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Abstract: This Letter of Interest discusses the possibility of using neutron star (NS) mergers as a new tool to
constrain beyond the Standard Model (BSM) physics, specifically light particles belonging to the dark or sterile
sector. We will examine the impact such particles would have on NS merger dynamics, considering both the
possibilities that they can free-stream through the dense nuclear matter and the case where they are trapped. We
will calculate the decay and mean free path of these BSM species in realistic merger conditions. Our results may
be regarded as a first step aimed at understanding how the BSM physics affects merger simulations and potentially
interfaces with observations. We will also discuss possible multi-messenger signatures of these scenarios.
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Over the past few decades, supernovae and cooling neutron stars (NSs) have served as a laboratory
for studying beyond the Standard Model (BSM) particles, most notably, the axion or axion-like particle
(ALP) [1–8]. Now, with the observation of both gravitational wave [9] and electromagnetic signal [10, 11]
from GW170817, NS mergers provide a novel environment to study dark-sector particles, as mergers are the
only place in the universe where nuclear matter at NS densities is heated up to tens of MeV. Mergers contain
very diverse thermodynamic conditions, including regions where the nuclear matter is strongly degenerate,
but also regions where it is non-degenerate [12].

The role of axions in NS mergers was initiated in [13]. Axions (a) could be produced via the nuclear
bremsstrahlung process N + N → N + N + a (with N representing nucleons) in the nuclear matter which
makes up the merging NSs. We calculated the mean free path (MFP) of axions in hot, dense nuclear matter
and found that the MFP is always comparable to or longer than the size of the merger region. As a result,
axions escape from the merger, taking energy from the system which cools it. Within current laboratory,
astrophysical and cosmological constraints on the axion-nucleon coupling (see e.g. Refs. [14,15] for a review),
the cooling due to axion emission can occur in NS mergers on timescales as fast as a few milliseconds, which
means that it could have an impact on the dynamics of a NS merger, whose remnant typically lives for tens
of milliseconds [16].

With this LOI, we wish to study the impact of other dark-sector particles on NS mergers, and also
determine what NS merger observations might be able to tell us about these dark-sector particles. In
particular, we are currently studying the impact of a light CP-even scalar S on NS mergers, which is
expected to be different from the CP-odd axion case, just as in the case of supernovae [17] (see Refs. [18,19]
for comparison). The scalar particle could be produced via the same production channel as the axion, i.e.
N + N → N + N + S; here the single and multi-pion exchange contributions could play an important
role. We plan to calculate the MFP and decay of S as functions of NS density, temperature, nucleon-scalar
coupling, and the scalar mass to map out the conditions under which the scalar S would be trapped or would
free-stream through the merger. If the scalar has a large MFP compared to the NS size, then it will carry
energy away from the merger and cool it down. In contrast to the axion case, it may be possible that there
exists some allowed parameter space where the scalar is trapped within the merger. If this is the case, then
the scalar particle may contribute to heat conduction within the merger, altering the dramatic temperature
gradients that simulations indicate exist in mergers.

In future upcoming work, we plan to study the role of other particles, including dark photons, Majorons,
light fermionic dark matter particles, and sterile neutrinos in NS mergers. Our overarching program is to
investigate BSM physics in NS mergers, in the spirit of what has been achieved for BSM physics in supernovae
over the last few decades. NS merger simulations may also be used to set limits on the non-standard
interactions (NSIs) of the active neutrinos, which will be highly relevant in the context of multi-messenger
detection of neutrinos from NS mergers at large-scale neutrino detectors like DUNE and Hyper-K [20–22].

Understanding the temperature evolution of the merger remnant is important, because high tempera-
tures lead to a large thermal pressure, which allows the remnant to stave off collapse for a period of time.
In addition, if the temperature becomes sufficiently high, the nuclear matter will deconfine into quark mat-
ter. Finally, many transport properties depend strongly on the temperature [23], making it vital that we
understand the temperature evolution of the merger, including the possible impact of BSM particles.

In conclusion, the NS mergers provide an unprecedented window of opportunity for probing BSM physics
in the coming decades. With the advent of multi-messenger astronomy with NS mergers, this is expected to
be an important endeavor.

References

[1] N. Iwamoto, “Axion Emission from Neutron Stars,” Phys. Rev. Lett., vol. 53, pp. 1198–1201, 1984.

[2] A. Pantziris and K. Kang, “Axion Emission Rates in Stars and Constraints on Its Mass,” Phys. Rev.,
vol. D33, p. 3509, 1986.

[3] M. S. Turner, “Axions from SN 1987a,” Phys. Rev. Lett., vol. 60, p. 1797, 1988.

2



[4] G. Raffelt and D. Seckel, “Bounds on Exotic Particle Interactions from SN 1987a,” Phys. Rev. Lett.,
vol. 60, p. 1793, 1988.

[5] R. Mayle, J. R. Wilson, J. R. Ellis, K. A. Olive, D. N. Schramm, and G. Steigman, “Constraints on
Axions from SN 1987a,” Phys. Lett. B, vol. 203, pp. 188–196, 1988.

[6] R. P. Brinkmann and M. S. Turner, “Numerical Rates for Nucleon-Nucleon Axion Bremsstrahlung,”
Phys. Rev., vol. D38, p. 2338, 1988.

[7] A. Burrows, M. S. Turner, and R. P. Brinkmann, “Axions and SN 1987a,” Phys. Rev., vol. D39, p. 1020,
1989.

[8] G. Raffelt, Stars as laboratories for fundamental physics: The astrophysics of neutrinos, axions, and
other weakly interacting particles. 5 1996.

[9] B. Abbott et al., “GW170817: Observation of Gravitational Waves from a Binary Neutron Star Inspiral,”
Phys. Rev. Lett., vol. 119, no. 16, p. 161101, 2017.

[10] A. Goldstein et al., “An Ordinary Short Gamma-Ray Burst with Extraordinary Implications: Fermi-
GBM Detection of GRB 170817A,” Astrophys. J. Lett., vol. 848, no. 2, p. L14, 2017.

[11] P. Cowperthwaite et al., “The Electromagnetic Counterpart of the Binary Neutron Star Merger
LIGO/Virgo GW170817. II. UV, Optical, and Near-infrared Light Curves and Comparison to Kilo-
nova Models,” Astrophys. J. Lett., vol. 848, no. 2, p. L17, 2017.

[12] M. Hanauske, L. Bovard, J. Steinheimer, A. Motornenko, V. Vovchenko, S. Schramm, V. Dexheimer,
J. Papenfort, E. R. Most, and H. Stöcker, “MAGIC - how MAtter’s extreme phases can be revealed
in Gravitational wave observations and in relativistic heavy Ion Collision experiments,” J. Phys. Conf.
Ser., vol. 1271, no. 1, p. 012023, 2019.

[13] S. P. Harris, J.-F. Fortin, K. Sinha, and M. G. Alford, “Axions in neutron star mergers,” JCAP, vol. 2007,
p. 023, 2020.

[14] M. Bauer, M. Neubert, and A. Thamm, “Collider Probes of Axion-Like Particles,” JHEP, vol. 12, p. 044,
2017.

[15] I. G. Irastorza and J. Redondo, “New experimental approaches in the search for axion-like particles,”
Prog. Part. Nucl. Phys., vol. 102, pp. 89–159, 2018.

[16] R. Gill, A. Nathanail, and L. Rezzolla, “When Did the Remnant of GW170817 Collapse to a Black
Hole?,” Astrophys. J., vol. 876, no. 2, p. 139, 2019.

[17] P. S. B. Dev, R. N. Mohapatra, and Y. Zhang, “Revisiting supernova constraints on a light CP-even
scalar,” JCAP, vol. 2008, p. 003, 2020.

[18] N. Ishizuka and M. Yoshimura, “Axion and Dilaton Emissivity From Nascent Neutron Stars,” Prog.
Theor. Phys., vol. 84, pp. 233–250, 1990.

[19] G. Krnjaic, “Probing Light Thermal Dark-Matter With a Higgs Portal Mediator,” Phys. Rev., vol. D94,
no. 7, p. 073009, 2016.

[20] K. Kyutoku and K. Kashiyama, “Detectability of thermal neutrinos from binary-neutron-star mergers
and implication to neutrino physics,” Phys. Rev. D, vol. 97, no. 10, p. 103001, 2018.

[21] T. Schilbach, O. Caballero, and G. McLaughlin, “Black Hole Accretion Disk Diffuse Neutrino Back-
ground,” Phys. Rev. D, vol. 100, no. 4, p. 043008, 2019.

[22] Z. Lin and C. Lunardini, “Observing cosmological binary mergers with next generation neutrino and
gravitational wave detectors,” Phys. Rev. D, vol. 101, no. 2, p. 023016, 2020.

3



[23] M. G. Alford, L. Bovard, M. Hanauske, L. Rezzolla, and K. Schwenzer, “Viscous Dissipation and Heat
Conduction in Binary Neutron-Star Mergers,” Phys. Rev. Lett., vol. 120, no. 4, p. 041101, 2018.

4


