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We present a novel multi-messenger approach for probing nonstandard neutrino properties through
the detection of gravitational waves (GWs) from collapsing stellar cores and associated supernova
explosions. We show that neutrino flavor conversion inside the proto-neutron star (PNS), motivated
by physics Beyond the Standard Model (BSM), can significantly boost PNS convection. This effect
leads to large-amplitude GW emission over a wide frequency range during an otherwise relatively
quiescent GW phase shortly after core bounce. Such a signal provides a promising new avenue for
exploring nonstandard neutrino phenomena and other BSM physics impacting PNS convection.

Introduction.—Since their first detection on Septem-
ber 14, 2015, by the LIGO and Virgo collaborations [1],
GWs from compact objects have become crucial tools
for probing new physics under extreme conditions [2-8].
In this Letter, we demonstrate that GWs produced by
collapsing stellar cores and associated supernova (SN)
explosions can serve as powerful probes of new physics
that influences convection within the hot PNS, with a
particular focus on nonstandard neutrino properties.

In the cores of collapsing stars, asymmetric motions
of large masses with high velocities leave an imprint on
spacetime in the form of GWs. While such signals from
SNe have yet to be observed, neutrino-hydrodynamic
simulations predict several contributions. In nonrotating
progenitors, an initial GW burst arises from “prompt”
convection behind the decelerating SN shock shortly after
bounce, caused by a negative entropy gradient. This ac-
tivity calms down after a few 10 ms, followed by a generic
phase (around 100 ms) of fairly low GW emission. Sub-
sequently, violent mass motions connected to hydrody-
namic instabilities in the neutrino-heated postshock layer
and PNS oscillations, stimulated either by mass down-
flows from outside or by convection inside the PNS, be-
come the primary sources. Later, GWs also come from
long-lasting PNS convection, accretion of fallback mass,
and the asymmetric morphology of expanding explosion
ejecta and emitted neutrinos, both leading to a long-term
GW strain or “memory” [9-11]. In rotating, collapsing
stellar cores, additional sources include the core defor-
mation at bounce, causing different characteristic burst
signals, triaxial hydrodynamic (spiral and bar-mode) and
magneto-hydrodynamic instabilities, and mass ejection
in polar jets (see [12-18] for reviews).

Neutrino flavor conversion (FC) in the SN environment
introduces a major uncertainty in current SN modeling.
The high neutrino densities lead to complex, nonlinear,

collective FC scenarios that can spawn a range of intrigu-
ing phenomena [19-23]. Despite growing evidence of their
relevance for SN dynamics, FC has been ignored in most
simulations. It is only recently that multi-dimensional
neutrino-hydrodynamic SN simulations have started to
include schematic implementations [24-26]. Specifically,
the phenomenon of fast FC (FFC) was considered, where
FC might occur on much smaller scales than other phe-
nomena in the SN core. These studies indicate that FCs
can both support or suppress neutrino-driven explosions,
depending on the progenitor and the FC region [25].

However, FFCs thus explored [24, 25] are not expected
inside the PNS; at least not during the first few 100 ms
after bounce [27-29]. On the other hand, BSM neutrino
properties provide several mechanisms for generic FC
within the PNS. For instance, nonstandard neutrino self-
interactions (¥NSSI) [30-32] can lead to neutrino flavor
equipartition inside the PNS [33]. Likewise, BSM mag-
netic transition moments for Majorana neutrinos can also
cause some sort of equipartition between neutrinos and
antineutrinos if there are strong magnetic fields inside the
PNS [34-36]. Such an equipartition could significantly
impact the thermodynamics of SNe [37].

Here we show that FC inside the PNS, at densities
above a few 10'2 g cm ™3, visibly intensifies the GW signal
shortly after bounce, during the otherwise relatively GW-
quiescent phase. This enhancement arises from strong,
localized heating caused by the conversions of v, and 7,
(x = p, 1) to v, and 7., which are immediately absorbed
in the medium. This increased heating leads to strong
convective activity, which in turn can excite hydrody-
namic gravity modes (g-modes) near the PNS surface,
resulting in strong GW emission. This effect is schemat-
ically illustrated in Fig. 1.

Simulation Setup and GW Analysis.—The con-
sidered simulations were discussed in Ref. [25]. They
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FIG. 1. FC of high-energy v, and 7, create v. and 7. in
the PNS interior, an effect assumed to occur at the black
dashed circle. If this happens well inside the average electron-
type neutrinosphere, the newly created v. and 7. are quickly
absorbed by free nucleons. This strong local heating (bright
orange layer) enhances PNS convection (orange layer). The
convective shell as well as g-mode activity (so-called gravity
waves, not to be confused with gravitational waves) instigated
in the convectively stable near-surface layer emit GWs.

were conducted with the neutrino-hydrodynamics code
ALCAR [38, 39], assuming axial symmetry (2D). ALCAR
is a state-of-the-art, Fulerian, conservative, higher-order
Godunov-type finite-volume solver designed for both 1D
and multi-D nonrelativistic fluid dynamics, coupled with
a two-moment scheme to treat energy-dependent, three-
flavor neutrino transport. General relativistic corrections
for gravity and transport are included. The key features
of the code and the implementation details of the neu-
trino FCs are described in Ref. [24].

The FC implementation in Refs. [24, 25] was motivated
by FFCs, but the parametric representation can be in-
terpreted in terms of any BSM physics that would cause
similar effects. The following recipe was used: (1) We as-
sume that pairwise v FCs are “instantaneous,” meaning
that they take place over spatial scales much smaller than
the numerical grid cells and over time scales much shorter
than the computational time steps [40]. This description
may also be reasonable for BSM-induced FCs, where the
scales are governed, for example, by the BSM neutrino in-
teraction potential or the magnetic field strength [33-36].
(2) We assume that the FCs result in flavor equilibrium
under the constraint that lepton number is individually
conserved for each flavor, particularly for electron-type
neutrinos. BSM physics could violate this restriction,
potentially allowing for full flavor equilibration, mean-
ing that our more limited assumption is conservative.

(3) Our FC treatment conserves total energy and mo-
mentum, while respecting the Pauli exclusion principle.
(4) We activate FCs throughout the region where the
matter density p is below a chosen threshold value, p..
The simulations were initially evolved in 1D until core
bounce and then mapped onto a 2D polar coordinate
grid with 640 logarithmically spaced radial zones and 90
equally spaced angular zones. The central core of 2km
was kept 1D, thus permitting larger time steps without
significant effects on the hydrodynamic evolution. To ini-
tiate nonradial instabilities, which otherwise arise only
from uncontrolled numerical noise, we perturbed the lo-
cal density in every cell of the computational grid during
the mapping with a random amplitude of up to 0.1 %.
We selected three progenitors with different zero-age
main-sequence masses: exploding 9 Mg [39, 41-46] and
11.2Mg models [47-51], and a nonexploding 20 Mg
model [39, 45, 52-54]. Our corresponding core-collapse
simulations are therefore named M9, M11.2, and M20.
For cases without FC, the name is supplemented with
“noFC” or else with the choice for the FC threshold den-
sity pc. The 2D models considered here differ slightly
from those of [25] in being mapped to 2D 5ms earlier,
which is relevant for prompt postshock convection, and
including the many-body corrections discussed in [55].
GW signals are post-processed, employing a variant
of the standard quadrupole formula (e.g., Eq. (34) in
Ref. [56]; see also End Matter). The algorithm makes use
of the Euler equations to avoid the second time derivative
and associated numerical errors. Spectrograms are calcu-
lated from the strain using a short-time Fourier transfor-
mation with a sliding window of 20ms. Due to axisym-
metry in 2D models, the cross mode is zero in all direc-
tions and both cross and plus modes vanish for polar ob-
servers. Therefore we only report on the plus mode, h,
observed in the equatorial plane at a distance of 10 kpc.
Results and Discussion.—A dynamically relevant
consequence of FC inside the PNS is enhanced convec-
tive activity. This triggers and strengthens GW emis-
sion. The convective velocities become several times
higher than without FC. At densities exceeding a few
102 gcm ™3, weak processes hinder the presence of 7,
due to e and v, degeneracy. Therefore, the dominant
FC channel at high v, energies is v,,7, — Ve, V.. The
newly produced v, and 7, are quickly absorbed by the
surrounding medium (see [24] for a detailed discussion of
this effect in 1D). Additional, local heating fosters vig-
orous convective mass motions inside the PNS, as illus-
trated by Fig. 1 and visible in our simulations (Fig. 2).
The intense convection caused by FCs in the PNS ex-
cites gravity-mode (g-mode) oscillation of the convec-
tively stable outer PNS layer. Both PNS convection and
g-mode activity generate large-amplitude GW emission
over a broad frequency range, occurring shortly after core
bounce, in particular for our models with p, = 10*® and
104 gcm™3, as visible in Fig. 3.
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FIG. 2. Convective mass motions inside the PNS for our

2D SN model M11.2 of an 11.2 Mg progenitor with different
neutrino FC scenarios. The four quadrants display the color-
coded magnitude of the stellar gas velocity 40 ms after core
bounce for the model without FCs (labeled by noFC) and
values of p. = 10'2, 10'3, and 10" gcm ™3 for the threshold
density below which FC is assumed to occur (clockwise from
top left). The black dashed circular lines indicate these inner
boundaries of the FC regions. Convection is almost nonexis-
tent within the PNS at this early time after bounce in model
noFC, whereas in all cases with FCs, significantly stronger
convective activity has already developed. The red dashed
circular lines indicate the average energy spheres of v., and
the solid black circular lines mark the locations where the
matter density is 10'' gcm ™3, which effectively coincide with
the average energy spheres of 7.

Collapsing nonrotating stars without neutrino FCs in
the PNS interior exhibit a short post-bounce pulse of
GW emission caused by an initial phase of prompt post-
shock convection due to negative entropy and electron-
fraction gradients behind the decelerating core-bounce
shock. This phase of 20-50 ms is followed by a more qui-
escent period of 50-100 ms with significantly weaker GW
activity, before the GW emission amplifies again due to
the onset of violent mass motions in the postshock layer,
connected to large-scale shock-deformation modes and
convective overturn triggered by neutrino heating behind
the stalled SN shock (left panels of Fig. 3 and [57-62]).

The quiescent period is absent in our models with FCs
below p. = 10" and 104 gcm™3. Instead, the GW
emission setting in right after bounce has a more than
10 times larger GW strain h4 than the noFC case (see
Fig. 3 for the strain at source distance D = 10kpc) with
quadrupole amplitudes AS? = 8,/7/15Dh, up to 50—
110 cm, depending on the model, for observers at 90°
inclination angle to the 2D symmetry axis. This is the
strongest GW signal witnessed for nonrotating stellar col-
lapse in 2D so far, and it bridges the otherwise calmer
phase with a continuous high level of GW activity.

This finding is generally valid without stellar rotation,
although the GW amplitudes from prompt convection,
the subsequent, more silent phase, and the pre-explosion
postshock instabilities vary substantially between differ-
ent progenitors, explosion behaviors, and modeling de-
tails [57—65]. Our GW signal from FC-induced PNS con-
vection is somewhat weaker for p. = 10'* than p. =
10'3 gecm ™3, because the v, fluxes are smaller deeper in-
side and v,,7, — v,V FC at higher densities decel-
erates neutrino diffusion out of the PNS core. Mod-
els with p. = 10'2gem™ show only moderately in-
creased PNS convection (Fig. 2) and GW amplitudes (see
End Matter), since the lower v, degeneracy favors the
Ve, Ve — Vg, Uy channel over v, U, — Ve, Ue.

Although the basic GW components in nonrotating 2D
and 3D models are similar, their amplitudes are 10-20
times lower in 3D [66-72]. Assessing their detectability
therefore requires 3D models. Thus down-scaling the ini-
tial FC-induced 50-100ms GW pulse of our models in
Fig. 3, we estimate that it might be captured by current
LIGO-Virgo-KAGRA searches for galactic SNe up to few
kpc with signal-to-noise ratios for matched filtering of
around 10. In view of their relatively broad frequency
range, these GWs may become observable to D > 10kpc
by upcoming interferometers such as the Einstein Tele-
scope and the Cosmic Explorer [73, 74], potentially in-
cluding the entire Milky Way volume.

To link the particle-physics related burst to the phase
preceding the otherwise quiescent window, the core-
bounce time needs to be accurately determined by mea-
suring the neutronization burst in current SN neutrino
detectors; and to discriminate the pulse from the bounce
and post-bounce signal of rapidly rotating stellar cores
[63, 69, 75, 76], other characteristic GW signatures as-
sociated with high angular momentum will have to be
identified, e.g., frequency shifts of the dominant charac-
teristic quadrupolar g-mode and f-mode PNS oscillations
[64, 69, 77] or narrow-band, quasi-periodic waveforms due
to spiral modes [78, 79] that are possibly correlated with
rotation-induced modulations of the neutrino signal [80-
82]. Thus GWs may be used in a multi-messenger ap-
proach as one of the most sensitive probes of nonstan-
dard neutrino properties under extreme conditions and,
indirectly, even of neutrino self-interactions.

Otherwise, if a FC-induced GW burst is not observed,
very stringent constraints on nonstandard neutrino prop-
erties could be placed. For instance, in the context of
vNSSI, a vector mediator described by the effective La-
grangian Leg D Gp[G¥vaytvB][GS"véyuy,| results in
new interaction terms that couple neutrinos of different
flavors through G [33, 83]. (In the presence of ¥NSSI,
FCs can occur on scales ~ £~! with ¢ = v/2Gy|G*?|n,,
for certain values of o and [ provided that & > w,
with w being the typical neutrino vacuum frequency.)
Current constraints on vNSSI are relatively weak and
highly model-dependent; specifically, |G*?| could be sev-
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eral orders of magnitude larger than unity [32]. However,
the absence of a FC-induced GW burst would exclude
0(107%) < |G*P| < O(1) for certain values of o and
B [33]. Here we have assumed that during the GW-calm
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GW strains and their spectrograms for a SN distance of 10kpc vs. time after bounce, shown for an observer at
the equator. The different panels correspond to our 2D SN simulations of 9 Mg (top row), 11.2 Mg (middle row), and 20 Mg
progenitors (bottom row), considering different FC scenarios: noFC (left panels) and FC at p < p. = 103 gem™® (middle
column) and p < p. = 10" gem™ (right panels). Our noFC models possess extended periods (lasting 70-100ms) of relative
quiescence after a short post-bounce phase of GW activity due to prompt postshock convection, whereas the models with FCs
exhibit strong GW emission over a wide frequency range during this time interval. Analogous results for p. = 10°,10'°, 10!,
and 10" gcm ™ are provided in the End Matter.

phase in the noFC model, the neutrino number densi-
ties are n, 2 103*cm™3 for p 2 102 gem™3. Note that
our study does not yield self-consistent constraints for
|G*#| Z O(1), since strong BSM weak interactions must



also be incorporated into the neutrino interaction rates.
In addition, for very large values of |G*?|, one should
consider the intriguing possibility of a neutrino fluid in
the SN environment [84].

Our FC treatment assumed lepton number conserva-
tion for each flavor individually. However, this assump-
tion can be maximally violated in certain BSM models,
potentially achieving total flavor equipartition [33-36].
Such scenarios with stronger FC than permitted by our
conservative prescription might amplify the effects on
PNS convection, because even without maximal FC the
impact is significant according to our results. This high-
lights the broader relevance of our findings. However,
due to the nonlinear and coupled nature of SN physics,
extrapolations are insufficient, but detailed simulations
are necessary for each specific FC scenario to fully assess
its consequences.

While neutrino FC scenarios can be studied using the
neutrino signal from a future galactic SN, our proposed
GW analysis offers an intriguing tool to probe the dy-
namical effects of FC. In fact, the neutrino signal can
only reveal the final state of neutrinos as they exit the
SN, making it almost impossible to pinpoint the location
and physics causing FC. For example, #vNSSI can also
induce FC farther away from the PNS (for larger G**
values), but with the GW analysis one can gain insights
whether the FC occurred within the PNS.

Summary and Outlook.—We have investigated the
GW signals generated by 2D simulations of stellar col-
lapse, specifically focusing on the presence of neutrino
FC inside PNSs. Our findings indicate that such FCs
can lead to a new component in the GW signal during
an otherwise much more quiescent phase of GW emission.
This phenomenon arises from enhanced local heating in
the PNS interior due to absorption of v, and 7, produced
via the v,,v, — v.,U. FC channel. This boosts PNS
convection and thus excites g-modes in the near-surface
layer of the PNS, causing the strongest 50-100 ms long
GW pulse witnessed in nonrotating SN models shortly
after core bounce so far, followed by GW activity that
bridges the otherwise GW-silent phase between prompt
postshock convection and hydrodynamic instabilities in
the neutrino-heated postshock layer.

Given its broad frequency range, the FC-induced GW
signal with amplitudes expected for corresponding 3D
sources may be detectable from distances of few kpc with
current facilities and out to D > 10kpc with future laser
interferometers. If such a signal is not observed, strin-
gent constraints on some BSM neutrino scenarios includ-
ing nonstandard neutrino interactions could be inferred.
This strategy offers one of the most promising avenues for
exploring nonstandard neutrino physics under extreme
conditions with neutrino and GW information.

While in this study we considered neutrino FC enhanc-
ing convection inside the PNS, its convection may also be
affected by other BSM physics. Of particular interest is,

e.g., axion emission [85]. Though such an energy-loss
channel is, in principle, expected to accelerate PNS neu-
trino cooling, nonlinear feedback between the additional
particle cooling and convection could yield unexpected
effects, also modifying the GW emission. We leave such
possibilities for future dedicated investigations.

Although our focus was on GWs from collapsing stars,
BSM physics could also impact GW emission from binary
NS mergers (NSMs). Specifically, BSM particle produc-
tion might influence the characteristic ring-down peak
feature in NSM GW spectra [86-89], shifting the peak
frequency or damping the quadrupole oscillations of the
NSM remnant that are responsible for this feature.

In view of our promising results, a wide variety of ques-
tions demand further exploration. The incorporation of
nonstandard physics in 3D SN simulations is crucial to
predict the exact properties and detectability distance of
the signals, because the GW strain is known to be sys-
tematically lower in 3D compared to 2D [66-72].
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Calculation of the GW strain.—We here include the formula used to calculate the GW strain at the equator,

G
h‘f” = %@/dvf’ [UT’I’(S cos? 0—1) — 3vpr cos O sin 9], (1)

with G being the gravitational constant, ¢ the speed of light, and D the distance between source and observer. p, v,.,
vy, T, and 0 are the density, radial and angular velocity, and the 2D spatial coordinates, respectively.

GW strains for more models.—Here we present the GW strains and their spectrograms for the models with
pe = 107,10, 10!, and 10'2 gcm 3, for which FCs occur outside the PNS or close to its surface and thus have no or
only a mild influence on PNS convection. For the sake of comparison, we also show the noFC model. Note that all of
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FIG. 4. GW strains and their spectrograms for a SN distance of 10kpc as functions of time after bounce, shown for an
observer at the equator. The different panels display these results for our 2D SN simulations of a 9Mg progenitor (top row),
11.2 Mg star (middle row), and a 20 Mg case (bottom row), considering different FC scenarios: noFC (left panels) and FC at
densities lower than p. = 10° gem™ (panels in middle column), and at p < p. = 10'° gem™> (right panels).
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FIG. 5. Same as Fig. 4, but for SN simulations with FCs at p < p. = 10" gem™ and p < p. = 102 gem ™ in the middle and

right panels, respectively.

these models show extended periods, lasting 50—100 ms, of relative quiescence, following a short, low-amplitude GW
activity associated with prompt postshock convection right after core bounce (see also Fig. 3 and the corresponding
discussion in the main text). These calmer periods end when hydrodynamic instabilities in the neutrino-heated
postshock layer set in and the associated vigorous nonradial mass motions produce GW emission. The duration of the
more silent window is shortened in some models when FCs affect the neutrino emission properties such that stronger
neutrino heating occurs and thus the hydrodynamic instabilities in the postshock volume develop more quickly.
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