effect of novel particles
on the physics of SN explosions, which may be of interest
for other cases as well. Furthermore, this phenomenon
could become the leading one in extended dark sectors,
where invisible decays exist, suppressing the branching
ratios for DP decays into SM particles, thereby weakening
the constraints from diffuse γ rays. Lastly, our results
underscore the importance of perturbative SN probes for
DPs, which do not rely on the cooling argument from
SN1987A.
Our findings motivate further investigation, particularly

self-consistent inclusion of massive DPs in SN simulations,
ideally in 3D, to consolidate our bounds based on some-
what arbitrary values of ξγ0=ν applied in a neutrino heating
period before shock runaway. This is especially crucial also
for the high-mass region (mγ0 > 1 MeV), where DPs can
significantly impact the explosion mechanism, but post-
processed SN models alone are insufficient for rigorous
analysis because of extra cooling by DPs in the cooling
layer. Moreover, it would be interesting to further explore
different SN models that allow for resonant conversion
for mγ0 ≲ 0.1 MeV, where diffuse γ-ray limits quickly
become irrelevant, given that the DP decay rate scales as
m9

γ0 [48,49]. We leave these studies for future work.
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End Matter

Appendix A: Other simulations—We here present
additional simulations. Specifically, Fig. 4 shows results
for Garching model SFHo-18.8 with muons [29,30]. This
1D case is noteworthy because the stalled shock is
artificially revived within 50 ms pb, experiences rapid early
expansion within 0.2 s, and then stagnates. The shock
retreats to less than 150 km before reexpanding again.
While this behavior is not common for the postbounce

evolution in multi-D simulations, it nevertheless highlights
an important point related to our Letter. When DP cooling
becomes significant within the gain region, the shock is

expected to lose energy and to retreat, similar to what
happened here, albeit, of course, for completely different
reasons. This shock retraction causes the gain layer to shift
inward, and as a result, for the same DP mass, no resonant
production occurs in the gain region during that phase. This
behavior is evident in Fig. 4. In the right panel, we show the
DP cooling rate within the gain region for a representative
DP mass of 0.02 MeV. Notably, while the transverse DP
luminosity decreases when the shock retreats, two key
points emerge. First, the DP luminosity surpasses the
neutrino net heating rate (red curve) within the gain region

FIG. 4. Similar to Fig. 1, now for model SFHo-18.8 with muons [29,30]. Left: the shock retreats at ∼0.2 s to smaller R and
correspondingly largerωpl before taking off after ∼0.35 s. Right: total DP cooling in the gain layer as a function of time for both T (blue)
and L (green) modes, compared with 20% of net neutrino heating (red) for mγ0 ¼ 0.02 MeV and ε ≃ 1.5 × 10−7.

FIG. 5. Same as Fig. 4, now for model SFHo-18.6 with muons. The shock starts expanding after ∼0.3 s. In the right panel,
ε ≃ 3 × 10−8 and ε ≃ 1.5 × 10−8 for the DP masses of 1 MeV and 2 MeV, respectively.
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for a significant period (∼0.1 s), ensuring that the inte-
grated effect remains substantial. Second, if DP emission
diminishes because the shock retreats, it can reenergize and
expand outward again, crossing the resonance once more,
and ultimately lose energy as predicted.
In Fig. 5, we show analogous results for model SFHo-

18.6 with muons, which is a particularly useful case for two
main reasons. First, its shock radius is fairly representative,
displaying behavior similar to 3D simulations. Second, the
PNS mass is smaller, significantly affecting PNS conditions
and leading to distinct implications.
In Fig. 6, we finally summarize all constraints. The

results of SFHo-18.6 are very similar to those in the main
text, primarily due to the comparable shock behavior.
Conversely, SFHo-18.8 and the ECSN model yield com-
petitive constraints on much smaller DP masses. This
extension derives from the shock now extending to much
larger radii, where the density decreases, enabling DP
resonant conversion for smaller masses.

Appendix B: Neutrino heating and cooling in a
nutshell—We provide a brief introduction to neutrino
heating and cooling in the gain region in the framework of
the Bethe-Wilson explosion mechanism. The main
processes in this region are charged-current absorption and
emission of νe and ν̄e. Under reasonable approximations,
one can derive analytical expressions, useful to develop
intuition about their scaling. Assuming, for instance,
that νe and ν̄e have equal luminosity, Lνe ∼ Lν̄e , equal flux
factor, and that 0.5hϵ2ν̄ei ≈ hϵ2νei ≈ 21T2

νe (neutrino flux

spectra close to Fermi-Dirac with no degeneracy), one
finds for the heating rate per unit volume [42]

Qþ
ν ¼ 3α2 þ 1

4

σ0hϵ2νei
m2

e

ρ

mu

Lνe

4πr2hμνi
ðYn þ 2YpÞ

≈
160 MeV

s
ρ

mu

Lνe;52

r27hμνi
�

Tνe

4 MeV

�
2

; ðB1Þ

where in the second line we took Yn þ 2Yp ≈ 1 for an
easier normalization. Here, σ0¼1.76×10−44 cm2, Yn;p ¼
nn;p=nb are the number fractions of free neutrons and
protons, α ¼ −1.26 is the vector coupling constant, r7 the
radius in units of 107 cm, mu ≃ 1.66 × 10−24 g the atomic
mass unit, Lνe;52 the νe luminosity normalized to
1052 erg=s, and hμνi the neutrino flux factor, which
approaches unity in the limit of free streaming, when the
neutrinos are forward peaked. The temperature Tνe is
defined at the neutrinosphere, which, in the context of the
gain region, coincides with the energy sphere—where
neutrinos decouple energetically from the background.
While this does not necessarily align with the sphere

of last scattering, the two nearly coincide for νe and ν̄e in
SNe. Thus, it is reasonable to refer to the neutrinosphere at
radius rν, defined by the condition that the effective optical
depth satisfies [59]

τeff ¼
Z

∞

rν

dr keffðrÞ ¼
2

3
: ðB2Þ

Here, keff is the effective opacity, accounting for both
scattering and absorption [42]. By definition, it follows
that Tνe ≡ TðrνÞ. Of course, in reality, there is no sharp
boundary where neutrinos are fully coupled below and
freely streaming above; rather, the transition occurs gradu-
ally and is energy dependent.
Along the same lines, the cooling rate can be expressed

as [42]

Q−
ν ¼ ð3α2 þ 1Þ σ0T6

8π2m2
e

ρ

mu
½YpF 5ðηeÞ þ YnF 5ð−ηeÞ�

≈
145 MeV

s
ρ

mu

�
T

2 MeV

�
6

; ðB3Þ

where F 5 is the Fermi integral for relativistic particles
[Eq. (32) in Ref. [42] ], T the local temperature in the gain
region, and ρ is the density. In passing to the second line
it was assumed that Yn þ Yp ≈ 1 and that the electron
degeneracy is low because of a large abundance of eþe−
pairs, which is a valid approximation in shock-heated
layers. An important distinction arises here: while the
heating rate in the gain region depends quadratically on
the neutrino temperature at the neutrinosphere, the cooling
rate scales as the sixth power of the local temperature.

FIG. 6. SN related DP constraints from all models. Our new
“failing explosion” criterion is always more stringent than the
traditional cooling argument. Moreover, model SFHo-18.6
(dashed line) provides constraints very similar to the 1D
counterpart s18.88-LS220 (solid red) of the 3D explosion model.
SFHo-18.6 (dotted) and the ECSN model (dot-dashed line)
provide stronger constraints for smaller DP masses because
the late-time shock evolution explores lower-density regions.
Moreover, the effect of large masses (blue curves) is fairly
insensitive to the different models. As stated in the main text, we
integrate up to tsh ≃ 0.5 s for the ECSN model, while for all the
others, to tsh ≃ 0.4 s.
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The gain radius, rgain, is then defined as the point where
heating and cooling balance,Qþ

ν ¼ Q−
ν . In units of 107 cm,

it is given by [42]

rgain;7

�
Tg

2 MeV

�
3

≈ 1.05

ffiffiffiffiffiffiffiffiffiffiffi
Lνe;52

hμνig

s �
Tνe

4 MeV

�
; ðB4Þ

where Tg ≡ TðrgainÞ is the temperature at that radius.
In the main part of the Letter, we use the expressions in

the first lines of Eqs. (B1) and (B3) to compute the neutrino
heating and cooling rates with the necessary inputs for
neutrino and stellar plasma quantities taken from the
Garching SN models.
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