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The International Gamma Ray Astrophysics Laboratory (INTEGRAL)

The INTEGRAL Satellite
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Gamma-Ray Observations with SPI
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Full Galactic Emission at 1.8 MeV

Galactic 26Al Mass 
2.0 ± 0.3 M☉

cc-SN Rate 
1.5 ± 0.5 per century

Kretschmer et al. (2013)

26Al Longitude-Velocity Diagram

Velocity Excess 
for Massive-Star Ejecta 

26Al Emission at 1.8 MeV

Superbubble 
Dynamics
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26Al Emission from Orion Superbubble Kinematics

Kinematics of Superbubbles

Krause et al. (2015)Siegert & Diehl (2016)

Interstellar Medium in the Nearby Universe 27.03.2018



Galaxy Model

Population Synthesis 
Calculations

+

6 Y. Fujimoto, M. R. Krumholz and S. Tachibana

Figure 2. The morphology of the galactic disc. Panels show the gas (left), 60
Fe (middle) and 26

Al (right) surface densities of the face-on
disc at t = 750 Myr. Each image is 28 kpc across. The galactic disc rotates anticlockwise. The two circles indicate Galactocentric radii
of 7.5 kpc and 8.5 kpc, roughly bounding the Solar annulus.

Figure 3. Same as Figure 2, but zoomed in on a spot near the Solar Circle. Panels show the gas (top-left), star formation rate (top-right),
60

Fe (bottom-left) and 26
Al (bottom-right) surface densities at t = 750 Myr. The two arcs show Galactocentric radii of 7.5 and 8.5 kpc,

bounding the Solar annulus.

MNRAS 000, 1–11 (2018)

Testing Simulated 26Al Maps

Chemodynamical Simulations by 
Fujimoto et al. (2018)
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Testing Simulated 26Al Maps
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an adequate time scale. For the 26Al analysis, we choose half-
year change-points in the background normalisation, in addition
to detector failure times. As the measured photon counts are
Poisson-distributed, the likelihood of a set of model parameters
✓, given a data set D with n data points is calculated by

L (✓|D) =
nY

k=1

mdk
k exp(�mk)

dk!
, (2)

where dk is the measured number of photon counts and mk is
the model predicted value as described in Eq. (1). To determine
the parameter set ✓, which maximises the likelihood, we use the
Cash statistic (Cash 1979)

C (✓|D) = 2
nX

k=1

[mk � dk ln(mk)], (3)

which is the negative logarithm of the Poissonian likelihood.
The spectral shape of gamma-ray emission lines measured with
SPI are described by a degraded Gaussian line (Siegert 2016)

L(E) = (G ⌦ T )(E), (4)

i. e. the convolution of a Gaussian function

G(E) = A exp
 
� (E � E0)2

2�

!
, (5)

with amplitude A, centroid E0, and width �, with an exponential
tail function

T (E) =
1
⌧

exp
✓
�E
⌧

◆
. (6)

The degradation parameter ⌧ accounts for the physical detec-
tor degradation, lowering the charge collection e�ciency due to
cosmic-ray bombardment, destroying the lattice structure.

3. Comparing Simulations to Data

3.1. Sky Maps

We use four maps of 26Al emission at 1809 keV obtained by
high resolution chemodynamical simulations of a Milky Way
like galaxy by Fujimoto et al. (2018, in prep.). In the follow-
ing the maps are named Theta-16, Theta-8, Theta8, and
Theta16, as they correspond to four di↵erent viewing angles
in the simulated galaxy of -16 �, -8 �, 8 �, and 16 � respectively.
They cover the whole sky with a pixel size of 1� ⇥ 1�.
To compare the theoretical maps with an observation-based map,
we use the COMPTEL map of the Galactic 26Al emission de-
picted in Fig. 1 (Plüschke et al. 2001). It is obtained from 9 yr of
observations with the imaging Compton telescope COMPTEL
aboard the CGRO satellite using a maximum entropy deconvo-
lution. From this comparison we obtain information about the
physical explanatory scope of the theoretical maps according to
the actual sky intensity distribution of the Milky Way. We apply
the test statistic

TS = C (Mi|D) � C (MCOMPTEL|D), (7)

which gives an estimate of the goodness of fit for a model Mi
relative to the COMPTEL map MCOMPTEL. Negative values of
the test statistic indicate a better and positive values a worse fit.

Fig. 1. Maximum entropy all-sky map of the 1809 keV emission in
the Milky Way obtained from 9 yr of observations with COMPTEL
(Plüschke et al. 2001). Prominent emission sites are labelled in red.

Fig. 2. SPI exposure map for 13 yr of the INTEGRAL mission with
an integrated observation time of ⇠ 200 Ms. The red box encloses the
inner Galactic region, which we treated separately in our analysis. The
e↵ective area of SPI at 1.8 MeV is 52 cm2 (Attié et al. 2003).

3.2. Data

The sky maps are fitted to a SPI data set comprising ⇠ 200 Ms
exposure time from revolutions 43 to 1593. The observational
sky coverage in time and space is shown in Fig. 2. The patchy
structure comes from the fact that the observation strategy of IN-
TEGRAL is to observe regions of interest separately rather than
to perform a uniform full-sky survey.
We choose two di↵erent approaches for our investigation. In the
first step, we restrict our analysis to the inner galactic region
with �10� < b < 10� and �30� < l < 30�, to treat the regions
with highest intensity and longest exposure time separately. In
the second step we analyse the full sky emission. For each of
the spatial scopes, we determine the 26Al signal in two ways.
First, we analyse one energy band from 1805 keV to 1813 keV,
combining the 26Al emission in only one energy bin to obtain
absolute deviations in the test statistic. Second, we analyse a re-
solved spectrum between 1795 keV and 1820 keV with 0.5 keV
bin width and perform a spectral fit according to the line shape
described in Eq. (4). This allows to study the performance of the
maps according to individual dynamical components.

Article number, page 2 of 5

A&A proofs: manuscript no. science_report_v1

an adequate time scale. For the 26Al analysis, we choose half-
year change-points in the background normalisation, in addition
to detector failure times. As the measured photon counts are
Poisson-distributed, the likelihood of a set of model parameters
✓, given a data set D with n data points is calculated by

L (✓|D) =
nY

k=1

mdk
k exp(�mk)

dk!
, (2)

where dk is the measured number of photon counts and mk is
the model predicted value as described in Eq. (1). To determine
the parameter set ✓, which maximises the likelihood, we use the
Cash statistic (Cash 1979)

C (✓|D) = 2
nX

k=1

[mk � dk ln(mk)], (3)

which is the negative logarithm of the Poissonian likelihood.
The spectral shape of gamma-ray emission lines measured with
SPI are described by a degraded Gaussian line (Siegert 2016)

L(E) = (G ⌦ T )(E), (4)

i. e. the convolution of a Gaussian function

G(E) = A exp
 
� (E � E0)2

2�

!
, (5)

with amplitude A, centroid E0, and width �, with an exponential
tail function

T (E) =
1
⌧

exp
✓
�E
⌧

◆
. (6)

The degradation parameter ⌧ accounts for the physical detec-
tor degradation, lowering the charge collection e�ciency due to
cosmic-ray bombardment, destroying the lattice structure.

3. Comparing Simulations to Data

3.1. Sky Maps

We use four maps of 26Al emission at 1809 keV obtained by
high resolution chemodynamical simulations of a Milky Way
like galaxy by Fujimoto et al. (2018, in prep.). In the follow-
ing the maps are named Theta-16, Theta-8, Theta8, and
Theta16, as they correspond to four di↵erent viewing angles
in the simulated galaxy of -16 �, -8 �, 8 �, and 16 � respectively.
They cover the whole sky with a pixel size of 1� ⇥ 1�.
To compare the theoretical maps with an observation-based map,
we use the COMPTEL map of the Galactic 26Al emission de-
picted in Fig. 1 (Plüschke et al. 2001). It is obtained from 9 yr of
observations with the imaging Compton telescope COMPTEL
aboard the CGRO satellite using a maximum entropy deconvo-
lution. From this comparison we obtain information about the
physical explanatory scope of the theoretical maps according to
the actual sky intensity distribution of the Milky Way. We apply
the test statistic

TS = C (Mi|D) � C (MCOMPTEL|D), (7)

which gives an estimate of the goodness of fit for a model Mi
relative to the COMPTEL map MCOMPTEL. Negative values of
the test statistic indicate a better and positive values a worse fit.

Fig. 1. Maximum entropy all-sky map of the 1809 keV emission in
the Milky Way obtained from 9 yr of observations with COMPTEL
(Plüschke et al. 2001). Prominent emission sites are labelled in red.

Fig. 2. SPI exposure map for 13 yr of the INTEGRAL mission with
an integrated observation time of ⇠ 200 Ms. The red box encloses the
inner Galactic region, which we treated separately in our analysis. The
e↵ective area of SPI at 1.8 MeV is 52 cm2 (Attié et al. 2003).

3.2. Data

The sky maps are fitted to a SPI data set comprising ⇠ 200 Ms
exposure time from revolutions 43 to 1593. The observational
sky coverage in time and space is shown in Fig. 2. The patchy
structure comes from the fact that the observation strategy of IN-
TEGRAL is to observe regions of interest separately rather than
to perform a uniform full-sky survey.
We choose two di↵erent approaches for our investigation. In the
first step, we restrict our analysis to the inner galactic region
with �10� < b < 10� and �30� < l < 30�, to treat the regions
with highest intensity and longest exposure time separately. In
the second step we analyse the full sky emission. For each of
the spatial scopes, we determine the 26Al signal in two ways.
First, we analyse one energy band from 1805 keV to 1813 keV,
combining the 26Al emission in only one energy bin to obtain
absolute deviations in the test statistic. Second, we analyse a re-
solved spectrum between 1795 keV and 1820 keV with 0.5 keV
bin width and perform a spectral fit according to the line shape
described in Eq. (4). This allows to study the performance of the
maps according to individual dynamical components.

Article number, page 2 of 5

Logarithmic Poissonian Likelihood 
(Cash 1979)

Test Statistic

Interstellar Medium in the Nearby Universe 27.03.2018

Pleintinger et al. (in prep.)



Residual 
Backprojection

Testing Simulated 26Al Maps

Interstellar Medium in the Nearby Universe 27.03.2018

Pleintinger et al. (in prep.)



Galactic Population Synthesis

Nearby 
OB Associations

Interstellar Medium in the Nearby Universe 27.03.2018



Galactic Population Synthesis

Galaxy Model

free electron density (Cordes & Lazio 2002), which, given the
position of a synthetic pulsar in the Galaxy and the observing fre-
quency, computes its modeled DM and pulse broadening scatter-
ing time (! scatt ). To reduce the computational cost,we have changed
the default integration distance step of 10 pc to 50 pc.

3.2. Pulsar Birth Properties

The modeled Galaxy is populated by synthetic pulsars. We
describe how birth properties are assigned to them.

3.2.1. Spatial and Kinematic Distributions

The birth locations of the MC pulsars are specified by a radial
(r) distribution and a vertical (z) distribution.

The spiral structure is realized by choosing the birth locations
so that their projections lie on arms (assuming an equal pulsar
birthrate in each arm) and subsequently altering them to simulate
a spread about the arm centroids. More precisely, an arm num-
ber, 1 ! i ! 4, is first randomly7 chosen. A distance rraw from
the GC is then chosen according to the specified radial distribu-
tion (see below), and the corresponding polar angle "raw is cal-
culated so that the pulsar lies on the centroid of arm i. To avoid
artificial features near the GC, the distribution is blurred by apply-
ing a correction of magnitude "corr exp ("0:35rraw/kpc), where
"corr is randomly chosen in the interval [0, 2#) rad, to the polar
angle of each pulsar. Finally, to spread the pulsars about the spiral
centroids, the (x, y) coordinates of each pulsar on the Galactic
plane are further altered by translating it by a distance rcorr drawn
from a normal distribution centered at zero with standard devia-
tion 0.07rraw, without preference with respect to direction. These
corrections are somewhat arbitrary, chosen so that they produce a
reasonably natural distribution. Figure 3 illustrates a resulting
simulated birth distribution in the x-y plane.

For the radial distribution of the pulsar progenitors, we adopt
the functional form suggested by Yusifov & Küçük (2004) fol-
lowing an analysis based on the NE2001 model and including
data from the PM and SM surveys:

$(r) ¼ A
r þ R1

R% þ R1

! "a

exp "b
r " R%

R% þ R1

! "# $
; ð16Þ

where $ (r) is the surface density at galactocentric radius r; R1, a,
and b are model parameters; and A is a normalization constant.
Yusifov & Küçük (2004) found the best-fit values a ¼ 1:64 (
0:11, b ¼ 4:01 ( 0:24, and R1 ¼ 0:55 ( 0:10 kpc. Within the
limits of the estimated errors, this radial distribution is nearly
the same as the one derived by Lorimer (2004) using a different
method. Yusifov & Küçük (2004) and Lorimer (2004) actually
investigated the distribution of evolved pulsars, rather than that
of their progenitors, and it is a priori unclear whether it is jus-
tified to adopt this model for the birth distribution. We address
this question a posteriori in x 4.1.1.

The distance from the Galactic plane is simply chosen from an
exponential distributionwith specifiedmean, hz0i, and is assigned
a random sign.

Tomodel the birth space velocities of the pulsars, we adopt the
exponential velocity distribution determined in x 2. We examine
the importance of this assumption in x 4.3.

3.2.2. Spin Period and Magnetic Field

The birth spin period P0 of each pulsar is chosen from a
normal distribution with mean hP0i and standard deviation %P0

.
Negative spin periods are rejected and redrawn. The equatorial

surface magnetic field B is chosen from a normal distribution
with mean hlog Bi and standard deviation %log B in the logarithm
to the base-10.

3.2.3. Radio Luminosity

Despite nearly four decades of study, the radio emission mech-
anism and the geometry of pulsar emission beams remain poorly
understood. Nonetheless, we must model the pulsar luminosity in
our simulations in order to determinewhich objects are detectable.

To avoid modeling potential apparent luminosity variations
due to complex emission beam and viewing geometries, each pul-
sar is assigned a (pseudo)luminosity L defined such thatL¼ SD2,
where S is the pulsar’s flux density at the Earth, instead of a true
physical luminosity.

Given the lack of well-defined correlation of pulsar radio lu-
minosities with other properties in the observed pulsar sample, a
model that must be tested is one in which the luminosities are
assumed independent of all other properties. This model is re-
ferred to as the ‘‘random’’ model. Lyne et al. (1998) investigated
the luminosity distribution of pulsars at 400 MHz. For L400 )
10 mJy kpc2, they found that N (L400) dL400 /L"2

400 dL400. As
L400 ! 0, this law must break down, for otherwise the integral
giving the total number of pulsars in the Galaxy is divergent. We
model a flattening of the luminosity distribution by a second
power-law component for luminosities below a certain turnover
point Lto, with continuity enforced at Lto, and a low-luminosity
cutoff Llow ensuring convergence:

p(L) /
L&1 ; L2 ½Llow; Lto);

L&2 ; L2 ½Lto; 1);

0; otherwise:

8
><

>:
ð17Þ

Assuming that the spectral index is independent of the lumi-
nosity at a particular frequency, the distribution of luminosities

Fig. 3.—Example of a simulated initial distribution of pulsars in the x-y plane.
Each point represents the birth position of a pulsar projected onto the Galac-
tic plane. The location of the Sun is indicated by the circled dot. Solid lines trace
the spiral arm centroids. Dashed lines are tangent to arms in the vicinity of the
Sun.

7 In this paper, the unqualified term ‘‘random’’ implies a uniform distribution.
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free electron density (Cordes & Lazio 2002), which, given the
position of a synthetic pulsar in the Galaxy and the observing fre-
quency, computes its modeled DM and pulse broadening scatter-
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the default integration distance step of 10 pc to 50 pc.

3.2. Pulsar Birth Properties

The modeled Galaxy is populated by synthetic pulsars. We
describe how birth properties are assigned to them.

3.2.1. Spatial and Kinematic Distributions
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free electron density (Cordes & Lazio 2002), which, given the
position of a synthetic pulsar in the Galaxy and the observing fre-
quency, computes its modeled DM and pulse broadening scatter-
ing time (! scatt ). To reduce the computational cost,we have changed
the default integration distance step of 10 pc to 50 pc.

3.2. Pulsar Birth Properties

The modeled Galaxy is populated by synthetic pulsars. We
describe how birth properties are assigned to them.

3.2.1. Spatial and Kinematic Distributions

The birth locations of the MC pulsars are specified by a radial
(r) distribution and a vertical (z) distribution.

The spiral structure is realized by choosing the birth locations
so that their projections lie on arms (assuming an equal pulsar
birthrate in each arm) and subsequently altering them to simulate
a spread about the arm centroids. More precisely, an arm num-
ber, 1 ! i ! 4, is first randomly7 chosen. A distance rraw from
the GC is then chosen according to the specified radial distribu-
tion (see below), and the corresponding polar angle "raw is cal-
culated so that the pulsar lies on the centroid of arm i. To avoid
artificial features near the GC, the distribution is blurred by apply-
ing a correction of magnitude "corr exp ("0:35rraw/kpc), where
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centroids, the (x, y) coordinates of each pulsar on the Galactic
plane are further altered by translating it by a distance rcorr drawn
from a normal distribution centered at zero with standard devia-
tion 0.07rraw, without preference with respect to direction. These
corrections are somewhat arbitrary, chosen so that they produce a
reasonably natural distribution. Figure 3 illustrates a resulting
simulated birth distribution in the x-y plane.

For the radial distribution of the pulsar progenitors, we adopt
the functional form suggested by Yusifov & Küçük (2004) fol-
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due to complex emission beam and viewing geometries, each pul-
sar is assigned a (pseudo)luminosity L defined such thatL¼ SD2,
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model that must be tested is one in which the luminosities are
assumed independent of all other properties. This model is re-
ferred to as the ‘‘random’’ model. Lyne et al. (1998) investigated
the luminosity distribution of pulsars at 400 MHz. For L400 )
10 mJy kpc2, they found that N (L400) dL400 /L"2

400 dL400. As
L400 ! 0, this law must break down, for otherwise the integral
giving the total number of pulsars in the Galaxy is divergent. We
model a flattening of the luminosity distribution by a second
power-law component for luminosities below a certain turnover
point Lto, with continuity enforced at Lto, and a low-luminosity
cutoff Llow ensuring convergence:

p(L) /
L&1 ; L2 ½Llow; Lto);

L&2 ; L2 ½Lto; 1);

0; otherwise:

8
><

>:
ð17Þ

Assuming that the spectral index is independent of the lumi-
nosity at a particular frequency, the distribution of luminosities

Fig. 3.—Example of a simulated initial distribution of pulsars in the x-y plane.
Each point represents the birth position of a pulsar projected onto the Galac-
tic plane. The location of the Sun is indicated by the circled dot. Solid lines trace
the spiral arm centroids. Dashed lines are tangent to arms in the vicinity of the
Sun.

7 In this paper, the unqualified term ‘‘random’’ implies a uniform distribution.
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