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Diffuse Emission of °Al and °°Fe in the Galaxy

Wei Wang
National Astronomical Observatories, Chinese Academy of Sciences, Beijing
China

1. Introduction

The Universe is a huge factory of the elements. Just 3 minutes after the big bang, primordial
nucleosynthesis occurred (original idea by Gamow 1946). The big bang nucleosynthesis (BBN)
produces the present abundance of light elements: D (Deuterium), >He, *He, “Li. But the
heavier elements (A>12) cannot be produced during BBN. Some light elements, e.g. B, Be
and °Li, are produced by cosmic ray spallation processes. But the heavier elements are
mainly produced by nucleosynthesis in stars (see details in a review by Burbidge et al. 1957;
Wallerstein et al. 1997).

Cosmic element abundance could be measured precisely by astronomical observations
over a wide range of the electromagnetic spectrum, specially in the optical and infrared
bands. Anyway, optical, infrared, and ultraviolet observatories provide only a part of the
information. Observations of gamma-ray lines from radioactive isotopes open a new window
of observations and guide our understanding of nucleosynthesis in stars. Radioactive decays
can been studied by measuring y-ray line spectra of celestial sources. The -ray lines can
identify the individual isotope, and the abundance of these isotopes can be quantified with
the measurement of y-ray line intensity of the sky. In particular, -ray line photons are nearly
transparent for the universe, with no absorption by the very dense molecular clouds and
interstellar medium. So detections of these y-ray lines are a powerful tool to study the cosmic
abundance of radioactive isotopes.

Two long-lived radioactive isotopes 2°Al and ®Fe have the similar half-life (about million
years) and astrophysical origins in the Galaxy. Their nucleosynthesis and ejection into the
interstellar medium (ISM) are dominated by massive stars and the subsequent core-collapse
supernova explosions (Diehl & Timmes, 1998; Prantzos & Diehl, 1996). Detections of these
isotopes provide direct evidence that nucleosynthesis is ongoing in the Galaxy. Their line
shapes reflect the dynamics of the ejected isotopes in the interstellar medium and then probe
properties of ISM and Galactic rotation effect. Measurements of gamma-ray fluxes of 2° Al and
®%0Fe in the Galaxy provide the unique way to constrain the nuclear reaction rates and stellar
evolution models.

Cosmic gamma-ray line signals are very weak, and the gamma-ray photons are absorbed by
the atmosphere. The detection of Galactic radioactivity must be based on the gamma-ray
detectors aboard balloons and spacecrafts. The first gamma-ray line observations were from
OS0O-3, OSO-7 in 1960’s, which revealed the strong 2.223 MeV line from solar flares (Brandt,
1969). This line results from the formation of deuterium via the union of a neutron and
proton; in a solar flare the neutrons appear as secondaries from interactions of high-energy
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ions accelerated in the flare process. And the field of gamma-ray line astronomy took great
leaps forward with the HEAO C, the COS-B (1975-1982) and the Solar Maximum Mission
(launched in 1980) satellites. The HEAO C first detected the 1809 keV line from radioactive
26A1 in the inner Galaxy (Mahoney et al., 1982). In 1977, NASA announced plans to build
a "great observatory" for gamma-ray astronomy. The Compton Gamma-Ray Observatory
(CGRO) was designed to take advantage of the major advances in detector technology during
the 1980s, and was launched in 1991. The COMPTEL telescope aboard CGRO first mapped
the 1809 keV -ray line emission of the whole sky (Diehl et al., 1995a; Pliischke et al., 2001),
and first detected the strong and broad #4Ti line around 1157 keV from a young supernova
remnant (SNR) Cas A (Iyudin et al., 1994). The OSSE telescope aboard CGRO also firstly
mapped the 511 keV annihilation line emission in the inner Galaxy (Purcell et al., 1997).
Currently, the main space-based gamma ray observatory is the INTErnational Gamma-Ray
Astrophysics Laboratory (INTEGRAL). The spectrometer aboard INTEGRAL (SPI) provides
the high spectral resolution enough to resolve astrophysical lines and allow spectroscopy in
the regime of gamma-rays.

Gamma-ray emissions of 2°Al and ®Fe in the Galaxy are studied with the high spectral
resolution INTEGRAL spectrometer (SPI). Observations of diffuse 26 Al and ®OFe emission and
their line shapes in the Galaxy and active nearby star-formation regions with SPI are main
scientific objectives in this chapter.

2. Origin of Galactic 2°Al and ®Fe
2.126Al

26A1 is an unstable nucleus, produced almost exclusively by proton capture on Mg in a
sufficiently hot environment (Woosley, 1986), mainly destroyed by the gt decay into 2°Mg
since the competing destruction process, i.e., the 2°Al (p, v)?’Si reaction, becomes efficient for
T > 5 x 107 K, and the end of central the H burning barely reaches such a temperature (see
the reaction chains shown in Fig. 1). In addition, the 2°Al freshly synthesized must be ejected
into the interstellar medium before it is destroyed in situ. So its synthesis occurs, essentially in
three different specific environments: i.e., the core H burning, the C and Ne convective shells,
and the explosive Ne burning. For the hydrostatic nucleosynthesis in the core of stars with
convective envelopes, the fresh 2°Al requires to be convected away from the hot inner burning
region sufficiently fast to prevent destruction, and ejected by strong stellar winds. The present
theoretical knowledge of 2°Al origin in the Galaxy will be presented. Five possible origins of
26A] are discussed separately: core-collapse supernovae; Wolf-Rayet stars; novae; asymptotic
giant branch (AGB) stars; and cosmic-ray nuclear reactions in the interstellar medium.

2.1.1 Core-collapse supernovae

Massive stars (e.g. M > 8M) end up as core-collapse supernovae (Type II and Type Ib/c
events). Thirty years ago, it has been suggested that 2°Al is created in core-collapse supernovae
(Arnett, 1977; Ramaty & Lingenfelter, 1977). Explosive 2°Al nucleosynthesis is triggered by
the shock wave in the Ne burning shell (Woosley & Weaver 1980) and 26A1 production can be
enhanced by neutrino-induced nuclear reactions (Woosley et al., 1990).

Significant 26Al production occurs in both the late pre-supernova phases and explosion
processes. In general, the larger the mass, the lager amount of 26A1 survives the explosion
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Fig. 1. Reactions of the Ne-Na and Mg-Al chains. Unstable isotopes are denoted by dashed
circles (from Rolfs & Rodney 1994).
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Fig. 2. 2°Al yields in different processes (C/Ne convective shells, explosion, winds in the WR
star phase) as a function of the initial stellar mass (from recent calculations by Limongi &
Chieffi 2006).

(Woosley & Weaver 1995; Rauscher et al. 2002; Limongi & Chieffi 2006). The triangles in
Fig. 2 show the 2°Al yield produced in C/Ne convective shells that survived to the explosion
as a function of the initial mass. The explosive 2°Al yield is generally a little higher than
pre-supernova production with the different initial masses (Limongi & Chieffi 2006). But
different models may have different predictions, e.g., the explosive 26A1 is low compared to
pre-supernova production for stars with masses higher than 35M. (Weaver & Woosley, 1993).
Typically, the 26A1 yields from core-collapse supernovae range from 2 x 1075 =5 x 10~*M,
with initial star masses of 12 — 120M, (see Fig. 2).
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2.1.2 Wolf-Rayet stars

Hydrostatic core H burning in the main sequence stars can produce large amounts of 2°Al .
At central H exhaustion, the 26Al is located in the He core and in the region of variable H left
behind by the receding convective core. Since the He burning easily and quickly destroys the
26A1 (via the (1, &) and (1, p) reactions), the amount of 2°Al synthesized by central H burning
and possible preserved up to the explosion is just the one located in the H-rich layers plus the
one locked in the fraction of the He core that would not be affected by the He burning. If the
dredge-up and the mass-loss were not effective, 2°Al would mostly decay before it could be
ejected by the explosion.

Stars with masses between 10 — 35M, will undergo a dredge-up episode that does not enter
into the He core, and the mass-loss is weak. Since the He convective shell extends almost up
to the base of the H burning shell, only a tiny amount of 26A1 which is present in the region
of variable H left by the receding H convective core and engulfed in the convective envelope,
would be ejected into the interstellar medium. Stars more massive than 35 M do not show
dredge-up episodes, but the mass-loss is so strong that a substantial fraction of the He core
is ejected through stellar winds, i.e., the Wolf-Rayet phase (van der Hucht et al., 1988). For
the Wolf-Rayet stars, a large amount of 26A1 present in the He core is thus preserved from the
destruction and ejected into the interstellar medium. So the main 2°Al production in the ISM
before supernova explosions comes from the stellar winds of Wolf-Rayet stars. The average
yield of 2671 production during the Wolf-Rayet phase ranges from 1 x 107° —3 x 107 *M, for
with initial star masses of 35 — 120M, (Limongi & Chieffi, 2006; Palacios et al., 2005).

From the all-sky survey of 1809 keV emission by COMPTEL (Pliischke et al. 2001), the 2°Al in
the interstellar medium is predominantly synthesized in massive stars, through the strong
stellar winds of Wolf-Rayet stars and core-collapse supernova explosions. The total 2°Al
yields due to two processes have been calculated by different work (e.g., Limongi & Chieffi
2006; Woosley & Weaver 1995; Langer et al. 1995; Meynet et al. 1997; Thielemann et al. 1996;
Rauscher et al. 2002; Palacios et al. 2005). The average 2°Al yields provided by various work
range from (0.3 — 30) x 10~°M, for 10 — 35 Mg stars, and from (1 — 10) x 10~* M, for
stars above 35 M, (also see Fig. 2). The calculations of the total 26A1 yield would be directly
compared with the observational limits. Knodlseder (1999) argued that most of 2°Al in the
Galaxy comes from WR stars, and the study of 2°Al in the Cygnus region is a way to resolve
this argument.

2.1.3 Novae

2671 production requires moderate peak temperatures, e.g., Tpeak < 2x10% K, and a fast
decline from maximum temperature (Ward & Fowler, 1980). These conditions are commonly
achieved in nova outbursts. In 1980s, one-zone model calculations of explosive H-burning
nucleosynthesis with solar or CNO-enhanced envelopes (Hillebrandt & Thielemann, 1982;
Wiescher et al., 1986) suggested that classical novae might produce sufficient amounts of 2°Al
to account for some of the observed meteoritic anomalies but would not represent major
Galactic sources. New calculations on the basis of ONeMg white dwarf stars (Nofar et al.,
1991; Weiss & Truran, 1990) produced large amounts of long-lived radioactive nuclei, such as
22Na and 2°Al , concluding that the ONe novae might be important sources of the Galactic
26A1 . Furthermore, the production of 2°Al by novae is very sensitive to the initial composition
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of the envelope and to the nuclear reaction rates adopted. ONe novae should be more
important 2°Al sources than CO novae, because seed nuclei for the Ne-Na and Mg-Al cycles
are almost absent in CO novae. For the same reason, the amount of 2°Al synthesized in ONe
novae depends on the initial composition of the white dwarf core. Some improvements in the
nuclear reaction rates since Caughlan & Fowler (1988) would lead to a lower 2°Al production.
Recent hydrodynamic calculations of nova outbursts (Jose et al., 1997) predict that the ejected
26A1 mass by ONe novae ranges from (0.3 — 1.7) x 10~8 M, considering various white dwarf
masses and accretion rates.

The amount of 2°Al ejected into the interstellar medium by ONe novae decreases as the mass
of the underlying white dwarf increases (Jose et al., 1997). So the low-mass white dwarfs
are most likely candidates for 2°Al production, with the higher 2°Al production and higher
ejected mass. But white dwarfs lower than ~ 1.1M are expected to be CO white dwarf,
which are unable to produce important quantities of 2°Al . Then the maximum ejection mass
of 2°A1 by one ONe nova event would be ~ 2 x 1078 M,. The predicted contribution of nova
outbursts to the Galactic 2°Al ranges (0.1 — 0.4) M, which is small compared with the present
observational limits (Mga1(26A1 ) ~ 2 M) derived by COMPTEL measurements (Diehl et al.,
1995a) and INTEGRAL/SPI (Diehl et al., 2006a; Wang et al., 2009). Hence, novae represent
important 2°Al sources in the Galaxy, but cannot be the dominant ones, which is consistent
with the accepted hypothesis of young populations as major sources of the Galactic 2°Al .

2.1.4 Asymptotic giant branch (AGB) stars

The intermediate-mass stars (1.5 < M/Mgx < 6) can evolve through a thermally-pulsing
phase with the strong stellar wind, so-called asymptotic giant branch (AGB) stars. AGB
stars are characterized by two burning shells, one of helium, and one of hydrogen, and by
a deep convective envelope extending from above the H-burning shell up to the surface.
26A1 could be produced in three sites of AGB stars: the H-burning shell via Mg-Al chain;
the He-burning shell via a-capture on ??Ne, and at the base of the convective envelope in the
most massive AGB stars that experience H-burning. In AGB stars, 2°Al is efficiently produced
by H-burning, but destruction by n-capture reaction during the interpulse and pulse phases
becomes increasingly more efficient (Mowlavi & Meynet, 2000).

The ejected 2°Al masses by AGB stars depend on the temperature which directly relates to
the initial mass, and initial composition. Recent calculations show that the low mass AGB
stars (< 4Mg) cannot significantly contribute to 2°Al production (Karakas & Lattanzio, 2003;
Mowlavi & Meynet, 2000). The AGB star with masses of 4 — 6 M, can yield 26A1 in the regime
of (0.2 —8) x 1078 M, (Karakas & Lattanzio 2003). The AGB stars with lower metallicity
produce a higher amount of 2°Al . The rough estimation of the contribution by AGB stars
to the Galactic 2°Al varies from 0.01 — 0.4 M, (Mowlavi & Meynet, 2000). Though the large
uncertainties exist for the prediction of 2°A1 by AGB stars, AGB stars cannot be the main 2°Al
sources in the Galaxy. But the AGB stars could be best candidates to explain the inferred 2°Al
/% Al ratios ranging from ~ 10~* — 1072 observed in meteoritic grains (Clayton & Leising,
1987). As an interesting science, models predict a higher amount of 26Al (~ (1 —2) x 1077 Mg,
Mowlavi & Meynet, 2000) around planetary nebulae, which could be possible candidates for
direct 2°Al detection in future.
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Fig. 3. The caption of ®*Fe produced by neutron capture processes of iron isotopes e.g., >°Fe,
and >Fe B-decay will generate a leak in the ®’Fe production.

2.1.5 Cosmic-ray nuclear reactions in the interstellar medium

The interactions of accelerated particles with ambient matter can produce a variety of
gamma-ray lines following the de-excitation of excited nuclei in both the ambient matter
and the accelerated particles. Nuclear reaction of low energy heavy cosmic-ray particles
have been proposed as another 2°Al source process (Clayton, 1994). Based on the COMPTEL
measurement of excited 12C in the Orion molecular cloud complex (Bloemen et al., 1994),
Clayton (1994) suggested that this could be an efficient Al source process. The cross sections
for the 20Mg(H,n)?°Al and 28Si(H,ppn)?°Al reactions are of the similar magnitude as the one
for the >C(H,p)*!2C reaction. Therefore, the estimation for the Orion region of active star
formation corresponds to an 2°Al yield of ~ 10~ M,

The Galactic 2°Al yield is quite uncertain, depending on the fractions of molecular clouds
irradiated by low-energy cosmic rays. And the absence of substantial Galactic plane 4.4 MeV
emission due to 1?C de-excitation suggests that this process is probably negligible as a Galactic
26A1 source (Ramaty, 1996).

2.260Fe

The radioactive isotope ®Fe is believed to be synthesized through successive neutron captures
on Fe isotopes (e.g., °°Fe, see Fig. 3) in a neutron-rich environment inside He shells in AGB
stars (60Fe is stored in white dwarfs and cannot be ejected), and massive stars, before or
during their final evolution to core collapse supernovae. ’Fe can be also synthesized in Type
Ia SNe (Woosley, 1997). It is destroyed by the ®°Fe (1, ) process. Since its closest parent,
»Fe is unstable, the *?Fe(n, ) process must compete with the **Fe(y~) decay to produce an
appreciate amount of Ope .

2.2.1 Massive stars

A neutron-rich environment in massive stars is required to produce ®Fe . And a temperature
of the order of 2 billion degrees represents an upper limit for the synthesis of ®*Fe because
above this temperature the (7, ) and the (v, p) photon disintegrations of both *Fe and ®’Fe
become tremendously efficient. Such an occurrence limits a possible ®*Fe production to the
He, C, Ne shell burning phases.
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Fig. 4. Comparison among the ®Fe yields as a function of the initial stellar mass provided by
various work (from Limongi & Chieffi 2006). The solid and open circles refer to the amount
of ejected ®“Fe for two different choices of the stability criterion in the He convective shell,
i.e., the Schwarzschild and the Ledoux criteria, respectively. The stars represent the amount
of ejected ®'Fe obtained by adopting the Langer (1989) mass-loss rate for massive stars (WR
stars of masses from 40 - 120 M, ). Solid squares and triangles are the results from Woosley
& Weaver (1995) and Rauscher et al. (2002) in the initial mass range of 12 - 40 M, .

In He shell burning phases, significant 60 production occurs when the star becomes a WR
star which experiences such strong mass loss that it first loses all H-rich envelope and then
continues eroding the He core up to the moment of the core collapse. In these stars, the He
convective shell forms within the region of variable He abundance, then a problem arises of
whether the Schwarzschild criterion or the Ledoux one is used to determine if a convective
region forms. In Fig. 4, The solid and open circles refer to the amount of ejected *’Fe for
two different choices of the stability criterion in the He convective shell. In C shell burning,
the high temperature (> 10° K) allows a large production of a-particles which translates into
a high neutron density and hence a large yield of ®®Fe . C convective shell could produce a
conspicuous amount of ®’Fe in stars of the initial mass below 40 M, . Ne burning may produce
%0Fe , but the lack of an extended and stable convective shell lasting up to the explosion
prevents the build up of a significant amount of ®®Fe . The average yield of ejected ®’Fe in
convective shells varies from 107® — 7 x 10~ M, , increasing with the initial mass from 11
-120 M (Limongi & Chieffi, 2006). Calculations by Limongi & Chieffi (2006) suggested the
dominant yield of ®Fe in massive stars above 40 M, comes from the He convective shell
burning, which sensitively depends on the mass-loss rate. Models with a strong mass-loss
rate (Langer, 1989) would reduce the ®*Fe production during the WR phases into a level of
~ 107% My, (see Fig. 4).

2.2.2 Supernovae

The last episode of synthesis of ®”Fe occurs when the blast wave crosses the mantle of the star
on its way out during the core-collapse supernova explosions. The peak temperature is of the
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order of 2.2 x 10° K, and hence roughly in the same region where the explosive synthesis of
26A1 occurs. The average yield of °Fe in explosion varies from 107> M, (initial mass region
of 11 =50 Mg ) to 4 x 107> Mg, (50 — 120 Mg, ).

Fig. 4 shows the total amount of ejected °Fe as a function of the initial stellar masses (from
11 -120 M, ) calculated by Limongi & Chieffi (2006). The results by the previous work (initial
masses from 12 -40 M, , Woosley & Weaver 1995; Rauscher et al. 2002) are also presented for
a comparison. In the initial mass range < 40 M, , the ®Fe yield by Rauscher et al. (2002)
are significantly larger than the yields by both Woosley & Weaver (1995) and Limongi &
Chieffi (2006). In Fig. 4, the solid and open circles are obtained by adopting the mass-loss
rate by Nugis & Lamers (2000); the stars are obtained by taking the rate by Langer (1989).
The mass-loss rate proposed by Langer (1989) is much stronger than the Nugis & Lamers
(2000) one. With adopting a stronger mass-loss rate, they have significantly reduce the *'Fe
production during the WR phases with the initial masses above 40 Mg, .

In addition, ®Fe could also be produced in substantial amounts by rare subtypes of SN Ia
(Woosley, 1997), which would then be point sources of ®*Fe gamma-rays. The average yield
of ®%Fe in SN Ia is (1 — 5) x 1073 M, depending on models. The ®Fe per event is typically
100 times greater in a high-density white dwarf explosion than in a Type II supernova. With
an event rate 1074 yr—!, the composite signal here comes from ~ 100 point sources. A single
source at 10 kpc that made 0.005 M, of ®®Fe would be visible for several million years at a flux
level of 1077 ph cm 2 s~1. However, this is well beyond the capability of present gamma-ray
telescopes.

3. All-sky observations of 2°Al by CGRO/COMPTEL

The 1809 keV gamma-ray line from radioactive 2°Al with its decay time of 1 million years
can be used as the tracer of the recent nucleosynthesis activity in the Galaxy. Ramaty &
Lingenfelter (1979) first predicted the 1809 keV v-ray line flux of ~ 10~*ph cm =2 s~ ! rad !
from the inner Galaxy, combining the solar 2/ Al abundance with an estimate of the isotope
ratio 26A1 /%7 Al (~ 10~°) from supernovae.

The 1809 keV <y-ray line emission was first detected with the Ge spectrometer on the HEAO-C
spacecraft (Mahoney et al. 1982). This detection was confirmed by the measurement of
Galactic transits through the field of view by the Nal spectrometer on the SMM spacecraft
(Share et al., 1985). The following balloon-borne experiments measured the intensity of the
26A1 emission and derived some information on its angular distribution (see Durouchoux
et al. 1993; Prantzos & Diehl 1996; Schoenfelder et al. 1991; von Ballmoos et al. 1987). And
the 26Al fluxes derived from these different measurements depend on the assumed Galactic
distribution of 2°Al line emission. For example, they found (1.1 — 4.6) x 10~*ph cm~2 s~! for
a point source at the Galactic center, and (3.9 —5.4) x 10~*ph cm~2 s~ ! from the inner Galaxy
for a flat supernova model. So mapping the 1809 keV <-ray line emission of the Galaxy can
provide insight into the nature of 2°Al sources, and precise determination of the 2°Al flux.

The COMPTEL imaging telescope aboard the Compton Observatory performed the first
survey of 2°Al 7y-ray line emission in the whole Galaxy. COMPTEL covered the energy range
of 1 -30 MeV, with an energy resolution of 140 keV (FWHM) around 1809 keV and an angular
resolution of 3.8° (see Schoenfelder et al. 1993). COMPTEL has the enough sensitivity to study
the origin of 2°Al .
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Fig. 5. The maximum-entropy all-sky images of the Galactic 1809 keV line emission observed
with COMPTEL over 9 years (from Pliischke et al., 2001).

Diehl et al. (1995a) analyzed the first-year COMPTEL survey data, which has covered the
whole Galactic plane. Overlays of the 2°Al emission map with the positions of supernova
remnants and Wolf-Rayet (WR) stars in the Galaxy suggest that the large-scale structure of
26A1 emission in the Galaxy may be contributed to massive stars. And the Vela region (the
Vela SNR) shows evidence for a single identified close-by 2°Al source (Diehl et al., 1995b). So
the first 2°Al emission map of the Galactic Plane favors the dominant 2°Al origin from massive
stars, presumedly core-collapse supernovae or Wolf-Rayet stars.

The first 1809 keV all-sky map was presented based on the first three years of COMPTEL
observations (Oberlack et al., 1996). The all-sky map confirmed the non-local character of the
detected 26Al emission in the first Galactic plane survey (Diehl et al. 1995a). Most of the 26Al
emission is attributed to young, massive stars and star-formation regions.

Based on the 9-year COMPTEL observations (1991 — 2000), Pliischke et al. (2001) obtained
1809 keV all-sky map with best significance level. The image (Fig. 5) reconstructions show
an extended Galactic ridge emission mostly concentrated towards the Galactic center region
(—=30° < I < 30°), plus an emission feature in the Cygnus region, and a low-intensity ridge
along the Carina and Vela regions. These features confirm the previously reported emission
structures. In addition, the image shows some low-intensity features in the longitude range
between 110° and 270°, e.g. the Orion region (Fig. 5). Near the Galactic center region, the
image shows a possible emission from the nearby Sco-Cen region. Also at latitudes beyond
+30°, some of these low-intensity structures are visible, which may be artifacts, subject to
further studies.

In summary, from the all-sky 2°Al emission image by COMPTEL, the observed 1809 keV «-ray
line is ascribed to the radioactive decay of 2°Al in the interstellar medium. 2°Al has been
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found to be predominantly synthesized in massive stars and their subsequent core-collapse
supernovae. Furthermore, 2°Al flux enhancements are detected aligned with regions of recent
star formation, such as apparently observed in the Cygnus and Vela regions.

4. INTEGRAL/SPI studies on Galactic 2°Al

The INTEGRAL Observatory is an European (ESA) Gamma-Ray Observatory Satellite
Mission for the study of cosmic gamma-ray sources in the keV to MeV energy range
(Winkler et al., 2003). INTEGRAL was successfully launched from Baikonur Cosmodrome
(Kazakhstan) on October 17, 2002 using a Proton rocket provided by the Russian Space
Agency. The INTEGRAL orbit is eccentric, with an apogee of 153 000 km, a perigee of 9000 km,
and a 3 day period (Jensen et al., 2003). Two main instruments are on board INTEGRAL: the
INTEGRAL imager (IBIS) with an angular resolution of 12/, allowing for source localization
with arcmin precise with a field of view of 9° x 9° (Ubertini et al., 2003); the INTEGRAL
spectrometer (SPI) with an energy resolution of 2.5 keV at 1.3 MeV and angular resolution of
2.5° within a field of view of 16° x 16° (Vedrenne et al. 2003).

The SPI composed of composed of 19 high purity germanium detectors (GeD) and their
associated electronics can allow for high spectral resolution of ~ 2.5 keV at 1 MeV, suitable
for astrophysical studies of individual gamma-ray lines and their shapes, e.g. 511 keV line
emission, y-ray lines from radioactivities of 2°Al and ®Fe .

26A1 is an unstable isotope with a mean lifetime of 1.04 Myr. 2Al first decays into an excited
state of 22Mg, which de-excites into the 2°Mg ground state by emitting gamma-ray photons
with the characteristic energy of 1809 keV (Fig. 6). The study of 2°Al line emission from the
Galaxy is one of the main science goals of the INTEGRAL mission. SPI aboard INTEGRAL is
a high resolution spectrometer with energy resolution of 3 keV (FWHM) at 1809 keV, which
therefore adds high-resolution spectroscopic information to 2°Al astronomy. The detailed
measurement of 2°Al line position and shape is expected to reveal more information beyond
the COMPTEL imaging survey about the °Al sources and their location through the Doppler
effect, induced from Galactic rotation and dynamics of the ejected 2°Al as it propagates in the
interstellar medium around its stellar sources.

4.1 Diffuse 2°Al emission of the inner Galaxy

The spectral characteristics of 2°Al emission in the inner Galaxy serve to study the current
nucleosynthesis activity and the properties of the interstellar medium near the 2°Al sources
on a large-scale averaged scale. We define the “inner Galaxy” as the region —30° < | <
30°, —10° < b < 10°), and may use this as a representative region for this purpose, since it
coincides with the bright ridge of observed 1809 keV emission as observed along the plane of
the Galaxy.

Earlier INTEGRAL analysis had used 1.5 years of SPI data to first explore the large-scale
spectral characteristics of 2°Al emission in the inner Galaxy (Diehl et al. 2006a, 2006b). A
detection of the 26Al line from the inner Galaxy with a significance of ~ 16¢ had confirmed the
narrowness of the 2°Al line (FWHM < 2.8 keV, 2¢), which had already been seen by RHESSI
(Smith et al. 2003) and HEAO-C (Mahoney et al. 1984) earlier.

At present, INTEGRAL/SPI data are accumulated from more than five years to extend this
study towards spatially-resolved details of 2°Al line spectroscopy across the inner regions of
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Fig. 6. The decay chain of the radioactive isotope 2°Al . 2°Al decays with a characteristic

Al

Mg

Mg oo
S
¥

1Xosuw (98.7 % )"

lifetime of 1.04 Myr into an excited state of 2°Mg, then de-excites into the Mg ground state by
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the Galaxy. We characterize the 2°Al line details through two different approaches. When the
sky signal is weak, we fit the spectra with Gaussians plus a linear residual background, and
use the Gaussian intensities, centroid energies, and FWHM widths for relative comparisons,
such as trends along the plane of the Galaxy. When the signal is sufficiently strong so that we
are sensitive to line width details, we describe the line component not by a single Gaussian
any more, but rather by the convolution of a Gaussian with the asymmetric instrumental line
response. This allows us to infer immediate information about the celestial 2°Al dynamics,
which we identify with this Gaussian, and in particular its width, which arises from Doppler
shifting of the line energies with motion of decaying 2°Al nuclei relative to the observer.

Using more than five years of SPI data, the inner-Galaxy 2°Al emission spectrum is shown
in Fig. 7. The 2°Al line is detected at ~ 28¢ significance. The 2°Al gamma-ray flux from the
inner Galaxy turns out as (2.93 & 0.15) x 10~* ph cm 2 s~ ! rad ~!. This is consistent with our
earlier values (3.3 +0.4) x 10~% phcm~2 s~! rad~! (Diehl et al. 2006a, 2006b), and also with
the COMPTEL imaging-analysis value of (2.8 & 0.4) x 107* ph em =2 s~! rad ! (Pliischke et
al. 2001). The above value is derived using an asymmetric line shape as best matching our
expectations from SPI's spectral response and eventual additional celestial line broadening.
The total 2°A1 gamma-ray flux of the Gaussian fit as determined for the inner Galaxy region is
(2.7340.17) x 10~* phcm 2 s~ ! rad 1.

The measured 2°Al flux of (2.93 4 0.15) x 10~* ph cm 2 s~ ! rad ! for the inner Galaxy thus
translates into a Galactic 2°Al mass of (2.6 & 0.6) M, using a plausible scale height of 180 pc.
If we ignored the ejection of 2°Al into surrounding cavities and corresponding champagne
flows, and used the lower scale heights of O stars or of the molecular disk, we would obtain
lower total amounts around or even below 2 M, .

The amount of 2°Al is maintained in steady state by a core-collapse supernova rate via
Meq = SNRate-t-Y, where the rate is measured in events per year, T is the mean life
of 26A1 , and Y is the IMF-averaged 2°Al yield in units of Mg, per supernova. The yield
in this context must include the explosive yields from the supernova model as well as any
26A]1 ejected in the Wolf-Rayet wind phase. Yields are moderated by the steep initial mass
function (IMF), ¢ « m™%, in our relevant mass range 10-120 My . We use the Miller-Scalo
IMF (¢ o« m~27) for this higher-mass range (Miller & Scalo, 1979), supported by a wide
range of astronomical constraints. Y is obtained from the high-mass initial mass function
(IMF) and the nucleosynthesis yields of models. The resulting 2641 yield per massive star is
(1.440.7) x 10~* M, based on various published yields as a function of progenitor mass (see
Fig. 2). The corresponding supernova rate is SNRate = 1.90 £ 0.95 events per century (this
does not include type Ia supernovae, which have been found to be negligible sources of 26A1 ).
The resulting range of one to three core collapses per century coincides with the recent values
obtained from on a survey of local O3-B2 dwarfs (Reed, 2005), extrapolated to the Galaxy
as whole with spatial distribution models, and the study of the luminosity function of OB
associations (McKee & Williams, 1997).

The intrinsic line width is now constrained to < 1.3 keV (2 ¢). In the inner Galaxy, Galactic
differential rotation alone can lead to significant Doppler shifts towards specific longitudes
where the projected-velocity differences with respect to the solar orbit reach maxima; line
broadening results if we integrate over a larger longitude range with different bulk velocity
differences. Kretschmer et al. (2003) have simulated the 2°Al line shape diagnostics in the inner
Galaxy due to Galactic rotation and 2°Al ejection from sources, and find that line broadening
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Fig. 8. 26Al spectra for two Galactic quadrants (left 0° < | < 60°, and right —60° < [ < 0°,
from Wang et al., 2009). Line centroids relative to the centroid energy of 2°Al line in the
laboratory (1808.65 keV) show a significant blueshift in the 4th quadrant. Both the spectra
have width values near the value of the instrumental line width, implying that 2°Al
emissions from two quadrants are the narrow lines. In addition, the 26A] flux of the 4th
quadrant is higher than that of the 1st quadrant, and the flux ratio is ~ 1.3.

of up to 1 keV is expected if the signal is integrated over the inner region of the Galaxy.
Our present large-scale line-shape constraints are consistent with these expectations. If we
interpret line broadening of the 2°Al line from the inner Galaxy in terms of interstellar-medium
characteristics, the intrinsic-width constraint of < 1.3 keV corresponds to 160 km slasa
corresponding 2¢ limit on ISM velocities. This is well within the plausible and acceptable
range for the environment of normal interstellar-medium turbulence (Chen et al. 1997). As a
summary, the measured line width of 26A] from the inner Galaxy is consistent with Galactic

rotation and modest interstellar-medium turbulence around the sources of 2°Al .

4.2 Spectral variations of 2°Al gamma-ray line along the Galactic plane

The 9-year COMPTEL imaging of 2°Al line emission has already suggested some asymmetry
in the inner Galaxy: the fourth Galactic quadrant appears somewhat brighter than the first
quadrant (Pliischke (2001) found a significance of 2.5¢ for a brightness difference). COMPTEL
could provide the image details of 2°Al in the Galaxy, but no significant spectral information
due to its spectral resolution of about 150 keV near the 2°Al line. SPI with its Ge detectors
features sufficiently-high spectral resolution to allow astrophysical constraints from 2°Al line
shapes, averaged over the Galaxy as discussed above, but also for different regions along the
Galactic plane due to its imaging properties as a coded-mask telescope.

In this part, we will proceed towards increasing spatial resolution along the Galactic plane,
starting out from testing Galactic asymmetries between the first and fourth quadrant. 26Al
line parameters toward the different directions of the Galactic plane are determined using
separate sky maps covering each sky region, simultaneously fitting these together with our
background model to the entire sky survey database. 2°Al line fluxes, centroid energies, and
line widths then are derived by a simple Gaussian fit to the 2°Al line in the resulting spectra,
as we are interested in relative changes between different portions of the sky. This will allow
us to identify line shifts from bulk motion such as expected from large-scale Galactic rotation,
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Fig. 9. 2°Al spectra of six segments along the Galactic plane ( —60° < I < 60°, from Wang et
al., 2009). Small longitude degree bin (20°) makes the detections of 2°Al not significant in the
regions of 40° < |I| < 60°.

and hints for additional line broadenings in particular regions, which would reflect increased
26A1 velocities in such regions.

26A1 spectra for the 1st (0° < I < 60°) and 4th quadrant (—60° < [ < 0° ) are presented
in Fig. 8. In the 4th quadrant we note a blueshift of 0.49 & 0.07 keV relative to the centroid
energy of 2°Al line in the laboratory, but no significant redshift in the 1st quadrant is apparent
(~ 0.04 £ 0.10 keV). Both spectra have width values compatible with no significant 26A1
line broadenings. The indicated 2°Al asymmetry between the two inner Galactic quadrants
appears again, with a flux ratio of ~ 1.3 £ 0.2.

Challenging the imaging capability of SPI for diffuse and extended emission, we refine spatial
structure even more towards smaller longitude intervals. In Fig. 9, we present the spectra
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Fig. 10. Top 2°Al intensity distribution along the Galactic plane (from Wang et al., 2009). For

comparison, the COMPTEL-derived 2°Al intensity profile is shown (solid line, and dashed

lines when integrated over the same longitude bins). Bottom 2°Al FWHM (Gaussian fitting)

variation along the Galactic longitudes, a broad 26A] line feature is detected toward the

longitudes 20° < I < 40° (from Wang et al., 2009).

of 26Al emission line for six smaller longitude intervals of 20 degree width along the Galactic
plane (—60° < I < 60°). The 2°Al line is still detected for the inner Galaxy (—40° < [ < 40°,
> 60 for each 20° bin region), but only marginal for the two outer regions (40° < [ < 60°
and —60° < I < —40°, < 40). This may be attributed to both less 2°Al brightness and to less
exposure in these regions, compared to the inner Galaxy.

Fig. 10 shows the intensity distribution of 26A] emission (from the same 20° regions) along the
Galactic plane, adding the (longitude-range normalized) Galactic-Center region 2°Al intensity
(]I| < 5°) for comparison. The variability of 2°Al intensity along the Galactic plane again is
evident.

We note that the 2°Al line in the region of 20° < I < 40° appears somewhat broadened, with
a Gaussian width of FWHM~ 4.15 4 0.75 keV. This may hint towards a peculiar 2°Al source
region towards this direction, which could be associated with the Aquila region (Rice et al.
2006). Broadening could result from higher turbulence if the 2°Al source region is younger
than average and dominated by the 26A1 ejection from more massive stars (see Knodlseder
et al. 2004). Further studies would be interesting, and have the potential to identify star
formation otherwise occulted by foreground molecular clouds.
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Fig. 11. 2°Al line energy shifts along the Galactic plane. Galactic rotation will shift the
observed 2°Al line energy due to the Doppler effect, to appear blueshifted at negative
longitudes and redshifted at positive longitudes. (Top) The 2°Al line shifts according to the
1.5-year SPI data (—40° < < 40°, —10° < b < 10°, Diehl et al. 2006a). Colour scales are
expectations of 26A1 line positions and intensity modelled from the Galactic rotation curve
and a three-dimensional distribution of 2°Al sources (Kretschmer et al., 2003). Using the
central Galactic region (—10° < I < 10°) as a reference (fitted line energy 1808.72 keV), we
found centroid energy shifts of -0.14 keV (10° < I < 40°) and +0.44 keV (—40° <[ < —10°),
respectively. (Bottom) Radial velocity curve of 2°Al ejecta in the stellar medium along
Galactic longitudes which shows Doppler shifts of the 1809 keV gamma-ray line from 2°Al
due to Galactic rotation according to more than 6 years of SPI data on the Galactic plane
(—40° <1 < 40°, —5° < b < 5°, Kretschmer 2011).

4.3 %Al line centroid energy as probe of Galactic rotation

Galactic differential rotation can resultin not only the broadening of 2°Al line but also the shifts
of the line centroid energy due to the Doppler effect (Gehrels & Chen, 1996; Kretschmer et al.,
2003).Galactic rotation would induce the 2°Al line centroid energy redshifts in the 1st quadrant
and blueshifts in the 4th quadrant. The Galactic rotation curve can be also determined from
observations of various objects (e.g., HI, CO, HII, Brand & Blitz 1993).

The first study on the Doppler shifts of 2°Al line due to Galactic rotation using the 1.5-year SPI
data was present in Fig. 11 top panel (Diehl et al. 2006a). Using the central Galactic region
(—10° < I < 10°) as a reference (fitted line energy 1808.72 keV), we found centroid energy
shifts of -0.14 keV (10° < I < 40°) and +0.44 keV (—40° < I < —10°), respectively. Though
the error bars for the line positions are very large, we concluded that the results of the line
energy shifts are consistent with the Galactic rotation effect (Diehl et al. 2006a).
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Recently, using more than 6 years of INTEGRAL/SPI data, Kretschmer (2011) obtained the
radial velocity curve of 2Al ejecta along Galactic longitudes with much better resolution
(see Fig. 11 bottom panel). The measurements show the characteristic wave-like shape of
velocity offset versus Galactic longitude due to the large-scale Galactic rotation. This has been
observed for molecular and atomic gas in our and other galaxies. But with 2°Al gamma-rays,
we get unique access to kinematics of the tenuous, diluted, and presumably hot phase of
the interstellar medium, as it is expected around the massive stars which eject radioactive
26A1 in the Galaxy. We should note that comparing the velocity curves from 2°Al line shape
measurements along the Galactic plane and other observations and theory found that the hot
gas of 2°Al ejecta undergoes additional acceleration in the direction of Galactic rotation.

4.4 Latitudinal variations of 2°Al emission

The interpretation of 2°Al imaging and spectral results relies on (uncertain) distances of
26A1 sources. Along the line-of-sight, the detected 2°Al signal could originate from local
star-formation complexes (~ 100 pc), or from the nearest part of the Sagittarius-Carina arm
(1 — 2 kpc), or from the Galactic center region (~ 8 kpc), or even from the distant side of the
Galaxy (> 10 kpc). In this section, we try a possible way to resolve the 2°Al signals for the
local complexes from the large scales of the Galactic plane by probing the latitudinal variation
of 2°Al emission.

26A1 emission for low latitudes (|b| < 5°) would be dominated by the large-scale origin in
the Galactic disk. While 2°Al sources for high latitudes (|b| > 5°) should originate from local
star-formation systems in the Gould Belt. The Gould Belt appears as an ellipsoidal shaped
ring with semi-major and minor axes equal to ~ 500 pc and 340 pc, respectively (Perrot &
Grenier, 2003). The Sun is displaced from the center of the Gould Belt about 200 pc towards
I =130° (Guillout et al., 1998). The Vela region is located near the boundary of the Gould Belt
towards [ ~ —90° . The nearby Sco-Cen region also belongs to the Gould Belt, extending from
(1,b) = (0°,20°) towards (I,b) = (—30°,0°) (Sartori et al., 2003).

In Fig. 12, we present 2671 spectra along Galactic latitudes for the 1st and 4th quadrants,
respectively. No 2°Al signals are detected for two intermediate latitude regions of the 1st
quadrant. While in the 4th quadrant, 2°Al emission is clearly detected in the latitude region of
5° < b < 20°, which may originate toward the nearby Sco-Cen OB associations at a distance
of ~ 140 pc. Additionally, a very weak 2°Al signal may be hinted toward the latitude region
of —60° < < 0° —20° < b < —5°, which need a further check in future.

Finally, we determine the scale height of the Galactic plane in 2°Al emission by comparing the
fit quality for sets of two different plausible geometrical models for the 2°Al source density
distribution in the Galaxy (a Glactocentric double-exponential disk model (Wang et al., 2009)
and a spiral-arm structure model based on Taylor & Cordes (1993), varying their scale height
parameters). In order to avoid a bias from bright special regions such as Cygnus/Vela/Carina,
we restrict this analysis to data within |/| < 60° and |b| < 30°. Fig. 13 shows the variation of
log-likelihood values with different scale heights for both model types. Here, the values for
the exponential-disk models have been shifted by +16, as the spiral-arm model systematically
provides a better description of our data. With —21logL being asymptotically x* distributed,
we derive a scale height of 1307120 pc (10) for the 2°Al emission in the inner Galactic disk, from
the spiral arm model constraints. This confirms previous such studies based on COMPTEL
data (Diehl et al., 1998).
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Fig. 12. 2°Al spectra for different latitude intervals of the 1st (left) and 4th (right) quadrants
(taken from Wang, 2007): 5° < b < 20° (Top), —5° < b < 5° (Middle), —20° < b < —5°
(Bottom).

4.5 25 Al line shapes of the Cygnus and Sco-Cen regions

The COMPTEL 1809 keV all-sky map attributed to radioactive decay of Galactic 2°Al
confirmed the diffuse emission along the inner Galaxy. Several significant features of
the reconstructed intensity pattern are flux enhancements in the directions of nearby
star-formation regions, e.g., the Cygnus region (del Rio et al., 1996), the Vela region (Diehl et
al., 1995b), and a possible feature above the Galactic center which is attributed to the nearby
Sco-Cen region. Detections of 2°Al in these regions strongly support the hypothesis of massive
stars and their descendent supernovae being the dominant sources of interstellar 2°A1 . 2°Al
near these young populations may be located in the different medium environment from the
large scales in inner Galaxy, e.g. high turbulent velocities of interstellar medium in these
star-formation regions due to stellar winds and supernova explosions.

The INTEGRAL/SPI is a powerful spectrometer to probe the 2°Al line shapes. So spectral
studies of 2°Al line in these star-formation regions can provide new information of 2°Al sources
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Fig. 13. Determination of the Galactic-disk scale height (from Wang et al., 2009). Shown is the
logarithmic likelihood-ratio for the exponential-disk (dashed line) and spiral-arm structure
models (solid line) for different scale height values. Log-likelihood values for the
exponential-disk model have been offset by +16.

and their environments. In this section, we will show recent SPI results on 2°Al line shapes of
two nearby star-formation regions: Cygnus and Sco-Cen.

4.5.1 Cygnus

The Cygnus region is one of the most active nearby star forming regions in the Galaxy with
a mean age of ~ 3 Myr (Pliischke, 2001). The region as defined by the Cygnus 1.8 MeV
emission feature contains numerous massive stars. The galactic O star catalogue lists 96 O
stars in this field (Garmany et al., 1982). In addition, one finds 23 Wolf-Rayet stars in this
region of which 14 are of WN-type, 8 of WC-type and one is classified as WO-star (van der
Hucht, 2001). The Galactic SNR Catalogue lists 19 remnants in this region, for 9 of those age
and distance have been estimated with sufficient accuracy (Green, 2011). Beside numerous
open clusters, the region contains nine OB associations (Alter et al., 1970; Pliischke, 2001).
Fig. 14 shows the distribution of O and WR stars, SNRs and OB associations in the direction
of Cygnus as viewed from above the galactic plane. Therefore, the Cygnus region provides
a good opportunity to study the physics of massive stars, specially on the nucleosynthesis
processes which will enrich the interstellar medium with new elements.

The 2°Al emission from the Cygnus region was first reported by the COMPTEL imaging
observations (see Fig. 5). With two years of COMPTEL data, del Rio et al. (1996) derived
a flux of (7.0 +1.4) x 10~°ph cm~2 s~! from a sky region defined as 73° < I < 93°, —9° <
b < 9° Using 9 years of COMPTEL data, Pliischke (2001) found a flux of (10.3 £2.0) x
10~°ph cm~2 57! from a slightly larger region covering 70° < I < 96°, —9° < b < 25°.

INTEGRAL/SPI has done deep surveys around the Cygnus region. 2°Al line shape of Cygnus
has been detailedly studied by SPI. With early SPI data, the first result of 2°Al line emission
from the Cygnus region showed a 1809 keV line flux of (7.3 +1.8) x 10 >ph cm~2 s~ ! from
a sky region defined as 73° < I < 93°, |b| < 9° (Knddlseder et al., 2004). The 2°Al line
from Cygnus appears moderately broadening, with an intrinsic FWHM of (3.3 + 1.3) keV.
Recently, new SPI results show the 2Al flux of ~ (7.2 £ 1.2) x 10~°ph cm 2 s~ ! for the region
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Fig. 14. Distribution of O and WR stars (red and black stars) as well as SNR (blue circles) and
OB associations (green ellipses) in the direction of Cygnus as viewed from above the galactic
plane (from Pliischke 2001). The sun is allocated along the y-axis at 8.0 kpc.
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Fig. 15. Spectra of 26A] line emission from the Cygnus region: left panel from Wang (2007);
right one from Martin et al. (2009a). Both analyses show the 26A] line flux around
(6 —7) x 10~°ph cm~2 s~ ! with a narrow line feature.

of 65° < | < 95°, —13° < b < 17° (Fig. 15 left panel), but found a narrow line feature
with an intrinsic FWHM of 0.9 + 0.8 keV (Wang 2007; 2008). The narrow line feature was
confirmed by re-analysis SPI data by Martin et al. (2009), in which the 26A] decay emission
from Cygnus was represented as a 3° x 3° Gaussian centred on (I,b) = (81°,0.1°), a position
consistent with that of the massive Cyg OB2 cluster thought to dominate the energetics and
nucleosynthesis of the Cygnus complex (Fig. 15 right panel). They obtained an 2°Al flux of
(6.041.0) x 10~°ph cm~2 s~ . In addition, they considered the possible Galactic background
and foreground contributions, reducing the °Al flux of the Cygnus region to ~ (3.9 £ 1.1) x
10~2ph cm~2 s~1. This reduced 2°Al flux is comparable with the predicted one based on the
latest models of stellar nucleosysnthesis (Martin et al. 2010).

4.5.2 Sco-Cen

The nearest site of massive star formation, the Scorpius-Centaurus-Lupus region (hereafter
the Sco-Cen region), is about 100 — 150 pc from the Sun. Nearby young stars are seen mostly
in the Southern Hemisphere, which is related to recent massive star formation in Sco-Cen OB
association that consists of three sub-regions: Upper Scorpius (US), Upper Centaurus Lupus
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Fig. 16. Distribution of young stars including pre-main sequence stars (PMS) and young
early-type stars in Sco-Cen region (from Sartori et al. 2003). Three sub-groups, UC, UCL and
LCC are notified with the dashed-line boxes. The Chamaeleon OB association could be an
extension of the Sco-Cen one. The positions of the rho Ophiuchus active star formation
region and the Lupus cloud complex are also marked.

(UCL), and Lower Centaurus Crux (LCC), each distinguishable by different sky positions, age
(de Geus et al., 1989), and kinematics (de Zeeuw et al. 1999, see Fig. 16).

The closest of the three sub-regions is Lower Centaurus-Crux (LCC) with an estimated
distance of ~ 120 pc (de Zeeuw et al., 1999). The age of LCC is thought to be 10- 20
Myr (de Geus et al.,, 1989). LCC is located toward the direction of the Galactic plane (
—70° < I < —40°), and may contribute to 26A1 line emission observed by COMPTEL and
SPI in the plane.

US and UCL are located at latitudes above the Galactic plane. The mean distance of UCL
is ~ 140 pc, with an age of ~ 10 Myr (de Geus et al., 1989; de Zeeuw et al., 1999). UC is
the youngest one with an age of ~ 5 — 10 Myr. Its mean distance is ~ 145 pc (de Geus et
al., 1989; de Zeeuw et al., 1999). The rho Ophiuchus star forming region is located near the
center of this group (Fig. 16). UC is just located in the direction above the Galactic centre
(I ~ —=5°b ~ 18°), so the 2°Al emission structure in this direction observed by COMPTEL
(Fig. 5) is most probably attributed to the UC OB association.

In Fig. 12, the significant excess of 2°Al emission in the intermediate latitudes 5° < b <
20°, I < 0° suggests that this extra 2°Al emission should be attributed to nearby Sco-Cen
OB associations. With more than 5 years of SPI observations, 2°Al gamma-ray signal toward
Sco-Cen is detected with a significance level of ~ 5¢ (Diehl et al., 2010). The 2°Al line spectrum
toward the Sco-Cen region is presented in Fig. 17. The observed flux of Sco-Cen is about
6 x 10> ph em~2 57! for the region of 12° < b < 32°, —16° < | < —2°. This 2°Al flux
corresponds to 1.1 x 10~* My, at a distance of 150 pc. A typical 2°Al yield from a massive star
in mass range 8-40 M, is about 10~* M, (Limongi & Chieffi, 2006; Woosley & Heger, 2007),
which is consistent with the derived 2°Al mass from observations. In Upper Sco, the most
massive star is presumably a 50 M O5-0O6 star, which may have exploded as a supernova
about 1.5 Myr ago; the pulsar PSR ]J1932+1059 may be its compact remnant (Hoogerwerf et
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Fig. 17. 26Al spectra for Sco-Cen by the 5-year SPI data. The 2°Al flux is derived as
F ~ (6.0+1.1) x 10">ph cm~2 s~ ! (from Diehl et al., 2010). A significant blueshift of line
centroid energy is found.

al., 2000; Chatterjee et al., 2004). But because of uncertainty of this event and no obvious
supernova activity being evident in Sco-Cen less than 1 My ago, the observed 2°Al could be
a product of massive-star nucleosynthesis from a number of sources during an earlier epoch,
rather than from a single event, like a supernova explosion.

The line width of ~ 3 keV is consistent with the instrumental line width of SPI at 1809 keV,
implying no additional astrophysical line broadening in the Sco-Cen region. If we compare
the centroid line energy with the 2°Al -decay laboratory value for the y-ray energy of 1808.63
keV, a blueshift of 0.8 keV is evident. This blueshift suggests a kinematic Doppler effect from
bulk motion of 2°Al ejecta corresponding to about 140 km s~! toward us. The bulk motions
of 2°Al ejecta in the Sco-Cen region suggest that the very nearby 2°Al sources have a quite
different behavior in dynamics from the large scale feature in the inner Galaxy.

The origin of this bulk motions is still uncertain. The cavity surrounding Upper Sco appears
to expand with a velocity of about 104-2 km s~!, together with the relative motion of Sco-Cen
stars with respect to the Sun of about 5 km s~!, an approaching relative velocity of the entire
complex is only few tens of km s~! at most. But decaying 2°Al moves at higher velocities. So
we exclude the association between the 2°Al decays and the cavity walls. The initial velocity
of 2°Al ejecta from massive star winds and supernova explosion is about 1000 1500 km s~ !,
which will slow down due to the interactions with the interstellar medium. Generally, if
the medium is homogenous, the expanding 2°Al ejecta would be isotropic. In this case, the
isotropic motions of 2°Al ejecta (~ 140 km s~!) would induce a significant line broadening,
but this Doppler broadening is not detected in SPI observations (Fig. 17). The possibility of
inhomogenous ISM around the Sco-Cen region leads to the fast flowing 2°Al materials toward
us. The other possibility is related to the assumed scenario that the 2°Al ejecta originated
in Sco-Cen stream into the pre-blown cavity around it, decelerating through turbulence and
interactions with the cavity walls (Diehl et al. 2010). The size of the cavity walls will be very
large. Thus the whole 2°Al emission from the cavity walls is more extended on the sky. The
detected region (12° < b < 32°, —16° < | < —2°) is small but bright compared with the total
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Fig. 18. The decay scheme of ®Fe . The mean lifetime is about (2 — 3) x 10° years. The
gamma-ray flux at 59 kev line is ~ 2% of those at 1173 and 1332 keV.

extended 26Al emission region. However, we cannot detect such more extended emission
yet, both because it may be weaker than the main feature we show here, and because other
locations of Sco-Cen stars overlap with Galactic-disk viewing directions.

5. Diffuse ®“Fe emission of the Galaxy

%0Fe is an unstable nucleus whose terrestrial half-life is ~ 1.5 x 10° years (recent measurements
suggest a longer half-life time of ~ 2.6 x 10° yr, Rugel et al. 2009), and it is located at
the neutron rich side of the “valley of stable isotopes”. The ®Fe isotope is synthesized in
neutron capture reactions from the *°Fe isotope which is abundant from former equilibrium
nucleosynthesis of *®Ni and its decay, Such s-process is expected to occur in stellar regions
with efficient neutron-liberating reactions, e.g., 13C and ?°Ne « captures, hence in the O/Ne
burning shell and bottom of He burning shell of core-collapse supernovae, and the He burning
shell inside massive stars.

The decay chains of ®Fe are shown in Fig. 18. ®Fe firstly decays to ®*Co, with emitting y-ray
photons at 59 keV, and then decays to °*Ni, with emitting y-ray photons at 1173 and 1332 keV.
The gamma-ray efficiency of the 59 keV transition is only ~ 2% of those at 1173 and 1332 keV,
so the gamma-ray flux at 59 keV is much lower than the fluxes of the high energy lines. The
59 keV gamma-ray line is very difficult to be detected with present missions. Measurements
of the two high energy lines have been the main scientific target to study the radioactive ®’Fe
isotope in the Galaxy:.

%0Fe has been found to be part of meteorites formed in the early solar system (Shukolyukov
& Lugmair, 1993). The inferred ®“Fe /*°Fe ratio for these meteorites exceeded the
interstellar-medium estimates from nucleosynthesis models, which led to suggestion that
the late supernova ejection of ®/Fe occurred before formation of the solar system (Tachibana
& Huss, 2003; Tachibana et al., 2006). Yet, this is a proof for cosmic 60pe production,
accelerator-mass spectroscopy of seafloor crust material from the southern Pacific ocean has
revealed an ®Fe excess in a crust depth corresponding to an age of 2.8 Myr (Knie et al.,
2004). From this interesting measurement, it is concluded that a supernova explosion event
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near the solar system occurred about 3 Myr ago, depositing some of its debris directly in the
earth’s atmosphere. All these measurements based on material samples demonstrate that ®’Fe
necleosynthesis does occur in nature. It is now interesting to search for current ®/Fe production
in the Galaxy through detecting radioactive-decay <y-ray lines.

Many experiments and efforts were made to measure the ®“Fe gamma-ray emission. The
first detection of ®OFe lines was provided by HEAO-3, the 60Fe flux from the inner Galaxy
region (—30° < I < 30°)is ~ (5.3 +4.3) x 107° phem =2 s~ ! rad~! (Mahoney et al., 1982).
The SMM Gamma-Ray Spectrometer reported a ®Fe flux of (2.9 2.5) x 107> ph cm 2 57!
rad—! (Leising & Share, 1994). OSSE aboard the COMPTON Observatory gave a 60Fe flux
of (6.3 +4.5) x 1072 ph ecm~2 s7! rad~! (Harris et al., 1994; 1997). And COMPTEL aboard
the COMPTON Observatory also reported a °Fe flux limit of 1.2x 10~* ph cm =2 s~! rad !
(20, Diehl et al. 1997). The Gamma-Ray Imaging Spectrometer (GRIS) reported an upper limit
for the ®OFe flux of 6.8x 10~> ph cm 2 s~ 1 rad ! (20, Naya et al. 1998). Recently, RHESSI
reported observations of the gamma-ray lines from ®“Fe with a signal of 2.6 ¢ significance,
and an average flux of (3.6 - 1.4) x 10~°>ph cm~2 s~ ! (Smith, 2004b) from the inner Galaxy.

The analysis of the first year of data from the SPI data resulted in a similarly
marginally-significant detection of these y-ray lines from ®’Fe (~ 3¢, Harris et al. 2005), with
an average line flux of (3.7 & 1.1) x 10~>ph cm 2 s~! from the inner Galaxy. With more than
3-year SPI data, we detected the diffuse 60Fe emission in the Galaxy with a significance level
of ~ 50 by superposing two gamma-ray lines at 1173 keV and 1332 keV (Fig. 19, Wang et al.,
2007). Line energies of the ®“Fe lines in the laboratory are 1173.23 and 1332.49 keV. For this
superposition, we therefore define the zero of the relative energy axis at 1173 and 1333 keV, to
derive the summed spectrum of all ®*Fe signals. The line flux estimated from the combined
spectrum is (4.4 4 0.9) x 10~ °phecm 2 s~ ! rad 1.

We also done searching for the possible ®/Fe signal in nearby star-formation regions, like
the Cygnus and Vela regions. Since the majority of Cygnus region star-clusters are young
(~ 3 Myr), from population synthesis studies of the massive stars in the Cygnus region it
has been suggested that the ®“Fe production is low, consistent with the small number of
recent supernova events inferred for this region (F(1173 keV) ~ 2 x 107 °phecm 257!, see
Knodlseder et al., 2002). The Vela region including a core-collapse supernova remnant Vela
SNR at d ~ 250 pc (Cha et al., 1999) should be a good candidate for gamma-ray line emission
from ®OFe. With the SPI data, no significant ®*Fe signal was detected in theses regions with an

upper limit of ~ 1.1 x 10~°ph cm~2 s~! (20) (Wang et al. 2007; Martin et al., 2009a).

6. The ratio of ®OFe/2°Al

26 Al and ®9Fe would share at least some of the same production sites, i.e. massive stars and
supernovae (Timmes et al. 1995; Limongi & Chieffi 2006). In addition both are long-lived
radioactive isotopes, so we have good reasons to believe their gamma-ray distributions are
similar as well. Therefore we adopt the sky distribution of 26 Al gamma-rays as our best model
for celestial ®°Fe gamma-ray distribution. And we use an 2°Al distribution obtained in direct
observations, from the 9-year COMPTEL data (Pliischke et al., 2001).

Different theoretical models have predicted the ratio of 60Fe /20 A1 (Limongi & Chieffi, 2006;
Prantzos, 2004; Timmes et al., 1995). Gamma-ray observations could detect these two isotopes
and report the flux ratio of ®*Fe /2® Al which can be directly compared with theories. Therefore,
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Fig. 19. The combined spectrum of the ®'Fe signal in the inner Galaxy by SPI, superimposing
two gamma-ray lines (from Wang et al., 2007). In the laboratory, the line energies are 1173.23
and 1332.49 keV; here superimposed bins are zero at 1173 and 1332 keV. We find a detection
significance of 4.9¢. The solid line represents a fitted Gaussian profile of fixed instrumental
width (2.76 keV), and a flat continuum. The average line flux is estimated as

(4440.9) x 10 phem=2 s ! rad 1.

Table 1. Different measurements of ®“Fe flux from the inner Galaxy and *°Fe /26 Al flux ratio

Experiments ®Fe flux (10> ph cm2 s~ ! rad ') F(°Fe)/F(?°Al) references

HEAO-3 5.3+43 0.09 £0.08  Mahoney et al. 1982
SMM 29+25 0.1 £0.08 Leising & Share 1994
OSSE 6.3£45 0.21 +£0.15 Harris et al. 1997
COMPTEL < 12(20) 0.17 £ 0.135 Diehl et al. 1997
GRIS < 6.8(20) < 0.14(20c) Naya et al. 1998
RHESSI 6.3£5.0 0.16 £0.13  Smith 2004a

RHESSI 3.6+14 0.10+:0.04  Smith 2004b

SPI 3.7+1.1 0.11 20.07  Harris et al. 2005

SPI 44+09 0.148 £0.06  Wang et al. 2007

the measurement of the gamma-ray flux ratio ®*Fe/?°Al is important for discussions of the
astrophysical origins of the two radioactive isotopes, and the nuclear physics involved in
models for their production (addressing the uncertain nuclear reaction cross sections and
half-lives).

Many experiments and efforts were made (see Table 1) to measure the 60Fe /26 A] flux ratio that
was predicted by theory — we now provide the most significant detection to date. In Figure
20, we show the previous constraints on the flux ratio of 60Fe/ 26 Al together with the present
SPI result, and compare the observational results with different theoretical predictions. The
earliest observational limit was given from HEAO-3, F(®'Fe)/F(*°Al) = 0.09 4 0.08, an upper
limit being 0.27 (Mahoney et al., 1982) (in Fig. 20, we chose to give limits at 2¢ for all reported
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values below a significance of 3¢). Another limit was obtained with the SMM Gamma-Ray
Spectrometer, a flux ratio of 0.1 £ 0.08, the upper limit being ~ 0.27 (Leising & Share, 1994).
OSSE aboard the COMPTON Observatory gave a flux ratio of 0.21 & 0.15, and the upper limit
is ~ 0.51 (Harris et al., 1994; 1997). COMPTEL aboard the COMPTON Observatory also found
60Fe gamma-rays, and reported a flux ratio value of 60Fe/ 26 A] 0f 0.17 + 0.135, which translates
into an upper limit ~ 0.44 (Diehl et al., 1997). The Gamma-Ray Imaging Spectrometer (GRIS)
reported an upper limit for the ratio of < 0.14 (20, Naya et al. 1998). RHESSI has reported
the first detection of ®°Fe gamma-ray lines, and gave a flux ratio 0.16 & 0.13 for two-year data
(Smith, 2004a). The first year data of SPI gave a flux ratio 0.11 & 0.07 (Harris et al., 2005), and
the present analysis of the 3-year SPI data finds a flux ratio 0.148 & 0.06 (Wang et al. 2007).

Theoretical predictions of the ratio of ®“Fe/ 2°Al have undergone some changes since
Timmes et al. (1995) published the first detailed theoretical prediction. In their paper, they
combine a model for 2°Al and ®Fe nucleosynthesis in supernova explosions with a model
of chemical evolution, to predict that the steady production rates are (2.0 + 1.0)Mg Myr~!
for 2°Al, and (0.75 4 0.4)Ms Myr~! for ®Fe, which corresponds to a gamma-ray flux
ratio F(®Fe)/F(?°Al) = 0.16 £ 0.12. This prediction would be consistent with our
present measurements. Since 2002, theoreticians have improved various aspects of the
stellar-evolution models, including improved stellar wind models and the corresponding
mass loss effects on stellar structure and evolution, of mixing effects from rotation, and
also updated nuclear cross sections in the nucleosynthesis parts of the models. As a result,
predicted flux ratios 60Fe/ 26 Al rather fell into the range 0.8 £ 0.4 (see Prantzos 2004, based
on, e.g. Rauscher et al. 2002, Limongi & Chieffi 2003) — such high values would be inconsistent
with several observational limits and our SPI result. Recently, new 26 Al and ®OFe yield models
are presented (Limongi & Chieffi, 2006; Woosley & Heger, 2007), for stars of solar metallicity
ranging in mass from (11 — 120) M. Limongi & Chieffi (2006) then combined their models
of full stellar evolution up to and including the supernova with an adopted mass function
to obtain a new prediction with latest nuclear reaction rate inputs. Their calculations yield a
lower prediction for the ®“Fe/ 26 Al flux ratio of 0.185 4- 0.0625, which is again consistent with
the observational constraints (see Fig. 20).

In summary, uncertainties still exist, both in models and measurements of 60Fe. On the
theory side, stellar evolution in late stages is complex, nuclear reactions include neutron
capture on unstable Fe isotopes, and explosive nucleosynthesis adds yet another complex
ingredient. On the experimental side, the half-lives of 2°Al and ®Fe , cosmic ray induced
%0Co radioactivity in the instrument and spacecraft and the limitations of spatial resolutions
and sensitivity are issues reflected in the substantial uncertainties in experimental values.
With more INTEGRAL/SPI data to come, and also with the development of next-generation
gamma-ray spectrometers/telescopes, gamma-ray observations hopefully can help with an
independent view on the astrophysical model components.

7. Summary and prospective

26A1 and °%Fe have similar astrophysical origins in the Galaxy. Their nucleosynthesis and
ejection into the interstellar medium are dominated by massive stars, their evolution, winds,
and their subsequent core-collapse supernova explosions. With their much longer half-life
(more than 1 million years), 2°Al and ®’Fe may propagate over significant distances of ~ few
hundred pc, and accumulates in the interstellar medium from many stars and supernovae
until injection and B-decay are in balance in the ISM. 26Al emission shows the diffuse
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Fig. 20. Flux ratio of the gamma-ray lines from the two long-lived radioactive isotopes

60Fe /26 Al from several observations, including our SPI result (also see Table 1; from Wang et
al., 2007), with upper limits shown at 2¢ for all reported values, and comparison with the
recent theoretical estimates (the upper hatched region from Prantzos 2004; the horizontal line
taken from Timmes et al. 1995; the lower hatched region, see Limongi & Chieffi 2006). The
present SPI results find the line flux ratio to be (14.8 £ 6.0)%. Note that the primary
instrument results on ®Fe is compromised in the figure by different and uncertain 2°Al
fluxes used for the ®Fe/2° Al ratio.

Galaxy-wide feature which has been confirmed by the COMPTEL imaging observations, and
Galactic ®"Fe emission may follow the similar diffuse distribution.

Diffuse -ray emissions from two long-lived radioactive isotopes 2Al and ®’Fe in the Galaxy
are significantly detected by the INTEGRAL/SPI. With high spectral resolution in MeV energy
band, SPI has made the great progress on detecting diffuse 2°Al and ®Fe emission and
studying their line shapes. Details of line shapes help us to understand the dynamics of the
ejected isotopes in the interstellar medium (e.g., nearby star formation regions) and in large
scales of the Galaxy.

The new results on diffuse emissions of Galactic °Al and ®%Fe from more than five years
of INTEGRAL/SPI observations and their astrophysical implications are briefly summarized
here as follows:

(1) The study of the 2°Al line and its details in the large-scale of the Galaxy is one of the main
goals of the SPI spectrometer on INTEGRAL. Using SPI data, we detect 2°Al y-ray emission
signal in the Galaxy with a significance level of ~ 30c. The 2°Al flux integrated over the inner
Galaxy of (2.9 £0.2) x 10~* ph cm~2 s~ ! rad~!. Taking the distance of the Sun to the Galactic
center as Ry = 8.5 kpc, we convert the measured 2°Al flux to a Galactic 2°Al mass of (2.6 +0.6)
Mg . With detecting diffuse 2°Al emission in the Galaxy, we can also independently derive
the core-collapse supernova rate of 1.9 & 0.9 per century.

(2) The 2°Al line centroid energy appears blue-shifted relative to the laboratory value of
1808.65 £ 0.07 keV if integrated over the inner Galaxy (~ 1809.0 £ 0.1 keV). With refined
spatial resolution this turns out to be mostly due to asymmetric bulk motion which we find
along the plane of the Galaxy, and attribute to asymmetries in inner spiral arms and to the
Galaxy’s bar.
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(3) The measured line width of 26Al from the large-scale integrated inner Galaxy with an upper
limit of 1.3 keV (20) is consistent with expectations from both Galactic rotation and modest
interstellar-medium turbulence around the sources of 2°Al (turbulent velocities constrained
below 160 km s~ ! even when disregarding the effects of galactic rotation).

(4) The brightness asymmetry of the 2°Al line emission for the 1st and 4th quadrants is
discovered with a flux ratio of F#"/F1st ~ 1.3. The 2°Al emission asymmetry between fourth
and first quadrant of the Galaxy seems to be lower than the intensity contrast of 1.8f8:g
reported for positron annihilation emission from the disk of the Galaxy (Weidenspointner
et al. 2008). 26A1 by itself releases a positron in 82% of its decays; it is uncertain, however, how
this translates into annihilation photons, from the variety of slowing down and annihilation
processes which determine the fate of positrons in interstellar space. Both spatial and
temporal variations and non-linearities scaling with gas density may occur.

(5) The study of 2°Al emission in spatially-restricted regions along the plane of the Galaxy
found the 2°Al line centroid energy shifts along the Galactic plane: redshifts in the position
longitudes and blueshifts in the negative ones. The centroid line shift curve is consistent
with the Galactic rotation curve. What's more, comparing the results for 2°Al ejecta velocity
along the Galactic longitudes with other observations like HI, CO detections and theory still
suggests that the hot gas (26A1) undergoes additional acceleration in the direction of Galactic
rotation (Fig. 11 bottom panel). Further analysis suggested that 2°Al velocity curves are
incompatible with the circular orbits (Kretschmer, 2011). This implies that the Galactic bar
would have a major influence on the kinematics of 2°Al ejecta in the inner Galaxy. Anther
possibility would be that 2°Al ejecta from the young star populations in molecular clouds
would be emitted in the direction of Galactic rotation, possibly as a result of interaction with
nearby clouds, thereby reaching the high radial velocities observed by SPI (Kretschmer, 2011).

(6) The 2°Al line towards the direction of 20° < | < 40° shows a hint for additional line
broadening. This line broadening may be attributed to the Aquila region which shows
increased interstellar turbulence from stellar-wind and supernova activity at the characteristic
age of stellar groups of that region, which may have created a supershell of substantial size
(320 x 550 pc, see Maciejewski et al. 1996).

(7) The scale height of Galactic-plane 2°Al emission is 1301“%0 pc (10), determined towards

the inner Galaxy (|| < 60°). The scale height of Galactic 2°Al distributions is larger than the
distributions of molecular clouds which is generally around 50 pc. However, this scale height
is still significantly smaller than the “thick disk” part of the Galaxy. It is consistent with 2°Al
being ejected from star-forming regions, and partly extending more towards the Galactic halo
where gas pressure is lower than within the plane of the Galaxy (“champagne flows”).

(8) 2°Al emission brightness decreases significantly along the Galactic latitudes. But an
additional 2°Al emission is discovered toward the intermediate latitude region of 5° < b <
30°, I < 0°. This component shows a hint for the 26A1 emission originated in nearby
star-formation region Sco-Cen.

(9) 2°Al line shapes from nearby star-formation regions (e.g., Cygnus and Sco-Cen) are
obtained. The 26Al line flux from the Cygnus region is ~ 6 x 107> ph cm~2 s, consistent
with the previous COMPTEL result. No significant line broadening and shifts are detected.
The Sco-Cen region is the nearest star-formation region. INTEGRAL/SPI first discovered the
significant 2°Al line emission from this region and derived the 2°Al line shape. The 2°Al flux
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from the Sco-Cen region is found to be 6 x 107> ph cm 2 s~ 1. In addition a blueshift of ~ 0.8
keV for 2Al line centroid energy was discovered. The blueshift suggested that the observed
26A1 ejecta in Sco-Cen have a bulk velocity of ~ 140 km s~ ! toward us. The origin of the 2°Al
ejecta bulk motions is still unknown, which would require more observational constraint.

(10) INTEGRAL/SPI first confirmed the existence of Galactic ®*Fe by detecting the y-ray
emission lines at 1173 and 1332 keV from the sky. ®'Fe signal was detected with a significance
level of ~ 50 by combining the two -ray emission lines. The average line flux is derived to
be 4.4 x 107> phcm 257!

(11) The flux ratio of ®®Fe /2°Alis derived to be ~ 15%. This ratio provides a good constraint on
the present nuclear reaction rate and massive star evolution models. There exist uncertainties
in both observations and theories. On the theory side, stellar evolution in late stages is
complex, nuclear reactions include neutron capture on unstable Fe isotopes, and explosive
nucleosynthesis adds yet another complex ingredient. On the experimental side, half-lives
of isotopes, cosmic ray induced ®°Co radioactivity in the instrument and spacecraft and
the limitations of spatial resolutions and sensitivity are issues reflected in the substantial
uncertainties in experimental values.

INTEGRAL still continues to accumulate the observational data for several years, with more
exposure on the Galactic plane, covering more sky regions, specially in the intermediate
latitudes. The deeper observations along the Galactic plane will increase the significance of
the present results on 2°Al and ®Fe . The further studies with high-resolution 2°Al line shapes
will help to better understand the properties of ISM near groups of massive stars, and the bulk
motion of gas in the inner Galaxy from Galactic rotation and other peculiar kinematics. The
possible detection of °OFe signal variations along the Galactic plane can be carried out with
nearly ten years of INTEGRAL/SPI data. Nearby 2°Al sources may be also discriminated
with better exposure towards candidate sky regions, improving our determination of the 2°Al
mass in the Galaxy and towards regions where the stellar census is known to a better degree.
Studies of 2°Al from nearby star-formation regions (e.g., Cygnus, Vela, Sco-Cen, Orion) are
a promising diagnostic for the massive star origin of Galactic 2°Al and kinematics of 2°Al
ejecta in ISM. Presently 2°Al line shapes are derived only in two nearby regions Cygnus and
Sco-Cen. The 2°Al emission signal from Vela and Orion regions and their line shapes would
be studied with INTEGRAL/SPI. These studies will provide the important constraints on the
nucleosynthesis of supernovae and massive stars.

SPI aboard INTEGRAL has a high spectral resolution but still a very limited sensitivity
over 0.1 - 8 MeV, e.g,, 26A] emission can be only detected in the inner Galaxy and nearby
star-formation regions, but no signal is detected from individual sources, like supernova
remnants. The MeV gamma-ray astronomy retards for a long time for the lack of a sensitive
instrument from 0.1 — 10 MeV compared to the present keV and GeV band instruments
(Chandra, XMM-Newton, Fermi/LAT). Therefore, the development of the next-generation
MeV gamma-ray telescope is very necessary and urgent in multi-wavelength instrument
sensitivity for full understanding of the high energy astrophysics, specially in the new
observational window for the nuclear radioactivity gamma-ray line emissions, e.g., 2°Al, ®Fe ,
44Ti,56Co and 511 keV annihilation line (also see Fig. 21). The potential -ray line sources: the
511 keV line from Galactic novae and nearby supernova remnants; ®*Fe from the Vela SNR;
5%6Co from SN Ia at a distance up to 80 Mpc; **Ti from more young SNRs, e.g. Tycho, Kepler,
SN 1987A; 2°Al from individual sources, like the Vela SNR, the closest Wolf-Rayet star WR
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Fig. 21. Future goals for 7y-ray line astronomy (0.2 — 10 MeV): possible next-generation
instruments (e.g., Advanced-Compton Telescope, Gamma-Ray Imager) and potential
candidate <y-ray line sources for e~ e annihilation line, °°Co, **Ti, ®Fe and 2°A1 (from Boggs
et al. 2003). Sensitivities of SPI and COMPTEL are also shown here for comparison.

11 in the Vela star-formation region, even from Crab and Cas A; and the nuclear exciting
lines in ISM from C and O, are well below the sensitivity limits of present missions, but
could be detected by the future advanced <y-ray telescopes, i.e., visionary Advanced Compton
Telescope (ACT) and European Gamma-Ray Imager (GRI) mission. Detections of the 511 keV
line, #4Ti, 2°Al and ®“Fe from some individual SNRs will put the connection with yields of these
radioactivity isotopes from stellar nucleosynthesis on solid ground. Era for accurate y-ray line
astronomy and nuclear astrophysics may come near with the launch of next-generation MeV
y-ray missions.
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