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Search for New Physics
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Let’s not forget the Cosmic Frontier
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Multi-messenger Observation of Binary Neutron Star Merger GW170817
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Multi-messenger Observation of Binary Neutron Star Merger GW170817
M. Branchesi, Springer Proc. Phys. 287, 255 (2023)
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Fig. 19.1 Timeline of the discovery of the gravitational-wave signal (GW170817), the gamma-
ray burst (GRB 170817A), the release of the gravitational-wave sky localization, the discovery of
the optical emission from the kilonova (AT 2017gfo), and the discoveries of the X-ray and radio
emission from the GRB relativistic jet

The gravitational wave signal enabled to infer the component masses of the binary
system in the range 0.86 − 2.26Msun which is consistent with the masses of known
neutron stars in our Galaxy [13]. It also enabled to constrain the neutron star tidal
deformability (each neutron star in the binary system is tidally deformed when under
the influence of tidal field of the other). This macroscopic observable can be used to
study neutron star interiors, in particular to infer the neutron star equation of state
(EoS). The measurement obtained for GW170817 favors larger tidal deformability
values, and thus softer EoSs are preferred with respect to stiffer ones [14]. The
amount of tidally ejected mass which gives origin to the baryon mass powering the
electromagnetic emission depends on the EoSs with stiffer EoSs producing larger
amount of tidally ejectedmass than the softer ones (see also below for EoS constraints
from the electromagnetic observations).

The Fermi and INTEGRAL satellites independently detected a short gamma-ray
burst (GRB) with a time delay of 1.7 s from the merger time. The time delay and the
source distance made it possible to measure the propagation speed of gravitational
waves; gravitational waves propagate at the speed of light to within 1:1015 [6]. This
ruled out several classes of modified gravity models. Nine and sixteen days after the
merger an X-ray signal [64] and a radio signal [42] were discovered. The following
observations showed a slow non-thermal emission flux-rise in the radio, optical,
and X-rays for about 150 days [49, 52] and then a slow decay [27, 34, 36, 41].
These multi-wavelength observations are consistent with both a slightly relativistic
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Impact on many fields
M. Branchesi, Springer Proc. Phys. 287, 255 (2023)
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Fig. 19.2 Summary of the major astrophysical fields impacted by the multi-messenger discovery
of GW170817

tory [45], GECAM [47], the Space-based multi-band astronomical Variable Objects
Monitor ECLAIRs [67, SVOM-ECLAIRs], and Einstein Probe [68] to mention a
few.

19.4 The Future of Gravitational-Wave and
Multi-messenger Astronomy

Despite the enormous impact of LIGO-Virgo discoveries on many research fields,
from fundamental physics and astrophysics to nuclear physics and cosmology, we
are only at the dawn of this new exploration of the Universe. A new generation of
more sensitive detectors is needed to address fundamental questions of gravitational-
wave astro(physics) and cosmology which require to make precise measurements of
the source parameters, to observe the evolution of the sources along the cosmic
history, and to reach and explore the early Universe. The Einstein Telescope is the
European ground-based gravitational-wave detector, evolution of second-generation
detectors, which was recently included in the European Strategy Forum on Research
Infrastructures (ESFRI) roadmap.

It will feature a system of triangular shape nested detectors, where the arm length
is increased to 10 km (compared to 3 km for Virgo and 4 km for LIGO). The larger
size and the implementation of new technologies will enable to achieve an improved
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New Physics with Neutron Star Mergers

E.g., Axion-like particles (ALPs), CP-even scalars, dark photons, light Z′,....
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New Physics with Neutron Star Mergers

Dietrich, Clough, 1909.01278

ma =0

ma =0.1 eV

ma =1 eV

8



New Physics with Neutron Star Mergers

Fiorillo, Iocco, 2109.10364
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New Physics with Neutron Star Mergers

THIS TALK
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Outline of the Talk

Probing ALPs using Multi-messenger Data from GW170817

Use generic ALP feature: Coupling to photons.

L ⊃ 1
2∂

µa∂µa−
1
2m

2
aa

2 − 1
4gaγγaF

µν F̃µν .

Both production and decay of ALPs are
governed by the same coupling gaγγ .

Use GW170817 data to draw constraints in the
(ma, gaγγ) plane.

Comparison with SN1987A constraints.

Future prospects with improved gamma-ray
measurements.

Can be extended to other ‘light’ dark sector
particles.
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ALP Production via Primakoff and Photon Coalescence
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Gravitational Trapping/Redshift Effect
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Ea > ma/η & 1.5− 1.7ma.
In contrast, for supernovae, Ea & 1.12ma. [Caputo, Janka, Raffelt, Vitagliano, 2201.09890 (PRL ’22)]

For Schwarzschild geometry, lapse factor η =
√

1− 2GM/r for r > R.
For axisymmetric geometry of the merger, η also depends on θ.

13



Merger Profiles [Camelio, Dietrich, Rosswog, Haskell, 2011.10557 (PRD ’21)]
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Production Rates for Different Profiles
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ALP Decay and Geometry Effect

Master Formula for Photon Spectrum
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Spectral/Temporal Behavior (D = 40 Mpc)
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Multimessenger Analysis
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Why Fermi-LAT?
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Future Sensitivity of Gamma-ray Telescopes

At least 100 times better sensitivity expected with existing Fermi-LAT.
Might further improve with future MeV gamma-ray missions (e.g., AMEGO-X,
e-ASTROGAM, APT, GECCO).
Peak sensitivity in the 50–500 MeV range is most suitable for us.
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Result: GW170817 Gamma-ray Constraint on ALP
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Future Sensitivity with a Stacked Analysis
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Future Sensitivity for a Nearby Source
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Future Sensitivity with an Extended Observation Time Window
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With Better Flux Sensitivity and Extended Observation Time Window
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Fireball
[Diamond, Fiorillo, Marques-Tavares, Tamborra, Vitagliano, 2305.10327 (PRL ’24)]
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Other Constraints: HB Stars
[Lucente, Straniero, Carenza, Giannotti, Mirizzi, 2203.01336 (PRL ’22)]
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Other Constraints: SN1987A Neutrino
[Caputo, Raffelt, Vitagliano, 2109.03244 (PRD ’22)]
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Other Constraints: Low-energy Supernova Calorimetry
[Caputo, Janka, Raffelt, Vitagliano, 2201.09890 (PRL ’22))]
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Other Constraints: Diffuse Gamma-ray Background
[Caputo, Raffelt, Vitagliano, 2109.03244 (PRD ’22)]
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Killer Constraint: SN1987A Gamma-ray Constraint from ALP Decay
[Müller, Calore, Carenza, Eckner, Marsh, 2304.01060 (JCAP ’23)]
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Other Constraints: ALP Decay from SN2023ixf
[Müller, Carenza, Eckner, Goobar, 2306.16397 (PRD ’24)]
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Concluding Remarks: Supernovae vs NS Mergers

Both are interesting sources for probing new physics.
Similar core temperatures.
But SN1987A is 1000 times closer than GW170817.
Rate of GW-observable NS mergers [(10-1700)/Gpc3/yr] is higher than that of local,
neutrino-observable supernovae [1 per 40± 10 yr].
NS mergers give clean timing information due to the GW signal.
No astrophysical background expected in the first second. [Kasliwal et al., 1710.05436 (Science ’17)]

Multi-messenger observation of the first second of the NS merger is crucial for BSM
physics.
Possible with future early-warning system. [Sachdev et al., 2008.04288 (ApJL ’20)]
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ALP Couplings
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