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M31?

‘bulkier brother’ of the Milky way: 
•  Large, massive spiral galaxy: 2-3x as big as the Milky Way 
•  Distance: 780 kpc 
•  Radial Velocity: -200 km/s -- incoming!

• Bulge mass: 
M31 3-5  1010 M⊙ (Tamm+, 

1208.5712)  

MW ~0.9 1010M⊙ 
• few times more globular 

clusters 
• ~2x more massive SMBH                            

The local group



M31 in gamma-rays

• M31 detected with 5.3σ in two year Fermi LAT data (Abdo+, ApJ (2010))                             
  → only marginal detection of spatial extension (1.8σ)  

• Recently: more detailed analysis with 88 months of Pass 8 SOURCE class events 

Observations of M31 and M33 with the Fermi-LAT 11
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Fig. 1.— Counts map (left) and residual counts map after background subtraction (right), in units of counts pixel−1, using 1−100 GeV
events in a 10◦×10◦ region around M31. Overlaid are the best-fit disk model (white and blue circles for left and right panels, respectively),
eight 3FGL point sources (green circles), and contours of the atomic gas column density map (cyan curves). Both maps have a pixel size
of 0.◦1 and were smoothed with a Gaussian kernel with σ = 0.◦4.
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Fig. 2.— Left: TS map obtained for the background model, using 1−100 GeV events in a 3.◦5 × 3.◦5 region around M31. Overlaid are
the 3FGL position of M31 (the red plus sign), the center of M31 from SIMBAD (the blue cross), the best-fit point source position (the red
cross), the best-fit disk (the red circle), the best-fit elliptical disk (the magenta ellipse), the best-fit Gaussian (the blue circle, 1σ extent),
the best-fit elliptical Gaussian (the green ellipse, 1σ extent), and contours of the atomic gas column density map (cyan curves). Right: TS
map obtained for a source model including M31, using 1−100 GeV events in a 3.◦5× 3.◦5 region around M31. Overlaid are the positions of
possible sources Excess1 and Excess2 (the green cross) and of the LAT 7 yr internal list source (the red plus sign). Both maps have a pixel
size of 0.◦1.

Features: 
— emission does not correlate with gas maps 

Ackermann+, ApJ 836 (2017)

smaller SFR…



M31 in gamma-rays

Observations of M31 and M33 with the Fermi-LAT 11
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Fig. 1.— Counts map (left) and residual counts map after background subtraction (right), in units of counts pixel−1, using 1−100 GeV
events in a 10◦×10◦ region around M31. Overlaid are the best-fit disk model (white and blue circles for left and right panels, respectively),
eight 3FGL point sources (green circles), and contours of the atomic gas column density map (cyan curves). Both maps have a pixel size
of 0.◦1 and were smoothed with a Gaussian kernel with σ = 0.◦4.
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Fig. 2.— Left: TS map obtained for the background model, using 1−100 GeV events in a 3.◦5 × 3.◦5 region around M31. Overlaid are
the 3FGL position of M31 (the red plus sign), the center of M31 from SIMBAD (the blue cross), the best-fit point source position (the red
cross), the best-fit disk (the red circle), the best-fit elliptical disk (the magenta ellipse), the best-fit Gaussian (the blue circle, 1σ extent),
the best-fit elliptical Gaussian (the green ellipse, 1σ extent), and contours of the atomic gas column density map (cyan curves). Right: TS
map obtained for a source model including M31, using 1−100 GeV events in a 3.◦5× 3.◦5 region around M31. Overlaid are the positions of
possible sources Excess1 and Excess2 (the green cross) and of the LAT 7 yr internal list source (the red plus sign). Both maps have a pixel
size of 0.◦1.

Features: 
— emission does not correlate with gas maps 
— emission templates: 

- uniform disk, r~0.38±0.05o (~5 kpc) 

- Gaussian, σ~0.23±0.08o (~3.5 kpc)

• M31 detected with 5.3σ in two year Fermi LAT data (Abdo+, ApJ (2010))                             
  → only marginal detection of spatial extension (1.8σ)  

• Recently: more detailed analysis with 88 months of Pass 8 SOURCE class events 

Ackermann+, ApJ 836 (2017)



M31 in gamma-rays

• M31 detected with 5.3σ in two year Fermi LAT data (Abdo+, ApJ (2010))                             
  → only marginal detection of spatial extension (1.8σ)  

• Now: more detailed analysis with 88 months of Pass 8 SOURCE class events 

Observations of M31 and M33 with the Fermi -LAT 11
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Fig. 3.— TS map obtained for a source model replicating that of Pshirkov et al. (2016), using 0.3� 100 GeV events in a 7� ⇥ 7� region
around M31. Overlapped are 0.9�, 1� and 3� circles (white), 3FGL sources in the field (green small circles), Excess 2 (Cyan X) and the
point source found by Pshirkov et al. 2016 (white X). The map has a pixel size of 0.1�.

Fig. 4.— Spectrum of M31. The blue solid line is the best-fit power law model from an analysis over the full energy range, and the light
blue shaded area indicate the 68% confidence level uncertainty domain. Red spectral points were obtained by performing independent fits
in individual energy bins. Red arrows represent the 95% confidence level flux upper limits. Red and black vertical error bars are statistical
and total uncertainties, respectively, with the latter being the quadratic sum of statistical and systematic uncertainties.

Features: 
— emission does not correlate with gas maps 
— emission templates: 

- uniform disk, r~0.38±0.05o (~5 kpc) 

- Gaussian, σ~0.23±0.08o (~3.5 kpc) 
— spectrum: 

- PL best fit: Γ~2.4 ±0.1 

- PLEXP: Γ~2.1 ±0.2, Ecut-off ~5.3 ± 4.9 GeV

Ackermann+, ApJ 836 (2017)



GCE vs M31 emission?

viewed along the plane & dominant GDE — 
obstructed view on the GCE

– external viewpoint 
– ~10 times lower SFR than in MW, low GDE 
– size of the emission region comparable to 
that of the GCE

Milky Way (MW) Galactic Center Excess 

https://fermi.gsfc.nasa.gov/science/eteu/dm/ 
of comparable 

origin? 
?

M31 extended emission 

Ackermann+, ApJ 840 (2017) Ackermann+, ApJ 836 (2017)



Motivation for MSP interpretation in M31
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Fig. 3: Parameter maps for M31, rotated from a position angle of 38�. See Table 1 for the meaning of the parameters. Pixels with uncertainties that
were considered too large (see Sect. 3.2.1) were blanked out. The green ellipses in the upper–left panel represent the apertures of the macro-regions
of M31: the bulge, inner disk region, 10 kpc ring, and the outer disk.

3.4. SED of the macro-regions

As a first step towards a spatially resolved analysis, we decom-
pose Andromeda into macro–regions, located at di↵erent galac-
tocentric distances: the bulge, the inner disk, the star forming

ring centred at a radius of 10 kpc, and the outer part of the disk.
We choose to base our definition of these regions on the mor-
phology of the Ldust map of Fig 3. The advantage is that, in the
light of constructing dust scaling relations, each region corre-
sponds to a separate regime in terms of SFR, radiation field, dust

Article number, page 10 of 22

1. 30% of all stellar mass in 
the bulge (gamma ray 
signal tracks M*?) 

2. mostly old stars (>~ 12 
Gyrs) 

3. bulge extension of 0.5-1.1 
kpc roughly similar to the 
measured extension (more 
later)

dust and current star formation in rings
stellar mass and old star formation

[far IR & sub-mm, Hershel, 1403.4272]



What we learned about MSPs in the MW? 

Millisecond Pulsars in Dwarf Spheroidal Galaxies 3

Fig. 1.— Left : Luminosity (0.1–100 GeV) distribution of LAT detected MSPs calculated for 2PC and ATNF reported distances. Right :
Estimated LAT survey completeness fraction as a function of �-ray luminosity (0.1–100 GeV). The red curve and gray band indicate the
median and inner 68% interval of the completeness fraction across the MC realizations.

in the MW disk:

⇢(R, z) / e(�R/R
0

)e(�|z|/z
0

), (1)

where R is the radial distance from the Galactic cen-
ter and z is the vertical scale height above the Galactic
plane. While other authors model the radial distribu-
tion of Galactic MSPs using a Gaussian density profile
(Faucher-Giguère & Loeb 2010), Grégoire & Knödlseder
(2013) find that their results are fairly insensitive to the
selected radial law. We make no attempt to model a
special population of MSPs in the Galactic bulge; our
population of interest is field MSPs.
To account for systematic uncertainties both in the

spatial distribution of Galactic MSPs, as well as the ef-
fective selection function of the LAT pulsar survey, we re-
peat the following MC procedure many times with di↵er-
ent input parameter sets. First, following the MSP pop-
ulation model of Grégoire & Knödlseder (2013), we draw
radial and vertical scale lengths from log-normal distribu-
tions defined by R0 = 3+3

�1 kpc and z0 = 0.6+0.6
�0.3 kpc, re-

spectively (see their Table 3). Using these scale lengths,
we generate 107 MSPs at random locations consistent
with the spatial distribution of Equation 1 and assum-
ing azimuthal symmetry in Galactocentric coordinates.
We then determine the apparent Galactic coordinates
(l, b) of each MSP as viewed from the Sun’s position at
(R,�, z) = (8.5 kpc, 0 rad, 20 pc).
Each MSP (l, b) coordinate is mapped to an e↵ective

flux detection threshold using the sensitivity curve in Fig-
ure 17 of 2PC (Abdo et al. 2013), which is expressed as a
function of Galactic latitude. This direction-dependent
flux threshold partially accounts for variations in the in-
tensity of di↵use Galactic emission. We model system-
atic uncertainty in the 2PC selection function by drawing
a direction-dependent flux threshold curve between the
10% and 90% percentile sensitivity range for each real-
ization of the MSP population (sampled from a uniform
distribution). The survey completeness is evaluated as
the number of detectable MSPs at a given luminosity
divided by the total number of simulated MSPs.
After calculating the detection e�ciency for 105 sets

of spatial parameters and flux detection thresholds, we
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Fig. 2.— MSP �-ray luminosity function (0.1–100 GeV) normal-
ized to the stellar mass of the MW. Data points include a incom-
pleteness correction applied to LAT MSP sample assuming 2PC
distances. Error bars correspond to statistical uncertainty associ-
ated with the finite number of LAT-detected MSPs. The shaded
gray band represents the 1� statistical uncertainty on the broken
power-law fit to these data and dashed gray lines represent the
systematic uncertainty envelope (distances to LAT-detected MSPs,
spatial distribution of Galactic MSPs, and e↵ective selection func-
tion of LAT pulsar catalog). The blue dashed curve represents
the best-fit LF of Hooper & Mohlabeng (2016) normalized to the
cumulative luminosity of our best-fit LF.

arrive at the completeness function shown in Figure 1.

3.3. �-ray Luminosity Function

We derive the MSP �-ray LF using a Markov Chain
Monte Carlo (MCMC) assuming a broken power law
parametrization. During the fit, the median incomplete-
ness correction (Section 3.2) is applied to the MSPs in
each luminosity bin of our sample. After determining the
LF posterior, we normalize to unit stellar mass, assum-
ing a MW stellar mass of 7 ⇥ 1010M� (Malhotra et al.
1996). The resultant LF is shown in Figure 2.
To estimate the systematic uncertainty, we re-fit the

LF pairing luminosities calculated from 2PC and ATNF

MSP emission observed in 
— galactic halo, ‘locally’…

[Calore+, ApJ (2016)] [Winter+, ApJ (2016)]

About ~100 MSPs observed to date*, used to derive the luminosity function.

*https://confluence.slac.stanford.edu/display/GLAMCOG/Public+List+of+LAT-Detected+Gamma-Ray+Pulsars



stellar encounter rate: 

The Astrophysical Journal, 726:100 (7pp), 2011 January 10 Hui et al.

Figure 2. Lγ vs. various individual cluster properties. The straight lines in the plots represent the best fits from the linear regression, with the errors of the data points
fully taken into account. The dotted lines represent the upper and lower 95% confidence bands.

Table 3
Best-fit Fundamental-plane Relationships of γ -ray GCs

Parameters Best-fit Values

a1 34.12 ± 0.29
a2 0.42 ± 0.17
a3 0.62 ± 0.29

a4 34.70 ± 0.30
a5 0.39 ± 0.18
a6 0.96 ± 0.49

a7 35.21 ± 0.29
a8 0.49 ± 0.18
a9 0.44 ± 0.31

a10 35.61 ± 0.16
a11 0.48 ± 0.17
a12 0.76 ± 0.50

γ -ray power and a number of cluster properties, we shed
light on the origin of γ -rays from these GCs. First of all,
the correlation between Lγ and Γc suggests that high-energy
radiation is intimately related to the population of dynamically
formed objects, which are presumably MSPs, confirming the
study by Abdo et al. (2010a), which used eight GCs. Together
with the lack of any correlation with MV and hence the cluster
mass, this is fully consistent with the inference suggested by Hui

et al. (2010) and consolidates the dynamic formation scenario
of MSPs in GCs.

Apart from Γc, we have found that Lγ is also positively
correlated with [Fe/H]. This is consistent with the tendency
deduced from studying the radio MSP population in GCs (Hui
et al. 2010) and the fact that the GC that possesses the highest
[Fe/H] also has the highest Lγ (Tam et al. 2010). Ivanova
(2006) proposes that the absence of the outer convective zone
in metal-poor main-sequence donor stars in the mass range
of 0.85–1.25 M⊙, in contrast to their metal-rich counterparts,
may be responsible, because the absence of magnetic braking
in such stars precludes orbital shrinkage, thereby significantly
reducing the binary parameter space for the production of
bright LMXBs. For a conventional scenario, MSPs are the old
pulsars that have passed through the death-line in the P –Ṗ
diagram and are subsequently spun up in the binaries. As
the metallicity determines the parameter space for successful
Roche-lobe overflow, it is also a key parameter in determining
the intrinsic number of MSPs in a GC (Hui et al. 2010; Ivanova
2006).

We note that the link between the LMXBs in extragalactic
GCs and metallicity is somewhat weaker than that of the cluster
mass (e.g., Sivakoff et al. 2007; Kim et al. 2006; Kundu et al.
2002), which is different from the inference drawn from our
investigation of the Galactic MSP-hosting or γ -ray-selected
clusters. However, a direct comparison between these two

4

[Hui+, ApJ (2011)]

gamma-ray 
luminosity of a 
globular cluster

What we learned about MSPs in the MW? 

MSP emission observed in 
— galactic halo, ‘locally’… 
— and cumulative emission in 

globular clusters



Toy model

Simple MSP formation mechanism picture: 
— primordial formation (i.e. in Galactic halo), correlates with total stellar mass* 
— dynamical (in Globular clusters), correlates with stellar encounter rate 
densities in Galaxy bulges somewhere in between — possibly both mechanisms at play

* more precisely with OLD stars & does depend on stellar environment and formation history (Ploeg+, 2017)

Note: distribution of LMXBs in M31 follows 𝜌* distribution in the outskirts and 𝜌*
2 distribution 

in the inner parts of the bulge 
2 R. Voss and M. Gilfanov

Figure 1. The radial distribution of the X-ray point sources in M31, exclud-
ing globular cluster sources and subtracting expected level of CXB source
density (shown by the dashed line). The histogram shows the distribution
of primordial LMXB sub-population as traced by the stellar mass distribu-
tion. The normalization of the latter is from the best fit to the data outside 1
arcmin.

the specific frequency of X-rays sources increases sharply inside
≈ 1 arcmin. The possible nature of surplus sources is discussed in
section 3. The details of dynamical formation of binaries in dense
stellar environments and dependence on the stellar velocity disper-
sion are considered in the section 4. The results of this section are
applied to the inner bulge of M31 and to the Galactic globular clus-
ters in sections 5. Our conclusions are presented in the section 6.

2 RADIAL DISTRIBUTION OF THE X-RAY POINT
SOURCES

With the currently available Chandra data it is possible to study the
spatial distribution of the X-ray point sources in the bulge, without
being affected by incompleteness, down to the limiting lumionos-
ity of 1036 erg s−1. We restrict our analysis out to a distance of 12
arcmin from the centre and combine 26 ACIS observations with
telescope pointings within the central 10 arcmin region of the M31
bulge for a total exposure time of 201 ks. Details of the data anal-
ysis, the source lists and the luminosity functions of various sub-
populations in the bulge are presented in Voss & Gilfanov (2007).

We model the radial distribution of the X-ray sources by
a superposition of primordial LMXBs and CXB sources, as in
Voss & Gilfanov (2006). The spatial distribution of the former is
assumed to follow the stellar mass distribution of the galaxy, as
traced by the K-band light (Gilfanov 2004). We used the K-band
image of M31 provided by 2MASS LGA (Jarret et al. 2003). The
distribution of CXB sources is assumed to be flat on the angular
scales of interest. Before proceeding with the fit we removed the
contribution the from sources other than primordial LMXBs and
background galaxies. Firstly, we removed 4 identified foreground
sources, 1 supernova remnant and one extended source. Secondly,
we excluded X-ray binaries associated with globular clusters, as
their origin and spatial distribution are different from the “field”
LMXBs.

Among our X-ray sources 13 are coincident with confirmed
GCs from Galleti et al. (2004) and 8 with GC candidates. We esti-
mated the number of random matches by displacing the sources by
10 arcsec in 4 directions. We found an average of 0.25 coincidences
with confirmed GCs and 1.0 with GC candidates. It is well known
that the inner parts of M31 are depleted of GCs. Barmby & Huchra
(2001) estimate that 70 per cent of the GCs within 5 arcmin from

the centre of M31 have been detected, leaving ∼16 GCs undetected.
As only a fraction, ∼ 1/5, of the GCs in M31 contain LMXBs the
expected contribution of LMXBs from undetected GCs is ∼3. Due
to selection effects, the majority of the undetected GCs are of low
luminosity (absolute visual magnitudes V ! −7), and as LMXBs
are preferentially found in high luminosity GCs the actual number
of LMXBs in undetected GCs is expected to be " 1. A large frac-
tion of the GC candidates are not real globular clusters. However,
an association with an X-ray source raises the probability of the GC
candidates actually being GCs considerably. We therefore remove
these sources from our source list too, noting that all conclusions
of this paper remain unchanged if the analysis is performed with a
source list in which these sources are included.

We fit the relative normalizations of the LMXBs and CXBs,
using the maximum likelihood (ML) test. The best fit is given by a
model, in which the normalization of CXBs is zero, meaning that
all the sources are LMXBs. As an alternative, we performed a χ2-
fit on the binned data, with > 15 sources in each bin, and obtained
the same result. The probability that the data can be a realization
of the model is 0.06 using the Kolmogorov-Smirnov (KS) test, and
6 · 10−4 for the χ2 test. The KS test is less sensitive to deviations
at the end of a distribution, and therefore the result of the χ2-test
is more restrictive. We conclude that the LMXB+CXB model is
rejected.

The visual examination of the data (Fig. 1) suggests that the
reason for the rejection of the model is an overdensity of sources in
the inner 1 arcmin region of M31. Motivated by this we did a χ2 fit
of the same model to the distribution outside 1 arcmin. The best fit
value of the normalization of the CXB component gives the total
number of 26±9 sources CXB sources in the entire r < 12 arcmin.
This value is consistent with the expectation of 29 background
galaxies, estimated from the soft band of Moretti et al. (2003), us-
ing the method described in Voss & Gilfanov (2006). We therefore
fix the normalization of the CXB component at the value corre-
sponding to 29 sources. This gives a total number of the LMXBs of
64±7 in the entire r < 12 arcmin image. The χ2-value is 2.63 for 3
degrees of freedom. The best fit model is shown in Fig. 1 together
with the observed distribution.

Using the best-fit model it is possible to investigate the dis-
tribution of sources in the inner 1 arcmin and quantify the excess
in the surface density of the sources. The total number of sources
detected in the the r < 60 arcsec region is 29. The extrapolation
of the best fit model into this region predicts 8.4±0.9 sources, and
therefore the number of surplus sources is 20.6±5.5. The error in
the latter estimate accounts for the Poissonian uncertainty in the to-
tal number of sources inside 60 arcsec and for the uncertainty of the
best fit model normalization. As it is obvious from Fig.1, the con-
trast between the observed number of sources and that predicted
from the K-band light distribution increases towards the centre of
the galaxy. Inside r < 15 arcsec, for example, 9 sources are de-
tected with only 1.1 sources predicted. The formal probability of
such an excess to happen due to statistical fluctuation is ∼ 3 · 10−6,
assuming Poissonian distribution.

3 ORIGIN OF THE SURPLUS BINARIES

Non-uniform extinction, peaking at the centre of M31, could cause
the distribution of the K-band light to deviate from the distribu-
tion of stellar mass. This possibility can be excluded, however, as
the extinction towards the centre of M31 is low, AV=0.24 mag and
AI=0.14 mag (Han 1996), which extrapolated to the K-band gives

[Voss+, MNRAS (2007)]



Toy model - in situ formation

Main inputs for our analysis: 
– primordial formation: use the stellar distribution & MSP luminosity function of field 

halos (already used in Winter+2016 for dSphs) 
– dynamical formation: use gamma ray luminosity vs stellar encounter rate relation of 

globular clusters (Hui+, ’11)

→Naive but almost ‘parameter free’ model: 
– validate it with the Galactic Center Excess features 
– check predictions for the M31 extended emission

Toy model for MSP emission:



information about local distribution of MSPs: 

mass of bulge inside:     2 kpc (~ 16°) 

GCE emission - primordial formation

→good agreement with GCE properties, both in morphology and normalization!

from Ackermann+, 2017 (arXiv: 1704.03910): 

⇢⇤(r)

preliminary

MSP GCE interpretation: [Bartels+, PRL (2016), Lee+, PRL (2016), Charles+, Gomez-Vargas+, …

Extended gamma-ray emission from Andromeda – millisecond pulsar interpretation 3

For the stellar density in the MW bulge we use (Van-
hollebeke et al. (2009))

⇢
MW,b

(a) = ⇢
0,MW

e�a

2

/a

2

m

(1 + a/a
0

)1.8
(2)

where a is the distance from the GC, and parameters198

a
m

= 1.9 kpc and a
0

= 100 pc are taken from (Binney199

& Dehnen (1997)), while ⇢
0

is obtained in a normaliza-200

tion to the total mass of the bulge, which we take to201

be M
MW,b

= 0.91± 0.07⇥ 1010M� (Licquia & Newman202

(2015))5. In the above we assume that the stellar distri-203

bution is spherical which in reality is not the case: the204

MW bulge is elliptical, and includes a bar. However, due205

to the migration of MSPs and the smoothing function206

we describe below, such ’small scale’ structures are not207

relevant for the MSP distribution.208

Under the definition of the stellar density above, the209

radius of the volume which contains half of the mass is210

1.2 kpc. In order to account for most of the stellar mass211

we take the size of the MW bulge to be 2 kpc in what212

follows.213

In addition to the stellar density of the bulge, it is im-214

portant to account for the enhanced densities in the cen-215

tral O(10) pc, the so called Nuclear Star Cluster (NSC).216

The MW’s NSC was found to be point-symmetric about217

its center Sgr A⇤ while exhibiting a flattening along the218

Galactic plane with minor-to-major projected axis ratio219

q = 0.71 ± 0.02 (Schödel et al. (2014)). Moreover, ex-220

tending to approximately 40 pc the NSC encompasses a221

total mass of 6.1 · 107 M� (Chatzopoulos et al. (2015)).222

The stellar density in M31 is adopted from (Tamm223

et al. (2012))224

⇢
M31,b

(a) = ⇢
0,M31

e�dN [(a/ac)
1/N�1] (3)

with d
N

= 7.769, a
c

= 1.155 kpc and N = 2.7. Here225

a
c

distance marks the volume which contains half of the226

mass of the bulge. We obtain ⇢
0,M31

by normalizing to227

the total mass of the M31 bulge, taken to be 3⇥1010 M�,228

as in (Tamm et al. (2012)). We perform our integrations229

up to 2 kpc to be conservative, in what follows. We230

note that both stellar bulges (in M31 and MW) are of231

comparable volume.232

Modelling of the NSC of M31 is specially challenging233

as it is known to exhibit complex morphology. The in-234

ner 1.8 pc region of the NSC in M31 features a bimodal235

shape (Lauer et al. 1993). It can be interpreted as a236

projection of a central eccentric disc (Peiris & Tremaine237

2003) and can be explained by the fact that the radius of238

gravitational influence of the Super Massive Black Hole239

(SMBH) in M31 extends over the half of the volume of240

NSC, a↵ecting the shape of the NSC in a non trivial way241

(Georgiev et al. (2016))6. We use a simple parametrisa-242

tion of the density of the NSC from (Tamm et al. (2012)),243

but caution the reader that the uncertainty on the ⇢2/�244

term is significant.245

2.2. MSP migration distances246

We estimate a natural ’smoothing’ scale d for the spa-247

tial distribution of MSPs in the bulge using a virial the-248

orem: we define it as a distance at which the average249

change in the gravitational potential equals the average250

5 We use (Licquia & Newman (2015)) as an input for our choice
of the bulge and bulge+disk Milky Way stellar mass. We chose this
work because it provides both numbers and, given that for us the
ratio between the two values is the most critical value, in this way
we make sure that both masses are determined self-consistently.
Note however, that the value for the bulge mass varies almost by
a factor of two when compared to (Portail et al. (2017)).

6 Note that in the MW, the radius of gravitational influence of
the SMBH is significantly smaller (Georgiev et al. (2016)).

kinetic energy obtained by the birth, kick- velocity of the251

MSPs.252

G

✓
M(d)

d
� M(s)

s

◆
= hv2i (4)

where G denotes the gravitational constant, M refers253

to the mass inside the bulge up to a given position, s is254

the birth position of an MSP and v is its average kick255

velocity.256

Isolated pulsars are known to have large kick-velocities257

at birth, typically found to be consistent with a258

Maxwellian distribution, with dispersion �
psrs, isolated

=259

190 km s�1, (Hansen & Phinney (1997)). However, pre-260

dictions for the kick velocity of MSPs vary widely in the261

literature: (Hooper et al. (2013)) and (Cordes & Cher-262

no↵ (1997)) find 10 � 50 km/s , (Hobbs et al. (2004))263

finds 85 ± 13 km/s , while (Lyne et al. (1998)) find a264

higher velocity range 130± 30 km/s.265

For MSPs with velocities lower than <⇠ 70 km s�1, the266

typical smoothing scale for MSPs will be in the range267

700� 900 pc (Eq. 4), and is fairly insensitive to the birth268

position s (for s>⇠ 300 pc). MSPs with velocities higher269

than ⇠ 70 km s�1 would have >⇠ kpc smoothing scales,270

and a fraction of them would therefore leave the zone271

identified with the stellar bulge (which extends up to272

⇠ 1 kpc) and with the measured GCE (detected extent273

of ⇠ 2 kpc). Depending on the exact velocity distribu-274

tion, it implies that a certain percentage of MSPs could275

be lost from our region of interest. For simplicity, we276

use smoothing kernels in the range 700 � 900pc for re-277

gions >⇠ 300 pc and do not take into account the fraction278

of MSPs which could be lost, leaving a more detailed279

calculation for the future work.280

In the inner bulge regions (s<⇠ 300 pc) the dynamical281

formation is expected to dominate. The dynamical for-282

mation is not expected to be a↵ected significantly by the283

migration e↵ect, as i) the stellar capture is dominated by284

the low velocity tail of the velocity distribution and in the285

inner regions and ii) there is an observational evidence286

that the distribution of dynamically formed LMXBs fol-287

lows a ⇢2⇤ distribution in M31. By using Eq. (4) we find288

that for pulsars born with a velocity below <⇠ 110 km s�1,289

typical smoothing scale will be of the order of 200� 300290

pc, depending on the velocity dispersion. In what fol-291

lows, we apply no smoothing on the ⇢2 term as the bench-292

mark case, but also explore three values for the smooth-293

ing 100, 200, 300 pc to check dependence of our results294

on this parameter.295

3. GLOBULAR CLUSTER SCALING RELATION296

In order to constrain the dynamical formation term297

from Eq. 1, i.e. to determine the value of the normal-298

ization parameter ’B’, we use the observed correlation of299

gamma-ray luminosity of globular clusters with the stel-300

lar encounter rate in these systems (Hui et al. (2011)).301

In order to calculate the stellar encounter rate in our302

system of interest we calculate the volume integral of303

⇢2/�, using the stellar mass densities and velocity disper-304

sion values as detailed in Section 2.1. We normalize the305

resulting rates to the one of the globular cluster Omega306

Centauri. For this cluster, we assume King’s stellar mass307

density profile and structural parameters as listed in the308

Spherically averaged (as compared to radial profile data)

[Vanhollebeke+, A&A (2009)]

Lprim
MWbulge = 1.7+1.5

�1.1 ⇥ 1037ergs�1



GCE emission - primordial formation

MSP migration? 

h⇢⇤(r)i700pc

By using a viral theorem, a la 
Zwicky ;) 

and MSP velocities 30-70km/s 
→ migration distances 

700-900pc

→agreement within inner 2 deg worsens, when migration taken into account

preliminary



GCE emission - dynamical formation

preliminary 

bulge NSC

gamma ray luminosity of GlCls 
correlates with: 

— stellar interaction rate  
— but also with the low 

energy photon filed (ISRF)

[Hui+, ApJ (2011)]

⇢2⇤(r)

Ldyn
MWbulge  0.05 Lprim

MWbulge



GCE emission - primordial + dynamical 
formation

→good agreement with GCE properties, when dynamical formation + MSP migration 
into account!

preliminary

h⇢⇤(r)i700pc

MAX ⇢2⇤(r)NSC

MAX ⇢2⇤(r)bulge

Ldyn
MWbulge  0.05 Lprim

MWbulge



M31 - primordial + dynamical formation

preliminary 

bulge

NSC

[Hui+, ApJ (2011)]

Caveats: 
— NSC properties poorly known 
— other gamma-ray sources expected to contribute (point sources, SMBH…?) 
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performed in (Hooper & Mohlabeng (2015)) and more433

recently in (Ajello et al. (2017)), with complementary es-434

timates of uncertainties and reaching consistent results.435

We assume the Milky Way stellar mass of M⇤,MW

=436

6⇥1010M�, and account for the uncertainty in the bulge437

mass and luminosity function below438

Assuming M⇤ = 0.91 ± 0.07 ⇥ 1010M� for the MW
bulge (Licquia & Newman (2015)), we obtain:

Lprim

MW bulge

= 2.0+3.2

�1.3

⇥ 1037erg s�1 (9)

From here we see that, based on calorimetric argu-439

ments alone (i.e. by considering only the A-term), the440

GCE luminosity can be explained by the MSPs emis-441

sion, a conclusion which is also reached in (Ajello et al.442

(2017)).443

In Figure 2 we show the radial profile, predicted for444

primordial formation (for the cases d
1

= 0, 700 pc and445

900 pc) together with the expected dynamical forma-446

tion terms, due to the bulge and NSC stellar density.447

We show the maximal luminosity of such components al-448

lowed based on the globular cluster scaling relation with449

the stellar encounter rate given in Table 1 (see Section 3450

and Figure 1). We see from Table 1 that the total lumi-451

nosity of the dynamical formation components (NSC and452

bulge) is expected to contribute to a maximum of <⇠ 5%453

of the total luminosity. We note the excellent agreement454

between the prediction for the radial profile of the GCE455

with the prediction from our model.456

5. M31 EMISSION457

5.1. M31 Bulge458

5.1.1. Observations459

As the view on the M31 central region appears unob-460

structed by the M31 disk, which is significantly fainter in461

gamma-rays (see Section 5.2 below), we directly take the462

luminosity from the M31 central extended source mea-463

surement in Paper1. We will make an assumption (jus-464

tified a posteriori) that this emission comes from a pop-465

ulation of MSPs associated with the bulge of M31, and466

we therefore take the emission flux from M31, derived467

assuming the MSP-like spectrum. We take a distance468

of 785 kpc to M31, consistent with (Ackermann et al.469

(2017a)), leading to470

Lobs

M31 bulge

= (28.± 4.)⇥ 1037erg s�1 (10)

5.1.2. Prediction of the M31 MSP emission471

We proceed as in Section 4.2 and focus first on the
primordial formation term. Taking M⇤,M31

= 4.0±1.0⇥
1010M� for the M31 bulge, leads to:

Lprim

M31 bulge

= 7.5+12.0

�5.3

⇥ 1037erg s�1 (11)

The prediction of MSP luminosity in M31 bulge falls472

short from the observed value in Eq. (10), though it is473

consistent at a 2� level.474

It is important to note that the total luminosity of ex-475

tended M31 emission is expected to include also other476

contribution, as for example possibly that from the cen-477

tral point source. In our own Galaxy, for example the478

ratio of the gamma-ray flux attributed to the GCE to the479

total flux from the inner region of our Galaxy is about480

10% (see the central bin in Figure 2) and we therefore481

find it reasonable that our prediction in Eq. 11 under-482

shoots the full measured emission by a factor of <⇠ 4.483

In our model, the maximal contribution from the dy-484

namical formation is expected to be at the percent level485

(see Table 1). We stress however that the estimate from486

the stellar encounter rate in the NSC is very uncertain.487

An alternative view on the contribution of the dynam-488

ical formation to the total M31 luminosity is provided489

by the Chandra’s observation of LMXBs in M31 (Voss &490

Gilfanov (2007)).491

Using Chandra observations of M31 and simulations of492

LMXBs formation (Voss & Gilfanov (2007)) argue that493

out of 80 LMXBs observed in the inner region (inner 12494

arcmin ⇠ 2.7 kpc) of the M31 bulge, about 20 (⇠ 25%)495

are believed to be dynamically formed. The main criteria496

used to identify the dynamically formed LMXBs was the497

observation that a portion of these objects follows the ⇢2⇤498

radial distribution. At the same time, in the inner 10499

degrees of the Milky Way <⇠ 20 LMXBs were discovered500

in the INTEGRAL data (Haggard et al. (2017)), display-501

ing no clear sign of ⇢2⇤ distribution, which would point to502

dynamical formation.503

We stress that, because of the significantly di↵erent504

lifetimes of MSPs (⇠ 10 Gyrs) and LMXBs (<⇠ 1 Gyr,505

(Fragos et al. (2013))) strict quantitative comparison506

cannot be made without knowing the full formation his-507

tory of the two systems. However, the evidence of a sig-508

nificant portion of dynamically formed LMXBs in M31509

might suggest that the dynamical formation is more sig-510

nificant in M31 than in the MW bulge.511

5.2. M31 Disk512

It is also important to test our model against the ’non513

detection’ of the emission from the disk of M31. In the514

disk, only primordial formation is relevant and we resort515

to rescaling of the luminosity function with masses of516

M31 and MW disks (Equation 8). In this way we obtain517

Lprim

M31 disk

= (1.2� 2.7)⇥ 1038erg s�1 (12)

In terms of the flux this translates to the value of (3�518

4)⇥ 10�12 erg/cm2/s. The upper limit on the total flux519

from the M31 disk is 4.2⇥ 10�12 erg/cm2/s.520

5.3. Consistency picture with M33521

Taking for a stellar mass of M33 to be (4.5± 1.5) 109

M� (Corbelli (2003)), we get a prediction for MSP lumi-
nosity due to the primordial channel formation of

Lprim

M33,>100 MeV

= (8.4+14.

�6.2

) 1036ergs�1 (13)

when integrated over the luminosity interval (1031�1036522

erg/s). Assuming the distance to M33 of 847 kpc (simi-523

lar to Paper1) we get the total expected flux from M33524

of 1. 10�13 erg cm�2 s�1, about an order of magnitude525

below the upper limit on the flux from M33 (< 1.7 10�12

526

erg cm�2 s�1). Besides, from our reasoning above fol-527

lows that we do not expect a significant contribution to528

the luminosity due to dynamically formed MSPs.529

6. SPECTRUM AND MORPHOLOGY OF THE M31530

EMISSION531
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total luminosity:

Ldyn
M31NSC  0.01 Lprim

M31

→predicted luminosity under predicts but agrees within ~3σ with the measured 
emission from M31



M31 - primordial + dynamical formation

morphology:

→morphology consistent within 3σ with the best fit templates, though the data 
suggest larger extension
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TABLE 2
Morphology fit to the M31 data

Template TS � LogL

Uniform disk 46 �
Gaussian (MSP PLEC) 46 �
Point Source 37 4.3
NFW (disk centered) 44 0.9
NFW (infrared position centered) 43 1.2
IRAC

1

� 41 2.4
IRAC

0.7

� 41 2.5
IRAC 40 2.6
XMM

0.4�1.3 keV

39 3.3
XMM

2�7.2 keV

37 4.3

Fig. 3.— The relative normalization between prompt and IC
emission given by Eq. ??, and prompt emission normalized to the
data. Fig should be re-done, with proper error bars.

(2016))).618

Here we repeat this argument for the bulge of M31619

and assume for the magnetic field a 20µG value and two620

times stronger interstellar radiation field than in the MW621

bulge. In Fig. (3) we show energy spectra averaged in the622

5kpc region of M31, for the benchmark values of the elec-623

tron injection parameters from (Petrovic et al. (2015)).624

We see that while the M31 measurement is in agreement625

with the prompt MSP spectrum alone, a high energy tail626

of this emission is well motivated and could potentially627

be confirmed by next-generation gamma-ray probes such628

as the CTA (Acharya et al. (2017)).629

6.2. Globular clusters630

One of the proposed explanations for the GCE from631

the center of MW is a population MSPs in the Inner632

Galaxy that was deposited from disrupted Globular Clus-633

ters (GCs), that were brought down through dynamical634

frictions process and tidally stripped (Brandt & Kocsis635

(2015)).636

Gnedin et al. (2014) work focused on the innermost637

10pc region of the MW and has demonstrated that the638

MW NSC could be formed by the stars stripped from639

disrupted globular clusters. At larger distances, (100 pc640

to 1 kpc range) the distribution of disrupted globular641

clusters tends to the distribution set as the initial con-642

dition for their simulation. They also find that in that643

region globular clusters were only partially stripped and644

majority instead remains virially bound. Gnedin et al.645

therefore caution the readers that their results are ex-646

pected to be robust only in the inner 10 pc region of the647

Galaxy. Though (Brandt & Kocsis (2015)) show that,648

adopting the results from (Gnedin et al. (2014)) in the649

>⇠ 100 pc range, globular clusters could contribute to the650

gamma-ray signal significantly, we stress that those con-651

clusions are initial condition dependent and focus instead652

on the prediction for the inner 10pcs.653

To make a rough estimate of how many GCs could654

have been deposited in the NSC region of M31 we will655

use scaling relations between MW and M31 and assume656

that they had similar histories and that cluster distri-657

butions and luminosity functions of their MSPs are the658

same. Besides depositing their MPSs, and relying on659

the fact that disrupted cluster will also deposit their660

stellar content within the innermost 10 pcs, contribut-661

ing to the formation of the nuclear stellar clusters, we662

note that the overall number of MSPs deposited from663

disrupted GCs will be directly proportional to the size of664

the NSC. Taking the masses of the NSCs (mass within 10665

pc) of M31 and MW to be 3.5⇥107M� (Kormendy & Ho666

2013) and 2.5⇥107M� (Schödel et al. 2014) respectively,667

one could expect the ratio between number of deposited668

MSPs in galactic centre regions of M31 and MW to be669

N
MSP,M31

/N
MSP,MW

= 1.4. The total deposited MSP670

luminosity coming from the NSC region of MW was es-671

timated in (Brandt & Kocsis (2015)) to be 1036 erg s�1.672

write exact number.673

This is consistent also with our estimate of the stellar674

encounter rate for the two systems, which is higher for675

M31 NSC by a factor of ⇠ 2 (see Figure 1), and with676

the estimated luminosity from the globular cluster lumi-677

nosity scaling at the level of <⇠ 1036 erg s�1. We stress678

that, given that the densities in the NSC regions of MW679

and M31, the stellar encounter rates are comparable to680

those of isolated globular clusters, the same processes681

that produce MSPs in globular clusters could be ongo-682

ing also in this region of the Galaxy and could plausibly683

form dynamically as well as through the early deposition.684

Discriminating between these two scenarios will be hard685

and might rely on the determination of the luminosity686

function in that region (Crocker et al. 2016).687

7. SUMMARY688

Since the start of the LAT mission, more than hundred689
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TABLE 2
Morphology fit to the M31 data

Template TS � LogL

Uniform disk 46 �
Gaussian (MSP PLEC) 46 �
Point Source 37 4.3
NFW (disk centered) 44 0.9
NFW (infrared position centered) 43 1.2
IRAC

1

� 41 2.4
IRAC

0.7

� 41 2.5
IRAC 40 2.6
XMM

0.4�1.3 keV

39 3.3
XMM

2�7.2 keV

37 4.3

Fig. 3.— The relative normalization between prompt and IC
emission given by Eq. ??, and prompt emission normalized to the
data. Fig should be re-done, with proper error bars.

(2016))).618

Here we repeat this argument for the bulge of M31619

and assume for the magnetic field a 20µG value and two620

times stronger interstellar radiation field than in the MW621

bulge. In Fig. (3) we show energy spectra averaged in the622

5kpc region of M31, for the benchmark values of the elec-623

tron injection parameters from (Petrovic et al. (2015)).624

We see that while the M31 measurement is in agreement625

with the prompt MSP spectrum alone, a high energy tail626

of this emission is well motivated and could potentially627

be confirmed by next-generation gamma-ray probes such628

as the CTA (Acharya et al. (2017)).629

6.2. Globular clusters630

One of the proposed explanations for the GCE from631

the center of MW is a population MSPs in the Inner632

Galaxy that was deposited from disrupted Globular Clus-633

ters (GCs), that were brought down through dynamical634

frictions process and tidally stripped (Brandt & Kocsis635

(2015)).636

Gnedin et al. (2014) work focused on the innermost637

10pc region of the MW and has demonstrated that the638

MW NSC could be formed by the stars stripped from639

disrupted globular clusters. At larger distances, (100 pc640

to 1 kpc range) the distribution of disrupted globular641

clusters tends to the distribution set as the initial con-642

dition for their simulation. They also find that in that643

region globular clusters were only partially stripped and644

majority instead remains virially bound. Gnedin et al.645

therefore caution the readers that their results are ex-646

pected to be robust only in the inner 10 pc region of the647

Galaxy. Though (Brandt & Kocsis (2015)) show that,648

adopting the results from (Gnedin et al. (2014)) in the649

>⇠ 100 pc range, globular clusters could contribute to the650

gamma-ray signal significantly, we stress that those con-651

clusions are initial condition dependent and focus instead652

on the prediction for the inner 10pcs.653

To make a rough estimate of how many GCs could654

have been deposited in the NSC region of M31 we will655

use scaling relations between MW and M31 and assume656

that they had similar histories and that cluster distri-657
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the fact that disrupted cluster will also deposit their660

stellar content within the innermost 10 pcs, contribut-661

ing to the formation of the nuclear stellar clusters, we662

note that the overall number of MSPs deposited from663

disrupted GCs will be directly proportional to the size of664

the NSC. Taking the masses of the NSCs (mass within 10665

pc) of M31 and MW to be 3.5⇥107M� (Kormendy & Ho666

2013) and 2.5⇥107M� (Schödel et al. 2014) respectively,667

one could expect the ratio between number of deposited668

MSPs in galactic centre regions of M31 and MW to be669

N
MSP,M31

/N
MSP,MW

= 1.4. The total deposited MSP670

luminosity coming from the NSC region of MW was es-671

timated in (Brandt & Kocsis (2015)) to be 1036 erg s�1.672

write exact number.673

This is consistent also with our estimate of the stellar674

encounter rate for the two systems, which is higher for675

M31 NSC by a factor of ⇠ 2 (see Figure 1), and with676

the estimated luminosity from the globular cluster lumi-677

nosity scaling at the level of <⇠ 1036 erg s�1. We stress678

that, given that the densities in the NSC regions of MW679

and M31, the stellar encounter rates are comparable to680

those of isolated globular clusters, the same processes681

that produce MSPs in globular clusters could be ongo-682

ing also in this region of the Galaxy and could plausibly683

form dynamically as well as through the early deposition.684

Discriminating between these two scenarios will be hard685

and might rely on the determination of the luminosity686

function in that region (Crocker et al. 2016).687
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Since the start of the LAT mission, more than hundred689

gamma-ray MSP pulsars were discovered, proving that690

they are ubiquitously present in our Galaxy. A mount-691

ing evidence that these objects are responsible for the692

preliminary

Spitzer/IRAC 587 maps at 3.6 
μm template tracing 
old stars which reside 
dominantly in the bulge  

Note that the disk emission of M31 is predicted to be below the upper limit of non-
detection.  



Outlook

— in our toy model GCE properties can be explained with the simple MSP emission 
model including primordial and dynamical formation of MSPs
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Outlook

— the models under predict (but is consistent within three sigma) with the M31 
measurement 

— better angular resolution needed… 
— electrons from MSPs? (Venters+, ApJ (2015)) —  CTA, Astrogam/AMEGO?

[following Petrovic+, JCAP (2015)]

— in our toy model GCE properties can be explained with the simple MSP emission 
model including primordial and dynamical formation of MSPs



Outlook

— the models under predict (but is consistent within three sigma) with the M31 
measurement 

— better angular resolution needed… 
— electrons from MSPs? (Venters+, ApJ (2015)) —  CTA, Astrogam/AMEGO?

— in our toy model GCE properties can be explained with the simple MSP emission 
model including primordial and dynamical formation of MSPs

just as Loops, MSPs are everywhere



Extra



For MSPs above 10^33 erg/s, 
~ 45 +/- 25 MSPs within a 
1.5 kpc volume.  

About 20 LAT detected MSPs 
above 10^33 erg/s.  


