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2	Nuclear	spectroscopy	in	the	EM	spectrum	

Gamma-ray	line	producLon	from:	
•  Radioac+vity	
•  Nuclear	collisions	
•  Positron	annihila+on	(511	keV)	
•  Neutron	capture	(2.2	MeV	from	n	+	H)	  26
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Table 1: Star-produced radioisotopes relevant to gamma-ray line astronomy

Isotope Production sitea Decay chainb Half-lifec �-ray energy (keV)
and intensityd

7Be Novae 7Be
✏�! 7Li* 53.2 d 478 (0.10)

56Ni Type Ia SNe, Core-collapse SNe 56Ni
✏�! 56Co* 6.075 d 158 (0.99), 812 (0.86)

56Co
✏(0.81)�! 56Fe* 77.2 d 847 (1), 1238 (0.66)

57Ni Type Ia SNe, Core-collapse SNe 57Ni
✏(0.56)�! 57Co* 1.48 d 1378 (0.82)

57Co
✏�! 57Fe* 272 d 122 (0.86), 136 (0.11)

22Na Novae 22Na
�+(0.90)�! 22Ne* 2.60 y 1275 (1)

44Ti Core-collapse SNe, Type Ia SNe 44Ti
✏�! 44Sc* 60.0 y 68 (0.93), 78 (0.96)

44Sc
�+(0.94)�! 44Ca* 3.97 h 1157 (1)

26Al Core-collapse SNe, WR stars 26Al
�+(0.82)�! 26Mg* 7.2·105 y 1809 (1)

AGB stars, Novae

60Fe Core-collapse SNe 60Fe
��
�! 60Co* 2.6·106 y 59 (0.02)

60Co
��
�! 60Ni* 5.27 y 1173 (1), 1332 (1)

r-process Neutron star mergers � decay, ↵ decay ⇠ day ⇠ 0.1� 2 MeV
nuclei fission
a Sites which are believed to produce observable �-ray line emission. Nova: classical nova; SNIa:
thermonuclear supernova (type Ia); CCSN: core-collapse supernova; WR: Wolf-Rayet star; AGB:
asymptotic giant branch star.
b ✏: orbital electron capture. When an isotope decays by a combination of ✏ and �+ emission, only
the most probable decay mode is given, with the corresponding fraction in parenthesis.
c Half-lifes of the isotopes decaying by ✏ are for the neutral atoms.
d Number of photons emitted in the �-ray line per radioactive decay.

1

3	Astronomy	with	radioacLviLes		

Highlights:	
•  56Ni	decay	chain	detected	from	SN	1987A	(core-collapse)	and	SN	2014J	(thermonuclear)		

•  44Ti	detected	from	2	SNRs,	Cas	A	and	SN	1987A,	no	other	source	found	in	γ-ray	surveys		
•  26Al	and	60Fe	diffuse	radioac+vi+es	(flux	ra+o	of	15%)	=>	hot	ISM	proper+es	
V.	TaLscheff	 	 	GT4	GDR	RESANET	&	OG	 				 	Observatoire	de	Paris 	 						24-25	September	2018	



4	

•  Nearest	type	Ia	(thermonuclear)	SN	in	last	50	years,							
occurred	in	the	starburst	galaxy	M82	at	D = 3.5 Mpc	

•  INTEGRAL	detec+on	of	the	56Co	(T1/2=77	d)	γ-ray	lines													
⇒	synthesis	of	0.6	±	0.1	M!	of	56Ni	in	the	explosion	
(Churazov	et	al.	2014,	2015;	see	also	Diehl	et	al.	2015)	 		

•  Unexpected	detec+on	of	the	56Ni	(T1/2=6.1	d)	γ-ray	lines												
~ 20	d	aaer	the	explosion	(Diehl	et	al.	2014;	Isern	et	2016)											
⇒	Surface	explosion?	High-speed	plume	of	56Ni	(∼0.05	M!)?		

•  Are	SN	Ia	good	standard	candles	for	precision	cosmology?	

847 keV 
1238 keV 

	SN	2014J:	first	SN	Ia	detected	in	γ	rays	
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5	

•  44Ti	produced	close	to	the	“mass	cut”,	at	r	<	103	km	from	α-rich	freeze	out	 									
⇒	unique	probe	of	the	explosion	mechanism		

•  44Ti	decay	detected	from	Cas	A	(COMPTEL,	INTEGRAL,	NuSTAR...)	and	SN	1987A	
(INTEGRAL,	NuSTAR)	⇒	44Ti	ejected	mass:	∼	(1.2	-	2)	×	10-4	M!		

•  NuSTAR’s	mapping	of	radioac+vity	in	Cas	A	SNR:	explosion	asymmetries	probably	
caused	by	low-mode	convec+ve	instabili+es	(Grefensteke	et	al.	2014,	2017)	

•  Only	Cas	A	detected	in	the	Galaxy:	abundant	synthesis	of	44Ti	in	a	rare	class	of	SNe	
(see	Tsygankov	et	al.	2016)	

	44Ti	supernova	in	core-collapse	SNe	
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•  Measured	Doppler	shias	of	26Al	1.8	MeV	line	
exceed	expecta+ons	from	Galac+c	rota+on	
(e.g.	CO	data)	=>	26Al	ejected	from	massive	
stars	and	SNe	into	hot	gas	superbubbles	
expanding	towards	the	leading	edge	of	spiral	
arms	(Kretschmer	et	al.	2013,	Krause	et	al.	2015)	

•  60Fe-to-26Al	source	abundance	ra+o	of	15%	

6	26Al	(and	60Fe):	tracing	the	hot	ISM	
M. G. H. Krause et al.: 26Al kinematics: superbubbles following the spiral arms?

Fig. 4. Sketch of the proposed model for explaining the 26Al kinematics.
In the co-rotating frame chosen here, a spiral arm (solid line) moves
anti-clockwise. At its previous location (dashed line), it created large
superbubbles (ellipses), blowing out of the disc. The young star clusters
(blue stars) at the current spiral arm location feed 26Al (colour gradient
in ellipses) into the old superbubbles.

Despite uncertainties regarding wind clumping (e.g.,
Bestenlehner et al. 2014) and dust production and clumping
(e.g., Indebetouw et al. 2014; Williams 2014), the bulk of 26Al is
probably mixed into the diffuse gaseous ejecta that are expelled
into the hot immediate surroundings of the stars. The ejecta do
not keep their initial velocity (≈1000 km s−1) for long: for super-
novae, they are shocked on timescales of 103 yr (Tenorio-Tagle
et al. 1990). For Wolf-Rayet winds inside superbubbles, the free
expansion phase can be up to 104 yr, or ≈10 pc (Krause et al.
2013). The ejecta then travel at a reasonable fraction of the sound
speed in superbubbles, cs =

√
1.62kT/mp = 279 T 1/2

0.5 km s−1.
Here, k is Boltzmann’s constant, mp the proton mass, T (T0.5)
the temperature (in units of 0.5 keV), and the numerical factor
is calculated for a fully ionised plasma of 90 per cent hydrogen
and 10 per cent helium by volume. Measurements of superbub-
ble temperatures range from 0.1 keV to about 1 keV (e.g., Dunne
et al. 2001; Jaskot et al. 2011; Sasaki et al. 2011; Kavanagh et al.
2012; Warth et al. 2014), in good agreement with expectations,
if instabilities and mixing are taken into account (Krause et al.
2014).

In simulations of merging bubbles (Krause et al. 2013), we
find such kinematics for gas flooding the cavities at lower pres-
sure shortly after merging. The ejecta travel about 300 pc during
one decay time (τ = 1 Myr), which corresponds to the size of
the smaller HI supershells (Fig. 2), that is, the decay is expected
to occur during the first crossing of the HI supershell.

Hence, we expect a one-sided 26Al outflow at the superbub-
ble sound speed, ≈300 km s−1, in excellent agreement with the
observations and their analysis presented in Paper I.

This model predicts a change in relative outflow direction
near the co-rotation radius. But co-rotation in the Galaxy is un-
fortunately too far out (8.4−12 kpc, e.g., Martínez-Barbosa et al.
2015) to check for direction reversals in the data set of Paper I.
At such galactocentric distances, individual 26Al-emission re-
gions are only a few, they are faint, and they are not associ-
ated with spiral arms. Thus, we do not expect large 26Al ve-
locity asymmetries, in good agreement with the measurements
in Cygnus (Martin et al. 2009) and Scorpius-Centaurus (Diehl
et al. 2010).

Fig. 5. Grand-design spiral galaxy NGC 628. The background image is
the 21 cm map from The HI Nearby Galaxy Survey (THINGS, Walter
et al. 2008). Red ellipses denote HI supershells from Bagetakos et al.
(2011). Blue plus-signs denote the 650 HII regions identified by Honig
& Reid (2015). Their spiral arm designations, A and B, are also in-
dicated. The large green circle indicates the median co-rotation radius
of 4.6 ± 1.2 kpc from a number of studies as compiled by Scarano &
Lépine (2013). For the first half-turn, arm A has no HI supershell on its
trailing edge, but four are close to or even overlap the leading edge in
the way envisaged by our model. Arm B begins just inside of co-rotation
and has three prominent HI supershells at its leading edge, with only a
minor one towards the trailing edge. From about the co-rotation radius
outwards, HI supershells are no longer at the edges of the HII arm, but
appear all over it.

We might, however, expect to find HI supershells associ-
ated with the leading edge of spiral-arm star formation regions
in nearby face-on spiral galaxies, inside their co-rotation radii.
We investigated this for a few objects by combining HII regions
from Honig & Reid (2015) with HI images with HI supershells
using co-rotation radii from Tamburro et al. (2008) and Scarano
& Lépine (2013). For NGC 3184 and NGC 5194 we found evi-
dence for HI supershells close to HII regions in the spiral arms.
There is no clear trend where the HI supershells are located with
respect to the HII regions in NGC 5194, whereas more super-
shells appear on the trailing edge for NGC 3184.

In the case of NGC 628 (Fig. 5), Honig & Reid (2015) map
HII regions for two arms, A and B, and inside co-rotation, HI su-
pershells are indeed found close to and overlapping with the
HII regions, preferentially at their leading edges. Especially for
arm B, which is located in an HI – rich part of the galaxy, the
HI supershell locations relative to the HII regions change strik-
ingly near the co-rotation radius: inside, three prominent HI su-
pershells lie towards the leading edge of the HII arm, extending
over about a quarter of a turn. Only one small supershell is lo-
cated at the trailing edge. From about the co-rotation radius out-
wards, the HI supershells are spread over the widening HII arm.
None is clearly associated with the leading or trailing edges. It
is beyond the scope of this article to explain the differences be-
tween these galaxies. The fact that the effect we postulate is con-
sistent with the data in NGC 628 is encouraging, however.

The 26Al decay time is similar to the crossing time through
the HI supershell, and thus we expect to observe it while
it crosses the HI supershells. A few Myr later, 26Al should
isotropise, advect vertically into the halo (e.g., de Avillez &
Breitschwerdt 2005), or mix as a result of interaction with the

A113, page 5 of 6
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7	Neutron	star	mergers	and	kilonovae	

•  Kilonova:	UV-Op+cal-NIR	transient	powered	by	the 	 	 	 	 												
radioac+ve	decay	of	r-process	nuclei	(Metzger	et	al.	2010)	

•  GW170817	(advanced	LIGO	and	Virgo)	associated	with	the	short	GRB	170817A	(Fermi	
and	INTEGRAL)	and	the	op+cal/NIR	transient	SSS17a/AT2017gfo	=>	kilonova	

•  Previous	kilonovae	suspected	in	GRBs	050709,	060614,	130603B	
•  Gamma-ray	line	emission	detectable	with	the	next-genera+on	γ-ray	observatories	(e.g.	
e-ASTROGAM)	to	a	distance	<~12	Mpc	(Li	2018)	=>	≈	0.05	-	0.5	NS	merger	per	century	

V.	TaLscheff	 	 	GT4	GDR	RESANET	&	OG	 				 	Observatoire	de	Paris 	 						24-25	September	2018	

Metzger	et	al.	(2010)	

Figure 1: Photometry of SSS17a compared to fitted kilonova models. A: UV to NIR pho-
tometry of SSS17a from 10.9 hours after the BNS merger to +18.5 days (11). Overplotted
are our best-fitting kilonova model in each band. B: Residuals (in magnitudes) between each
photometry measurement and our best-fitting model. C: The integrated luminosity of our best-
fitting kilonova model compared with the total integrated luminosity of SSS17a (11). We also
show the luminosity of the individual blue and red components of our kilonova model. D: The
derived temperature of our kilonova model compared with the temperature derived by fitting a
blackbody SED to each epoch (11).

14

SSS17a	(Kilpatrick	et	al.	2017)	

Lanthanide-free 
Lanthanide-rich 

Figure 1: Photometry of SSS17a compared to fitted kilonova models. A: UV to NIR pho-
tometry of SSS17a from 10.9 hours after the BNS merger to +18.5 days (11). Overplotted
are our best-fitting kilonova model in each band. B: Residuals (in magnitudes) between each
photometry measurement and our best-fitting model. C: The integrated luminosity of our best-
fitting kilonova model compared with the total integrated luminosity of SSS17a (11). We also
show the luminosity of the individual blue and red components of our kilonova model. D: The
derived temperature of our kilonova model compared with the temperature derived by fitting a
blackbody SED to each epoch (11).
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	Hotokezaka	et	al.	(2016)	
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Figure 2. Spectrum of γ-rays at 1, 3, 5 and 10 days after merger for NSM-solar. Black lines depict the γ-ray spectrum produced by
nuclei at rest. The red (blue) curve shows the spectrum with the Doppler broadening with an expansion velocity of 0.3c (0.05c). The
normalization is determined with the mass of ejected r-process elements of 0.01M⊙ and the observed distance of 3 Mpc. Here we do not
take any absorption and scattering processes into account.

we find
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)−1.3
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)

. (5)

where XA!210 (XA!250) is the total mass fraction of nuclei
with 210 ! A ! 280 (250 ! A ! 280). Note that the nu-
merical coefficients in Eqs. (2) and (3) are valid as long as
material has the solar-like r-process pattern containing the
second (A ∼ 130) and third (A ∼ 195) r-process peaks.

Although the form of ϵγ(t) should be computed with a
radiative transfer simulation, here we give rough estimates.
The optical depth of homologously expanding ejecta is given
by

τγ(t) =

(

ttr,γ
t

)2

, (6)

where ttr,γ ≈ (κγMej/4πv
2)1/2 ≈

0.4 day(κγ/0.05 cm2/g)1/2(Mej/0.01M⊙)1/2(v/0.3c)−1

is the time that the ejecta become transparent to γ-rays.

Here we assume that the dominant interaction process of
γ-rays with matter is Compton scattering.

At the diffuse-out timescale of thermal photons (optical
to infrared: IR) tdiff,o when the optical depth to thermal
photons satisfies τopt = c/v, a significant amount of the
deposited energy starts to escape as thermal photons. We
rewrite Eq. (6) in terms of tdiff,o:

τγ(t) ≈
κγ

κo

c
v

(

tdiff,o

t
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, (7)

≈ 0.02

(
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×

(
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10 cm2/g

)−1
( v
0.3c

)−1

, (8)

where κo is the opacity of r-process elements to pho-
tons in the optical bands. It is dominated by bound-
bound transitions of lanthanides (Kasen et al. 2013;
Tanaka & Hotokezaka 2013). For the dynamical ejecta, on
the timescale of tdiff,o, the optical depth to γ-rays is much
smaller than unity, thereby only a small fraction of the γ-
rays’ energy is deposited in the ejecta on the peak timescale
of macronovae.

For the slowly expanding wind ejecta, in particular lan-
thanide free cases, the γ-ray heating efficiency is significantly
different. The opacity to thermal photons and expansion ve-
locity of the wind ejecta are κo ∼ 1 cm2/g and v ∼ 0.05c (see
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Figure 2. Spectrum of γ-rays at 1, 3, 5 and 10 days after merger for NSM-solar. Black lines depict the γ-ray spectrum produced by
nuclei at rest. The red (blue) curve shows the spectrum with the Doppler broadening with an expansion velocity of 0.3c (0.05c). The
normalization is determined with the mass of ejected r-process elements of 0.01M⊙ and the observed distance of 3 Mpc. Here we do not
take any absorption and scattering processes into account.
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At the diffuse-out timescale of thermal photons (optical
to infrared: IR) tdiff,o when the optical depth to thermal
photons satisfies τopt = c/v, a significant amount of the
deposited energy starts to escape as thermal photons. We
rewrite Eq. (6) in terms of tdiff,o:

τγ(t) ≈
κγ

κo

c
v

(

tdiff,o

t

)2

, (7)

≈ 0.02

(

tdiff,o

t

)2 (
κγ

0.05 cm2/g

)

×

(

κo

10 cm2/g

)−1
( v
0.3c

)−1

, (8)

where κo is the opacity of r-process elements to pho-
tons in the optical bands. It is dominated by bound-
bound transitions of lanthanides (Kasen et al. 2013;
Tanaka & Hotokezaka 2013). For the dynamical ejecta, on
the timescale of tdiff,o, the optical depth to γ-rays is much
smaller than unity, thereby only a small fraction of the γ-
rays’ energy is deposited in the ejecta on the peak timescale
of macronovae.

For the slowly expanding wind ejecta, in particular lan-
thanide free cases, the γ-ray heating efficiency is significantly
different. The opacity to thermal photons and expansion ve-
locity of the wind ejecta are κo ∼ 1 cm2/g and v ∼ 0.05c (see

1 day, 3 Mpc, 0.01 Msun 

5 day, 3 Mpc, 0.01 Msun 



8	γ-ray	line	spectrum	from	energeLc	collisions		

hν	

p 12C 12C* 

12C p 
hν	

12C* •  Narrow	lines:	e.g.	12C(p,p')12C*
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0.718 

•  Broad	lines:	e.g.	1H(12C,12C*
4.439)1H     

• 	α-α	line:	4He(α,n)7Be*
0.429 and 4He(α,p)7Li*

0.478 

+ 	the	511	keV	line	(not	shown)	

(VT	&	Kiener	2004)	
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9	Nuclear	excitaLon	cross	secLons	
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FIG. 1: (Color online) Cross section as a fonction of laboratory proton energy for emission of the

4.438-MeV � ray in proton inelastic scattering o↵ 12C. Black dots connected with the black line are

the data of Dyer et al. [30], small black squares the data of the Orsay-1997 experiment [22]. Larger

squares indicate Orsay data where line shapes are available: green for the 1997- and blue for the

2002-experiment [21]. The data point at 15.15 MeV does not figure in ref. [22]. Its large error bar

reflects the uncertainty of the contribution of reactions with 16O present in the collodion target.

Vertical lines indicate the position of 13N states in the range E
x

= 6.5 - 18 MeV with known spin

and parity. Broad hatched lines indicate states with either large uncertainties on the excitation

energy (>100 keV or uncertainty not quoted) or very large widths (>1 MeV) (values taken from

NuDat at NNDC ref. [31]).

23

12C(p,p’γ)12C 
Eγ = 4.438 MeV 
(Kiener 2018) 

Beam 

Tandem VdG of IPN Orsay 

•  Inelas+c	nuclear	collisions:	p,	3He,	α	+	C,	N,	O,	Ne,	Al,	Mg,	Si,	Ca	&	Fe	
•  Accelerator	experiments	at	ALTO-IPNO	(p	<	25	MeV,	α	<	40	MeV),	iThemba	LABS						
(30	- 200	MeV	protons)	and	HZ	Berlin	(50	- 90	MeV	α)	(+	Talys	nuclear	code):													
82+	lines	in	p	reac+ons,	73+	lines	in	α	reac+ons	(Kiener	et	al.	2012)	

•  Data	evalua+on/compila+on:	Murphy	et	al.	(2009);	Benhabiles-Mezhoud	et	al.	(2013)	
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10	Gamma-ray	lines	from	low-energy	cosmic	rays	

•  MeV	gamma-ray	astronomy	is	the	only	direct	way	of	studying	the	various	
effects	of	hadronic	low-energy	cosmic	rays	(E	<	1	GeV	nucleon-1)	in	the	
ISM:	ioniza+on,	hea+ng	-	important	for	star	forma+on	-,	astrochemistry,				
large-scale	MHD	turbulence,	nucleosynthesis	(LiBeB)		

V.	TaLscheff	 	 	GT4	GDR	RESANET	&	OG	 				 	Observatoire	de	Paris 	 						24-25	September	2018	



11	Low-energy	cosmic	rays	in	the	ISM		
•  Voyager	1	measurements	of	LECR	spectra	down	to	3	MeV	nucleon-1	
⇒  CR	ioniza+on	rate:	ζH = (1.51 - 1.64) × 10-17 s-1,	a	factor	>10	lower	than	

the	mean	CR	ioniza+on	rate	measured		

H energy spectrum is ∼15 times that of the peak intensity of H
at 1 AU.

The V1 GCR H/He ratios in the LISM in three energy intervals
are shown in Table 2. The ratio is essentially energy independent
from 3–346MeV nuc−1 (see green line in left panel of the
Figure 3) with an average value of 12.2 ± 0.9. We note that such
an energy-independent ratio would not be expected in the energy
region of the peak intensities if the particles were being subjected
to rigidity-dependent solar modulation.

Figure 3. Top row: differential energy spectra of H (left) and He (right) from V1 for the period 2012/342–2015/181, and solar-modulated spectra at 1 AU from a
BESS balloon flight in 1997 (Shikaze et al. 2007) and from IMP8 in the latter part of 1996 (McDonald 1998). The three different symbols for the V1 data correspond
to different telescope types described in the Appendix. All data are plotted with their statistical and systematic uncertainties added in quadrature. Also shown are
estimated spectra in the LISM from a leaky-box model and three GALPROP models as described in the text. Middle row: ratio of model intensities to V1 observations
below ∼600 MeV nuc−1 and to BESS observations above ∼10 GeV nuc−1. Bottom row: ratio of models to GALPROP DR model. Note that for H and He, the
GALPROP PD1 and PD2 models are essentially identical. Data analysis techniques used to derive the Voyager data are described in the Appendix and the Voyager
data are listed in Tables 7 and 8.

Table 2
Ratios of GCR H to He from V1 for the Period 2012/342–2015/181

Energy Range, MeV H/He ratio

3.0–7.7 12.2 ± 0.9
7.7–56 12.0 ± 0.9
134–346 12.3 ± 0.9

Note. Uncertainties are statistical and 5% point-to-point systematic added in
quadrature.

3

The Astrophysical Journal, 831:18 (21pp), 2016 November 1 Cummings et al.

	in	diffuse	clouds,	ζH = 1.78 × 10-16 s-1 
(Indriolo	et	al.	2015,	Neufeld	et	al.	2017)	

•  H3
+	observa+ons	show	that	the	

density	of	LECRs	strongly	varies	from	
one	region	to	another	in	the	Galaxy	

⇒  Other	sources	of	LECRs	(<1	GeV/n)	
besides	SNRs,	e.g.	OB	associa+ons	
(Parizot	et	al.	2004),	microquasars	
(Heinz	&	Sunyaev	2002),	anomalous			
CRs	(Scherer	et	al.	2008)	?	

⇒  γ-ray	line	flux	from	CR	in	the	inner	Galaxy	
detectable	with	foreseen	observatories	
(Benhabiles-Mezhoud	et	al.	2013)	

Cummings	et	al.	(2016)	
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12	

•  First	(&	brightest)	γ-ray	line	detected	from	outside	the	solar	system	(Johnson	et	al.	
1972;	Leventhal	et	al.	1978)	=>	Galac+c	positron	annihila+on	rate	of	∼	5	×	1043	s-1	

•  Three	dis+nct	annihila+on	regions	in	the	Galaxy:	disc,	bulge	and	center	(nucleus)	
(Skinner	et	al.	2014,	Siegert	et	al.	2016)	

•  What	are	the	positron	sources:	β+	decay	(26Al,	44Ti,	56Ni),	p-p	interac+on	by	CRs,									
γ-γ	in	LMXRBs	and/or	microquasars,	dark	maker	annihila+on...?	

•  How	do	positrons	propagate	from	their	sources	(B-field,	ISM	turbulence...)	and	
annihilate	(ISM	morphology,	cloud	penetra+on...)	

511	keV	line	from	positron	annihilaLon	

e-ASTROGAM	simula+on	with	the	Galac+c	
disk	model	of	Alexis	et	al.	(2014)	

A&A 586, A84 (2016)
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Fig. 4. Spectrum of annihilation gamma-rays from the bulge a) and the disk b). The best fit spectrum is shown (continuous black line), as decom-
posed in a single 511 keV positron annihilation line (dashed red), the continuum from annihilation through ortho-positronium (dashed olive), and
the di↵use gamma-ray continuum emission (dashed blue). Fitted and derived parameters are given in the legends. See text for details.
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Fig. 5. Background model performance measured by �2-d.o.f. for each
energy bin (i) for the entire SPI camera (left axis, black data points);
and (ii) for two example detectors (right axis, detector 00 blue, detector
13 green). The ideal value of 0.0 (corresponding to a reduced �2 of 1.0)
is shown as a dotted line, together with the 1, 3, and 5� uncertainty
intervals for a �2-statistic with 1211021 d.o.f. The majority of points
fall into the 3� band. No excess is evident either in the energy domain
or for particular detectors.

3.1.1. The disk of the Galaxy

The disk of the Galaxy is represented in our model by a two-
dimensional Gaussian. We find a longitude extent of 60+10

�5 de-
grees, and a latitude extent of 10.5+2.5

�1.5 degrees (1� values). In an
independent analysis for the 511 keV line in a single 6 keV wide
energy bin (Skinner et al. 2014), the disk extension parameters
are found in the range of 30-90� in longitude and around 3� in
latitude. Their study included the impact of di↵erent bulge pa-
rameters and di↵erent background methods. Assuming the back-
ground model described in Sect. 2.4 and the above mentioned
bulge model, in our spectrally resolved analysis, we can reduce
the uncertainty on the (model-dependent) disk extent.

Our best disk extent is obtained by optimising for both the
annihilation line and Galactic continuum components at the

same time, for the energy region 490 to 530 keV. We find that the
disk extent is also sensitive to how the central parts of the Galaxy
are modelled, due to their overlap (see Appendix A.4 for fur-
ther discussion of the bulge morphology dependence). Scanning
solutions with di↵erent disk extents, given a fixed/optimal con-
figuration of the bulge, and point sources, we find a maximum
likelihood solution in each energy bin. In total, for a grid of
10 ⇥ 10 di↵erent longitude and latitude widths, ranging from
�l = 15�, ..., 150�, and �b = 1.5�, ..., 15�, respectively, models
have been calculated for each of the 80 bins, and then fitted to-
gether with the other five sky model components and the two
background model components. All model scaling parameters,
flux per energy bin and component, have been re-optimised for
each point of this model grid.

Figure 6 shows the dependence of the disk and the bulge
511 keV line intensity on the assumed disk-extent parameters.
Contours indicate the uncertainty on the disk extent, as derived
from the component-wise fit. As the disk becomes larger, its
511 keV line flux estimate increases because also very low sur-
face brightness regions in the outer disk, and at high latitudes,
contribute to the total flux (top). The individual relative uncer-
tainties of each tile are almost constant at ⇠20% for the disk, and
⇠5% for the bulge. The bulge 511 keV line intensity is hardly de-
pendent on the disk size (bottom). Over the disk longitude and
latitude grid, the line flux changes by ⇠15%, whereas the 1�-
uncertainty on the line-flux from this scan is essentially constant
at 0.96 ⇥ 10�3 ph cm�2 s�1 (see Sect. 3.1.2 for further discus-
sion). In the inner parts of the Galaxy (|l| <⇠ 45�), confusion be-
tween the bulge and the disk components causes the bulge to
appear weaker compared to the disk. The uncertainty of the in-
tensity of the 511 keV line can be estimated from the tangents of
equal flux as they intersect the (2� log(L) = 1)-contours (where
L is the likelihood, see Appendix A.1 for details). A disk ex-
tent around 60� in longitude, and 10.5� in latitude, as suggested,
does not agree with disk parameters obtained by other methods,
focussing on the line only (e.g. Bouchet et al. 2010). The spectra
per component retain their line shape and properties in a rea-
sonably wide region around these best values, and systematic
changes in total annihilation intensity remain small compared to
statistical uncertainties.

A84, page 6 of 16

INTEGRAL/SPI	-	Siegert	et	al.	(2016)	
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COMPTEL 2.2 MeV All-Sky Map
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•  Neutron	produc+on	by	breakup	of	
4He	and	heavier	nuclei	accreted	onto	
a	compact	object		

•  Recombina+on	with	H	in	the	
companion	star	(e.g.	Guessoum	&	
Jean	2002)	or	in	neutron	star	
atmosphere	(e.g.	Bildsten	et	al.	1993)	

•  	Energy	and	width	of	the	2.2	MeV	line		
⇒	nuclear	equa+on	of	state	

•  Searched	for	with	SPI	from	the	Be/X-
ray	binary	A0535+262	in	outburst	
(May-June	2005;	Çaliskan	et	al.	2009)	

•  However,	COMPTEL	3.7σ	detec+on	of	
a	2.2	MeV	point	source	(McConnell	et	
al.	1997)	is	s+ll	not	explained			

2.22	MeV	line	from	X-ray	binaries	

n+1H 

2H 

2.22 MeV 
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14	γ-ray	line	astrophysics:	science	objecLves	

•  Understand	the	progenitor	system(s)	and	explosion	mechanism(s)	of	
thermonuclear	SNe	(56Ni,	56Co)	

•  Study	the	dynamics	of	core	collapse	in	massive	star	explosions	(56Co,	44Ti)	
and	the	recent	SN	history	in	the	Milky	Way	(44Ti)	

•  Constrain	the	mixing	between	accreted	maker	and	white	dwarf	core	in	
nova	explosions	(7Be,	22Na)	and	the	nova	contribu+on	to	Galac+c	7Li	(7Be)	

•  Study	the	dynamic	interstellar	medium	and	the	cycle	of	ma`er	(26Al,	60Fe)		
•  Understand	the	origin	of	the	positrons	annihila+ng	in	the	Galac+c	bulge	
•  Probe	the	distribu+on	of	low-energy	cosmic	rays	in	different	environment	

and	study	the	role	of	these	par+cle	in	the	Galac+c	ecosystem		
•  Constrain	the	accre+on	physics	and	the	nuclear	equaLon	of	state	from	

the	2.22	MeV	line	produced	in	X-ray	binaries	
•  Study	the	accelera+on	of	par+cles	and	the	mixing	processes	in	the	solar	

outer	convec+on	zone	from	solar	flare	radioacLvity	
V.	TaLscheff	 	 	GT4	GDR	RESANET	&	OG	 				 	Observatoire	de	Paris 	 						24-25	September	2018	



•  Worst	covered	part	of	the	EM	spectrum	(only	a	few	tens	of	known	steady	sources	
so	far	between	0.5	and	30	MeV	vs.	5500+	sources	in	the	current	Fermi/LAT	catalog)	

•  Many	objects	have	their	peak	emissivity	in	this	range	(GRBs,	blazars,	pulsars...)	

15	Gamma-ray	astronomy	in	the	MeV	domain	
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☹  Photon	interac+on	probability	
reaches	a	minimum	at	∼	10	MeV	

☹  Three	compe+ng	processes	of	
interac+on,	Compton	scakering		
being	dominant	around	1	MeV									
⇒	complicated	event	reconstruc+on	

☺ The	MeV	range	is	the	domain	of	
nuclear	γ-ray	lines	(radioac+vity,	
nuclear	collision,	positron	
annihila+on,	neutron	capture)	

☹ Strong	instrumental	background	
from	ac+va+on	of	space-
irradiated	materials		
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17	Instrument	concepts	in	γ-ray	astronomy	The instrumental categories in nuclear astrophysics reflect our current 
perception of light itself.!
!

geometric optics!
absorption!

quantum optics!
incoherent scattering!

wave optics!
coherent scattering!

de
te

ct
or

   
 a

pe
rtu

re
!

ex. !coded masks!
! !"on-off" collimators!

ex. !Compton telescopes!
! !tracking chambers!

ex. !Laue lenses!
! !Fresnel lenses!

Instrument concepts in gamma-ray astronomy!

Ex:	INTEGRAL/SPI	and	IBIS	
☹ 	Background	+	ΔE	range	

Ex:	CGRO/COMPTEL	
☹ 	Limited	angular	resolu+on	

Ex:	CLAIRE	(IRAP)	
☹ 	Small	field-of-view	+	ΔE	range	
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•  Tracker	-	Double	sided	Si	strip	detectors	(DSSDs)	for	excellent	spectral	resolu+on	
and	fine	3-D	posi+on	resolu+on	

•  Calorimeter -	High-Z	material	for	an	efficient		absorp+on	of	the	scakered	photon	
⇒	CsI(Tl)	scin+lla+on	crystals	readout	by	Si	Dria	Diodes	for	beker	energy	resolu+on	

•  AnLcoincidence	detector	to	veto	charged-par+cle	induced	background	⇒	plas+c	
scin+llators	readout	by	Si	photomul+pliers	

θ

γ
γ

e+ e- 

Pair event 
Compton event 

AC system 

Si Tracker 

Calorimeter 

γ	

10 CHAPTER 1. NEW MISSION IN MEDIUM-ENERGY GAMMA-RAY ASTRONOMY

!t

Figure 1.3: Comparison of the different Compton telescopes: The left figure shows the classical COMPTEL type
instrument. It comprises two detector planes. The first one is the scatterer (D1) and the second is the absorber
(D2). The planes have a large distance in order to measure the time-of-flight of the scattered gamma-ray. The
central picture shows a Compton telescope consisting of several thick layers in which the photon undergoes
multiple Compton scatterings. The redundant scatter information allows to determine the direction of motion
of the photon. The figure on the right shows an electron tracking Compton telescope like MEGA. The tracker
consists of several layers, thin enough to track the recoil electron. The scattered photon is stopped in a second
detector which encloses the tracker. The track of the electron determines the direction of motion of the photon.
The illustrations are not to scale.

1.2.2.1 Compton Telescopes

Compton scattering is the dominant interaction process between ∼200 keV and ∼10 MeV (de-
pending on the scatter material). If one measures the position of the initial Compton interac-
tion, energy and direction of the recoil electron as well as direction and energy of the scattered
gamma-ray, then the origin of the photon can be identified. The final accuracy depends on
several factors, which are extensively discussed in Section 2.2.

The key objective for a Compton telescope is to determine the direction of motion of the
scattered gamma-ray. For this problem three solutions exist which distinguish the three basic
types of Compton telescopes (see Figure 1.3).

In COMPTEL (Figure 1.3 left) the two detector systems, a low Z scatterer, where the initial
Compton interaction takes place, and a high Z absorber, where the scattered gamma ray is
stopped, are well separated so that the time-of-flight of the scattered photon between the two
detectors can be measured. Thus top-to-bottom events can be distinguished from bottom-to-top
events. With COMPTEL it was not possible to measure the direction of the recoil electron, so
an ambiguity in the reconstruction of the origin of original photon emerged: the origin could
only be reconstructed to a cone. This ambiguity has to be resolved by measuring several photons
from the source and by image reconstruction (details see Chapter 5).

Several of the instrument concepts currently under consideration for an Advanced Compton
Telescope (ACT) (Boggs et al., 2005) will detect more than one Compton interaction per photon
(Figure 1.3 center). From the resulting redundant information the ordering of the interactions
can be retrieved. A detailed discussion of this approach is given in Chapter 4. Representatives
of this group of Compton telescopes are NCT (Boggs et al., 2004), LXeGRIT (Aprile et al.,
2000) or the thick Silicon concept described by (Kurfess et al., 2004).

In contrast to COMPTEL and most ACT concepts, a third group of detectors is capable of
measuring the direction of the recoil electron (Figure 1.3 right). This enables the determination
of the direction of motion of the scattered photon and allows to resolve the origin of the photon
much more accurately: the Compton cone is reduced to a segment of the cone, whose length
depends on the measurement accuracy of the recoil electron. The main representatives of this

Compton e- 

Tracked Compton 

18	Compton	and	pair-creaLon	telescope	
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e-ASTROGAM	&	AMEGO	

Radiator 
Platform (Thales 
Alenia Space) 

Solar panel 

e-ASTROGAM	

o  e-ASTROGAM Instrument  
•  Tracker: 56 layers of 4 times (4 towers) 5×5 DSSDs of 

500 µm thickness and 240 µm pitch 
•  Calorimeter: 33  856 CsI(Tl) bars coupled at both ends 

to low-noise Silicon Drift Detectors 
•  AnL-coincidence	detector:	segmented	plas+c	
scin+llators	coupled	to	SiPM	by	op+cal	fibers	

o  Orbit - Equatorial (inclination i < 2.5°) low-Earth orbit 
(altitude in the range 550 - 600 km)  

o  Observation modes - (i) zenith-pointing sky-scanning 
mode, (ii) nearly inertial pointing, (iii) fast repointing  

"  AMEGO	-	All-sky	Medium	Energy	
Gamma-ray	Observatory	(large	coll.	
lead	by	NASA/GSFC)	

"  Designed	for	a	NASA	Probe	mission	
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20	e-ASTROGAM	expected	performance	

E 
(keV) 

FWHM 
(keV) Origin SPI sensitivity 

(ph cm-2 s-1) 

e-ASTROGAM 
sensitivity  

(ph cm-2 s-1) 

Improvement 
factor 

511 1.3 
Narrow line component of the 

e+/e- annihilation radiation from 
the Galactic center region 

5.2 × 10-5 4.1 × 10-6 13 

847 35 56Co line from thermonuclear SN 2.3 × 10-4 3.5 × 10-6 66 

1157 15 
44Ti line from core-collapse SN 

remnants 9.6 × 10-5 3.6 × 10-6 27 

1275 20 
22Na line from classical novae of 

the ONe type 1.1 × 10-4 3.8 × 10-6 29 

2223 20 Neutron capture line from 
accreting neutron stars 1.1 × 10-4 2.1 × 10-6 52 

4438 100 
12C line produced by low-energy 

Galactic cosmic-ray in the 
interstellar medium 

1.1 × 10-4 1.7 × 10-6 65 
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Line	sensiLvity:	
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• More	than	400	collaborators		from	ins+tu+ons	in	29	countries	
•  Lead	proposer:	A.	De	Angelis	(INFN,	It.);	Co-lead	proposer:	V.T.	(CNRS,	Fr.)		
•  Instrument	paper:	Exp.	Astronomy	2017,	44,	25	-	hkps://arxiv.org/abs/1611.02232	
•  Science	White	Book	(245	authors;	216	pages),	see	hkps://arxiv.org/abs/1711.01265	
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