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e Kinetic energy of matter falling onto a NS is ~ 100 MeV /nucl.: ions
can produce nuclear reactions; v — rays are emitted by the star.
(Schwartzman 1970).
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@ Kinetic energy of matter falling onto a NS is ~ 100 MeV /nucl.: ions
can produce nuclear reactions; v — rays are emitted by the star.
(Schwartzman 1970).

e Neutron capture by a proton, n(p,~)D, with v = 2.223 MeV, is
observable in accreting NSs (Reina, Treves, Tarenghi 1974; Brecher
& Burrows 1980; Bildsten et al. 1992, 1993).
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Path to v—ray production

accretion flow
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Detailed 2.2 MeV production
mechanism in accreting NS:

- Bildsten, Salpeter, Wasserman, 1992, 1993
(Ap) 384 and 408);
- Reina, Treves, Tarenghi 1974 (A&A 32, 317)
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Gravitational redshift

e Photons emitted with an intrinsic energy Ep in the atmosphere of a NS of radius R
and mass M experience a gravitational redshift to E.
e Gravitational redshift E/Ey gives directly the stellar compactness:

Rns 26
Mns  [1—(E/Eo)?]c?

= independent method to constrain the EoS.
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Line intensity

e number of 2.2 MeV photons escaping the NS atmosphere per one atom of accreted
helium

Y 1

Fo2omev = Q - — B

= B
E;

o X-ray flux (Fx ~ Ny E;/4md?)

e £ = GMmy, /R ~ O.22mpc2: kinetic energy of a baryon entering the NS atmosphere
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Line intensity

e number of 2.2 MeV photons escaping the NS atmosphere per one atom of accreted
helium

Y 1

Fo2omev = Q - — B

= B
E;

o X-ray flux (Fx ~ Ny E;/4md?)

e £ = GMmy, /R ~ O.22mpc2: kinetic energy of a baryon entering the NS atmosphere

_ o _ Q Y 162MeV
Fa2.oMev ~ 1.2x 107 °phecm 27! (10*2) (E) (Tl)

(55167 )
3x10=7ergcm—2s—1 ) °

(Bildsten et al. 1993)

Observations:

Sco X-1: upper-limit: 2.5 x 107° ph cm™2 s~! (COMPTEL; McConnell4+1997)
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Relativistic effects on emission lines of NSs

Ozel & Psaltis 2003
—

0.03
Line profiles from rotating NS are affected by:

@ Doppler boosts;

g
=3
o

@ Gravitational lensing;

Flux (arb)

© frame dragging;

© Stellar oblateness. 0.01
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Relativistic effects on emission lines of NSs

Ozel & Psaltis 2003
e

12 ———— , -
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Line profiles from rotating NS are affected by: [ ]
@ Doppler boosts; o8 — .
@ Gravitational lensing; E 06 k ]
© frame dragging; g ]
@ Stellar oblateness. 04 ]
oz .

Slow rotators are best suited for searching the 2.2 MeV line
(Boggs & Smith 2006; Caliskan et al. 2009).
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Optimal L, of an XRP for the emission of 2.2 MeV photons

@ Efficiency of 2.2 MeV photon production per
one *He accreted, decreases as E; becomes
smaller;

@ Q ~ 0.04exp(—300/E y1.y) (Ducci+2024)
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Optimal L, of an XRP for the emission of 2.2 MeV photons

@ Efficiency of 2.2 MeV photon production per
one *He accreted, decreases as E; becomes
smaller;

@ Q ~ 0.04exp(—300/E y1.y) (Ducci+2024)
@ at high I\'/lacc, radiative force decelerates
the accretion flow: Ey;, is reduced;

@ at Loy &~ 10%7 erg/s (B~ 1012 G), the
flow is completely decelerated (Eyi, = 0);

@ at Ly < Leyit: v vgy/l—
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Optimal L, of an XRP for the emission of 2.2 MeV photons

@ Efficiency of 2.2 MeV photon production per
one *He accreted, decreases as E; becomes
smaller;

@ Q ~ 0.04exp(—300/E y1.y) (Ducci+2024)
@ at high Macc, radiative force decelerates
the accretion flow: Ey;, is reduced;

@ at Loy &~ 10%7 erg/s (B~ 1012 G), the
flow is completely decelerated (Eyi, = 0);

@ at Ly < Lepit: v vgy/l—

10 %ph cm 257t

Fn,2.2MeV

3x 10 Terg cm 251
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Optimal L, of an XRP for the emission of 2.2 MeV photons

@ Efficiency of 2.2 MeV photon production per 10°
one *He accreted, decreases as E; becomes
smaller;

@ Q ~ 0.04 exp(—300 E;Ms ;) (Ducci+2024
( / M v) ( ) L~ O~5Lcrit

@ at high I\'/Iacc, radiative force decelerates

Ly 2 Mev /Lcrlt

the accretion flow: Ey;, is reduced; 107 4
@ at Loy &~ 10%7 erg/s (B~ 1012 G), the
flow is completely decelerated (Eyi, = 0);
-8 !
oo 0.1 1

L/L, Ducci+2024

crit

Fig. 1. Expected luminosity of the 2.2 MeV line, L, > ey, as a function
("] of the total accretion luminosity L of an XRP. Both axes are scaled by
the critical accretion luminosity L.q. At low mass accretion rates and
luminosity, the flux in the 2.2 MeV line is proportional to the total ac-
cretion luminosity. At high mass accretion rates, however, the radiative
force decelerates the accretion flow above the NS surface, which results
in a sharp drop in luminosity in the 2.2 MeV line.

Fn,2.2MeV

3x 10 Terg cm 251
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SPI upper-limits vs expectations

Source name  net exposure L 30 u.l. 2.2 MeV line
(ks) (erg s™h) 10~*ph cm=2 57!
FWHM: 10 20 40 100
(keV)
A 0535426 1631 3% 10% 75 95 11 16
GX 3041 381 3% 10%° 18 15 22 36
Vela X-1 5345 3 x 10% 24 30 38 72
X Persei 3050 6 x 103 44 52 82 98
Sco X-1 4495 ~10% 28 36 53 96
1072
1073 1 i
oy '
L
2 1075 e
: e 5
S0y T
% 10
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107% m vela X1
¢ GX304-1 A Xper
N »  A0535+26
- 107? 10°® 1077

X-ray flux (erg cm=2 s71)

data analysed with: SPIDAI: https://sigma2.irap.omp.eu/integral/spidai
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https://sigma2.irap.omp.eu/integral/spidai

'MeV gap’ and future MeV missions

,SPI
4
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/V

CTA North

Sensitivity (erg em? s'l)
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@ COSI (~ 2027; see talk by Julien Malzac on Thursday);
@ COSI will achieve a 30 line point source sensitivity of 2 X 107° ph em ™ 2s7!in 1Ms;
@ concept missions: eASTROGAM, MASS, MeVGRO, ...
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Flux concentrating telescopes

@ Smaller detector sizes — lower instrumental background;

@ a viable option: ~-ray optics that employ the Laue lenses: Bragg diffraction from
arrays of crystals (e.g., Virgilli+2022a);

@ mission concepts ASTENA (Virgilli+2022b); FIONA (IHEP)

Ex —

where:

@ F: focal length;

@ r: crystal distance from axis;

@ d: spacing of the crystal lattice planes.
Drawbacks:

@ Technological challenges (production of
crystals, mounting, alignment, ...);

@ strongly energy dependent: high sensitivity on a
limited pass-band.

— possible solution: tunable Laue lens (Lund
2021): change F and orientation of the crystals.
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