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What Happened?

N

nght GeV-TeV
WIMPs
Supernovas Colliders
Neutron star mergers Direct/ indirect
Black holes detection
Magnetars

White Dwarfts



Why Extreme”

High temperatures
High densities

Large magnetic fields

Large gravitational fields

Radio, X-ray, Gamma -ray signals

Possibility of gravitational waves/multi messenger signals
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Stellar evolution (2.4)

Gamma-rays from
X-rays from magnetars (2.1.2) BNS mergers (3.2)

Pair-instability supernovae (3.3)

NS collapse (3.6 + 4.4)
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Stellar overheating, gamma ray/neutrino emission (3.4) mergers (4.3)
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NS overheating due to neutron-DM mixing (3.5) BEEE BN
Boson star inspirals (2.3.1) DM spikes aroﬁnci BH (42)
SNe cooling, gamma ray emission (3.1) I

Radio lines DM decay by aﬁn'hilé,
i -

eeuree ek B2 SN remnants (2.3.2) .
tion near
BNS inspirals (2.1.2) “~_ Radio lines from BH (4.2)
neutron stars (2.1.1) S
1072 1072 1071 1071 107 10° 10° 10%° 10" 10%° 10%°

Light DM P (e WIMPs



Axion Searches




Probe at LHC

MET
Searches
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The dashed tracks
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the detector
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Probe with Magnetars

Galactic
Conversion
Searches
Huge literature;
challenges
iInclude correctly
modeling the Galactic é’v
galactic magnetic field M h
magnetic field A agnetosphere
Conversion
B = By(ro/r)3 Searches
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“Thermal”
Searches

Fortin, KS, Guo, Harris



Multidisciplinary Research Teams

Observation
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Conversion/Propagation

Propagation equations
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Detection
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Prospects

Gan gayyl(GeV™)

Hot magnetars with high
magnetic fields close to Earth are the best
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Polarization

Ta—s~y
Large rpr,

m\

OD
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90 deg rotation

Krawcszynski, KS, Fortin (in progress)
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Probe with NS Mergers

Galactic
Conversion
Searches

Fabio locco (2023)

/' A Fermi-LAT
Galactic é’v

magnetic field

Decay
Searches

“Thermal”

Clough, Dietrich
J Searches

Can cooling change the GW signal?

Trapping affects the shear viscosity,
thermal conductivity, etc.

Difficult problem



Probe with NS Mergers

Fermi-LAT

Decay
Searches




Production: Primakoft and Photon Fusion
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FIG. 2. ALP production spectrum from a merger remnant,

assuming constant emission over the course of one second. a7t
1] H "%-’:, ,ﬂ 3

The ALP-photon coupling is set to gar~ = 107" GeV~'. Note i
the switchover between Primakoff and photon coalescence at
mae ~ 100 MeV. Steven Harris, U. Wash




Production: Gravitational Trapping Effects
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The spectrum ‘starts up” only for ALP energies F, 2 1.5 — 1.7m,.

Y

supernova counterpart, Fig. 11 in Ref. [72], where the spectrum starts up at E, 2 1.12m,.

to its supernova counterpart, Fig. 11 in Ref. [72], where the spectrum starts up at E, 2 1.12m,. The Supernova,
evidently has less significant gravitational trapping because the dense core of the supernova where most of the ALPs
are produced is less compact than a NS merger remnant (cf. Fig. 52).




NS Merger Profiles
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NS Merger Profiles
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NS Merger Profiles
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Production for Ditferent Profiles
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FIG. S3. ALP production spectra for nine merger profiles presented in Ref. [29], for an ALP with m, = 1 MeV, gay, = 1071°
GeV~! and an ALP emission duration of 1 sec. The bold, orange curve represents the profile we consider in our analysis in the



Decay
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Spectral/Temporal Behavior
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Multimessenger

Abbott et. al. (2017)
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Multimessenger

Abbott et. al. (2017)

Table 3
Gamma-Ray Monitoring and Evolution of GW 170817

90% Flux Upper Limit

Observatory UT Date Time since GW Trigger (erg cm s ) Energy Band
Insight-HXMT /HE Aug 17 12:34:24 UTC —400 s 3.7 x 1077 0.2-5 MeV
CALET CGBM Aug 17 12:41:04 UTC 0.0 1.3 x 1077% 10-1000 keV
Konus-Wind Aug 17 12:41:04.446 UTC 0.0 3.0 x 1077 [erg cm 7] 10 keV-10 MeV
Insight-HXMT /HE Aug 17 12:41:04.446 UTC 0.0 3.7 x 1077 0.2-5 MeV
Insight-HXMT /HE Aug 17 12:41:06.30 UTC 1.85 s 6.6 x 1077 0.2-5 MeV
Insight-HXMT /HE Aug 17 12:46:04 UTC 300 s 1.5 x 1077 0.2-5 MeV
SAGILE-GRID - Aug L712:56:41 UTC o L w00 days, o 300100 o e Q033 Gy
I Fermi-LAT Aug 17 13:00:14 UTC 0.013 days 4.0 x 10719 0.1-1 GeV I
THESS T T T T T T T T Rug (71759 0TC T T T T T T T T TR T E00Y Jays T T T T T T T T T T T (028231 TeV T
HAWC Aug 17 20:53:14—Aug 17 22:55:00 UTC 0.342 days + 0.425 days 1.7 x 10710 4-100 TeV
Fermi-GBM Aug 16 12:41:06—Aug 18 12:41:06 UTC +1.0 days (8.0-9.9) x 10°19 20-100 keV
NTEGRAL IBIS/ISGRI Aug 18 12:45:10—Aug 23 03:22:34 UTC 1-5.7 days 2.0 x 1071 20-80 keV

INTEGRAL IBIS/ISGRI Aug 18 12:45:10—Aug 23 03:22:34 UTC 1-5.7 days 3.6 x 10°1 80-300 keV



Stacked/10 Times Closer
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Magnetar/NS Merger Prospects
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Production
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Probe with Supernovae

Photon counts / 2.048 s

direction of the SN. There was no statistically significant excess over the background, and
hence we can constrain the interaction between heavy ALPs and photons, as was done in
e.g. [18, 19, 30]. The ALPs produced in the SN are constrained to induce a photon fluence
of F, < 1.78 cm™1! at the satellite to be consistent with the (null) observation at the 3 sigma
level, or Fy < 1.19 ecm™! at the 2 sigma level [18].

SolarMax

Muller, Calore, Marsh, et. al. (2023)
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Probe with Supernovae

low—energy SNe

Time after 00:00:00 UTC [s]

Hoof, Schulz (2023)
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Conversion Prospects
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FIG. 13. The 50 discovery reach at 3000 fb~' obtained using
our search methodology is depicted on ALP parameter space,
with an emphasis placed on the subset that has previously not
been experimentally probed. The other constraints shown are

taken from Figure 4 of [31].
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Conclusions

Supernovae and NS mergers are both interesting
Supernovae: closer, currently stronger bounds
NS mergers: clean timing information

The first second in NS mergers its crucial for BSM



Primakoff iIn Medium

consider only the two transverse photon modes. The dispersion relation of the transverse modes was calculated in
Ref. [68] (see Ref. [1] for a pedagogical discussion). For simplicity, we take the transverse photon dispersion relation

to be
wy =4 /k2 + w2, (S1)

(k being the photon momentum) where the photon essentially has a mass equal to the plasma frequency wp; of the
medium. This approximation is common in the literature [45, 69—76]. In NS merger or supernovae conditions, the
lasma frequency is dominated by the most mobile species of particles possessing electric charge, which in this case
are the strogy d legenerate and ultrarelativistic electrons. The plasma frequency is given by [68]

4o 2
Wpl = \/?m (Mg + ?T2) , (S2)

In a plasma, the electromagnetic interaction is screened by the motion of charged particles. Screening in the hot
dense matter In a merger remnant 1S likely dominated by the nondegenerate protons [1],
Scale e i IS TN IR S MLV S




Primakoff iIn Medium

Without correlations, the squared matrix element involves |q|™*
from the Coulomb propagator. In order to account for screening ef-
fects one should substitute

2

o™ = la|™* S(a) S@) = (6.71)

for the structure factor.

1 1
— —
lal*  q?(q? +k3)

(6.72)

in the weak-screening limit (Debye screening).



Primakoff iIn Medium

The Primakoff process, depicted in the left panel of Fig. S1, involves the conversion of a photon to an ALP through
electromagnetic scattering. We shall consider only scattering with protons v + p — a + p and not with electrons
v+ e~ — a+ e, because the electron population is strongly degenerate, which suppresses that scattering rate. The
matrix element for the Primakoff process v(p2) + p(p1) — a(ps) + p(p3) reads

- iM = ) (VT ) ulpr) (T ) e g procalr)] (51)

Summing over spins and the two transverse polarizations of the photon )
squared matrix element

bol Ea€y = —Jary, one ends up with the

3292 mo
o IMP= ‘;”47 [m§m3q2 —m2(p2-q)* —m2(p1-q)(ps - q)
spin, pol

—¢*(p1-p2)(P2-p3) + (P1- Q) (P2 - @) (P2 - p3) + (P2 - @) (P3 - @) (p1 - P2) | - (S5)

| 32¢2  mam? 32¢2.  mam?
| Z M|? = —T—L [py?ps® — (P2 - Pa)’] = — 27— |p2 X pal®. (S8)
spin,pol q q

From this matrix element, one can derive the cross section given in Ref. [1].
To get the ALP production spectrum, we now integrate this squared matrix element over the phase space:

. d3p1 d3p2 d3p3 d3p4 32ggw7ramf, [Pz2p42 — (P2 'P4)2] f1g2(1 — f3) (Sg)
(2m)3 (2m)3 (2m)3 (2)3 q* 16E, B, BBy ! o

where f represents the Fermi-Dirac distribution of the proton and g the Bose-Einstein distribution of the photon.

(277)454(191 + p2 — P3 — D4)




Photon Fusion in Medium

In medium, as well as in vacuum, ALPs can be produced through photon coalescence, as shown in the right panel
of Fig. S1. We calculate the rate of ALP production from photon coalescence, taking into account the in-medium
photon properties. The squared matrix element for v +~v — a is

1
ST IMP = g2, mA(m2 — 4m2) (518)

The rate of photon coalescence v+ v — a is given by the phase space integral
L, 2 (12 2
= / d3p1 d3p2 d3pa (271')454(]) +py—p ) Zga'y'yma (ma B 4m7)
(27)3 (27)3 (27)3 Lraz T e 23, F»E,

g192, (319)

where g; and g, are Bose-Einstein distributions for the two incoming photons. Again, we neglect the Bose enhancement
factor for the ALPs because we only consider ALPs that couple weakly enough to free-stream through the system.




Probe with Neutron Stars
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Axion spectrum emitted from a neutron star with matter modeled by the IUF EoS and with
1Sy CCDK proton superfluidity, for different choices of the neutron star mass. Top right

two choices of core temperature and with the band representing the uncertainty in dN, / dw
due to uncertainties in the nuclear EoS, the magnetar mass, and the critical temperature
of proton 'Sy proton pairing. The dashed curves correspond to the choices (IUF, 1.4Mg),

m,(eV)

CCDK).
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Light Scalars in Neutron Star Mergers
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