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ABSTRACT

Context. Cosmic rays (CRs) can be studied through the galaxy-wide gamma-ray emission that they generate when propagating in the interstellar
medium. The comparison of the diffuse signals from different systems may inform us about the key parameters in CR acceleration and transport.
Aims. We aim to determine and compare the properties of the cosmic-ray-induced gamma-ray emission of several Local Group galaxies.
Methods. We use 2 years of nearly continuous sky-survey observations obtained with the Large Area Telescope aboard the Fermi Gamma-ray
Space Telescope to search for gamma-ray emission from M 31 and M 33. We compare the results with those for the Large Magellanic Cloud, the
Small Magellanic Cloud, the Milky Way, and the starburst galaxies M 82 and NGC 253.

Results. We detect a gamma-ray signal at 5o significance in the energy range 200 MeV-20 GeV that is consistent with originating from M 31.
The integral photon flux above 100 MeV amounts to (9.1 £ 1.9, £ 1.04) X 107° ph cm~2 s~!. We find no evidence for emission from M 33 and
derive an upper limit on the photon flux >100 MeV of 5.1 x 10~ ph cm™ s™! (20). Comparing these results to the properties of other Local Group
galaxies, we find indications of a correlation between star formation rate and gamma-ray luminosity that also holds for the starburst galaxies.
Conclusions. The gamma-ray luminosity of M 31 is about half that of the Milky Way, which implies that the ratio between the average CR densities
in M 31 and the Milky Way amounts to & = 0.35 £ 0.25. The observed correlation between gamma-ray luminosity and star formation rate suggests
that the flux of M 33 is not far below the current upper limit from the LAT observations.

Key words. Local Group — cosmic rays — gamma rays: galaxies

1. Introduction resulting diffuse emissions directly probe CR spectra and inten-

. . sities in galactic environments (e.g. Strong et al. 2007). The de-
Cosmic rays (CRs) produce high-energy gamma rays through e jon of the Small Magellanic Cloud (SMC; Abdo et al. 2010a)
interactions with interstellar matter and radiation fields. The .4 detailed studies of the Large Magellanic Cloud (LMC; Abdo
et al. 2010b) and the Milky Way (MW; e.g. Abdo et al. 2009)
with the data collected by the Large Area Telescope (LAT)

* Appendix A is only available in electronic form at
http://www.aanda.org
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onboard the Fermi Gamma-ray Space Telescope enable com-
parative studies of cosmic rays in environments that differ in
star formation rate (SFR), gas content, radiation fields, size, and
metallicities.

Other galaxies in the Local Group that have been pre-
dicted to be detectable high-energy gamma-ray emitters are
M31 (Andromeda) and M 33 (Triangulum) due to their rela-
tively high masses and proximity. So far, neither of these galax-
ies has been convincingly detected in high-energy gamma rays.
M31 was observed by SAS-2 (Fichtel et al. 1975), COS-B
(Pollock et al. 1981), and EGRET (Sreekumar et al. 1994),
with the most stringent upper limit provided by EGRET being
4.9 x 1078 phcm=2 57! at a 95% confidence level (see Fig. 3 of
Hartman et al. 1999). M 33 has also been observed by COS-B
(Pollock et al. 1981) and EGRET, providing an upper limit of
3.6 x 1078 ph cm™2 s7! (see Fig. 3 of Hartman et al. 1999).

By comparing M 31 properties to those of the MW, Ozel &
Berkhuijsen (1987) estimated that the ratio & of the CR den-
sity in M 31 and in the MW is ¢ ~ 1 and computed an ex-
pected >100 MeV flux from M 31 of 2.4 x 1078¢ phcm=2 571
Pavlidou & Fields (2001) made a comparable prediction of
1 x 1078 phecm™ s7!, based on the assumption that & ~ 0.5,
which they derived by comparing the estimated supernova rate
in M 31 and in the MW. Using the same approach, they also esti-
mated the >100 MeV flux of M33 tobe 1.1 x 10~ ph cm™2 57!

If these estimates are correct, M 31 should be detectable by
the LAT after 2 years of sky survey observations, while M 33
still may fall below the current sensitivity limit. In this letter
we report our searches for gamma-ray emission from M 31 and
M 33 with the LAT using almost 2 years of survey data. While
we detect for the first time M 31 just above the current sensitivity
limit, we could only derive an upper limit for the flux from M 33.

2. Observations and analysis
2.1. Data selection and analysis methods

The data used in this work have been acquired by the LAT be-
tween 8 August 2008 and 30 July 2010, a period of 721 days
during which the LAT scanned the sky nearly continuously.
Events satisfying the standard low-background event selection
(“Diffuse” events; Atwood et al. 2009) and coming from zenith
angles <105° (to greatly reduce the contribution by Earth albedo
gamma rays) were used. Furthermore, we selected only events
where the satellite rocking angle was less than 52°. We further
restricted the analysis to photon energies above 200 MeV; below
this energy, the effective area in the “Diffuse class” is relatively
small and strongly dependent on energy. All analysis was per-
formed using the LAT Science Tools package, which is avail-
able from the Fermi Science Support Center. Maximum likeli-
hood analysis has been performed in binned mode using the tool
gtlike. We used P6_V3 post-launch instrument response func-
tions that take into account pile-up and accidental coincidence
effects in the detector subsystems.

2.2. M31

For the analysis of M 31 we selected all events within a rect-
angular region-of-interest (ROI) of size 10° x 10° centred
on (012000,(512000) = (00h42m44s’ +41°16’09”) and aligned in
Galactic coordinates. The gamma-ray background was modelled
as a combination of diffuse model components and 4 significant
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point sources' that we found within the ROI. Galactic diffuse
emission was modelled using an LAT collaboration internal up-
date of the model g11_iem_v02 (e.g. Abdo et al. 2010c) refined
by using an analysis of 21 months of LAT data and improved
gas template maps with increased spatial resolution. Particular
care was taken to remove any contribution from M 31 and M 33
in the templates by excluding all gas with Visg < —50 kms™!
within 2° X 3° wide boxes around (/,b) = (121°,-21.5°) and
(I,b) = (133.5°,-31.5°) for M 31 and M 33, respectively’. In
contrast to g11_iem_v023, we did not include an E(B — V) tem-
plate in the model because it includes some signal from these
galaxies. We verified that the omission of the E(B — V) template
did not affect the global fit quality over the ROI. The overall
normalization of the Galactic diffuse emission has been left as
a free parameter in the analysis. The extragalactic and residual
instrumental backgrounds were combined into a single compo-
nent assumed to have an isotropic distribution and a power-law
spectrum with free normalization and free spectral index. The
spectra of the 4 point sources were also modelled using power
laws with free normalizations and free spectral indices.

Figure 1 shows LAT counts maps for the energy range
200 MeV-20 GeV before (left panel) and after (right panel) sub-
tracting the background model. For the purpose of highlighting
emission features on the angular scale of M 31, the counts maps
were smoothed using a 2D Gaussian kernel of o = 0.5°. In this
representation, an elongated feature that roughly follows the out-
line of M 31 (as indicated by black contours) is already visible
in the counts map before background subtraction (left panel).
After this subtraction (right panel), this feature becomes the most
prominent source of gamma-ray emission in the field. The re-
mainder of the structure in the “background subtracted” map is
consistent with statistical fluctuations of the diffuse background
emission, which illustrates that the signal from M 31 is close to
the actual detection sensitivity of the LAT.

To test whether the emission feature is positionally consis-
tent with M 31, we performed maximum likelihood ratio tests
for a grid of source positions centred on the galaxy. While the
maximum likelihood ratio (or the maximum 7est Statistic value
TS, cf. Mattox et al. 2006) over the grid indicates the best-
fitting source location, the decrease in TS from the maximum
defines uncertainty contours that enclose the true source po-
sition at a given confidence level. As usual, TS is defined as
twice the difference between the log-likelihood of two alterna-
tive models £; and Ly, i.e. TS = 2(L; — Lp). Using a point
source with a power-law spectrum, we obtain a best-fitting lo-
cation of (52000, 972000) = (00h42.4m + 1.4™ +41°10" + 11') for
the gamma-ray source, which encloses the centre of M31
within the 1o confidence contour (quoted location uncertain-
ties are at 95% confidence). Using instead of the point source
an elliptically shaped uniform intensity region with a semi-
major axis of 1.2°, a semi-minor axis of 0.3° and a posi-
tion angle of 38° to approximate the extent and orientation
of the galaxy on the sky*, we find a best-fitting location of

' 1FGL J0102.2+4223, 1FGL J0105.7+3930, 1FGL J0023.0+4453
(Abdo et al. 2010c), and a hard source (I'~1.7) located at
((112000, 6]2000) = (00h39m165, +43°27'07").

2 For M 31, the velocity cut left some residual in the H1 template
owing to overlap in velocity with the MW along one side of M 31.

3 See the Galactic diffuse model description at http://fermi.gsfc.
nasa.gov/ssc/data/access/lat/BackgroundModels.html

4 We estimated these parameters by adjusting an ellipse to the
IRIS 100 gm map of M 31 (Miville-Deschénes & Lagache 2005).
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Fig. 1. Gaussian kernel (o = 0.5°) smoothed counts maps of the region of interest (ROI) in a true local projection before (/eft) and after subtraction
of the background model (right) for the energy range 200 MeV-20 GeV and for a pixel size of 0.05° x 0.05°. Overlaid are IRIS 100 um contours
of M 31 convolved with the LAT point spread function to indicate the extent and shape of the galaxy. The boxes show the locations of the 4 point

sources that have been included in the background model.

(a@y32000, 932000) = (00h43.9m + 1.8™,+41°23" £ 22") that again
encloses the centre of M 31 within the 1o confidence contour.

We determined the statistical significance of the detection,
as well as its spectral parameters, by fitting a spatial template for
M 31 to the data on top of the gamma-ray background model that
we introduced above. The M 31 template was derived from the
Improved Reprocessing of the IRAS Survey (IRIS) 100 ym far
infrared map (Miville-Deschénes & Lagache 2005). Far infrared
emission can be taken as a first-order approximation of the ex-
pected distribution of gamma-ray emission from a galaxy since it
traces interstellar gas convolved with the recent massive star for-
mation activity. The spatial distributions of diffuse gamma-ray
emission from our own Galaxy or the LMC are indeed traced by
far-infrared emission to the first order.

From the IRIS 100 ym map, we removed any pedestal emis-
sion, which we estimated from an annulus around M 31, and we
clipped the image beyond a radius of 1.6°.

Using this IRIS 100 um spatial template for M 31 and assum-
ing a power-law spectral shape led to a detection above the back-
ground at TS =28.8, which corresponds to a detection signifi-
cance of 5.00 for 2 free parameters. We obtained a >100 MeV
photon flux of (11.0 £ 4.7 + 2.055) X 107 phem™ s7! and
a spectral index of I' = 2.1 & 0.2 + 0.14y, using this model.
Systematic errors include uncertainties in our knowledge of the
effective area of the LAT and uncertainties in the modelling of
diffuse Galactic gamma-ray emission. As an alternative we fitted
the data using the IRIS 60 ym, IRIS 25 um, a template based on
He emission (Finkbeiner 2003) or the geometrical ellipse shape
we used earlier for source localization. All these templates pro-
vide results that are close to (and consistent with) those obtained
using the IRIS 100 um map. Fitting the data using a point source
at the centre of M 31 provided a slightly smaller TS (25.5) and a
steeper spectral index (I' = 2.5 £ 0.2y + 0.14ys), which provides
marginal evidence (at the 1.80 confidence level) of a spatial ex-
tension of the source beyond the energy-dependent LAT point
spread function.

Using the gamma-ray luminosity spectrum determined from
a GALPROP model of the MW that was scaled to the as-
sumed distance of 780 kpc of M 31 (Strong et al. 2010)° in-
stead of a power law allows determination of the >100 MeV
luminosity ratio r, between M 31 and the MW. We obtain r, =
0.55 + 0.115 % 0.105ys where we linearly added uncertainties
in the assumed halo size of the model to the systematic errors
in the measurement. The luminosity of M 31 is thus about half
that of the MW. The model gives TS =28.9, which is compa-
rable to the value obtained using a power law, yet now with
only one free parameter, the detection significance rises to 5.30.
According to this model, the >100 MeV photon flux of M 31 is
(9.1 £ 1.9 = 1.05y5) X 10~ phem™2 571,

We determined the spectrum of the gamma-ray emission
from M 31 independently of any assumption about the spectral
shape by fitting the IRIS 100 pm template in five logarithmically
spaced energy bins covering the energy range 200 MeV-50 GeV
to the data. Figure 2 shows the resulting spectrum on which we
superimposed the GALPROP model of the MW for r, = 0.55.
Overall, the agreement between the observed spectrum of M 31
and the model is very satisfactory. The upturn in the spectrum
at high energies, though not significant, could possibly be at-
tributed to emission from the BL Lac object 1ES 0037+405, the
only known blazar in the line of sight towards M 31. In a dedi-
cated analysis above 5 GeV, we found a cluster of 67 counts that
are positionally consistent with coming from that blazar. Adding
1ES 0037+405 as a point source to our model and extending
the energy range for the fit to 200 MeV-300 GeV results in a
TS =16-20 for the source, where the range reflects uncertainties

5> We use throughout this work a representative model of the MW from
Strong et al. (2010) with a halo size of 4 kpc and that assumes diffu-
sive reacceleration. The model is based on cosmic-ray, Fermi-LAT and
other data, and includes interstellar pion-decay, inverse Compton and
Bremsstrahlung. Varying the halo size between 2 and 10 kpc affects
the >100 MeV luminosity and photon flux by less than 10% and 3%,
respectively.
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Table 1. Properties and gamma-ray characteristics of Local Group and nearby starburst galaxies (see text).

Galaxy d My My, SFR F, L, qy
kpc 108 M, 108 M, Mg yr! 10 phcm™2 57! 10*! phs™! 1072 phs~! H-atom™'
MW 35+ 40 14 + 20 1-309 11.8 +3.429 2.0+0.6
M3l 780 + 33 73 +22® 3.6 +1.80% 0.35-119 09+0.2 6.6+14 0.7+0.3
M 33 847 + 60 19 + 8@ 3.3+049 0.26-0.7?% <0.5 <5.0 <2.9
LMC 50 + 20 4.8 +£0.200 0.5+0.149 0.20-0.25?D 26.3 +2.0%) 0.78 £ 0.08 1.2+0.1
SMC 61 +3@ 42+049D  025+0.1519  0.04-0.08%> 3.7+0.7@9 0.16 £ 0.04 0.31 £0.07
M 82 3630 + 3400 8.8 +2.90? 5+407 13-3333 1.6 £0.5%7 252 +91 158 £75
NGC 253 3940 +£370© 64 + 1413 40 + 8U® 3.5-10.4%% 0.6 +0.427 112 +£78 9+6

References. (1) Stanek & Garnavich (1998); (2) Galleti et al. (2004); (3) Pietrzynski et al. (2009); (4) Hilditch et al. (2005); (5) Karachentsev
et al. (2002); (6) Karachentsev et al. (2003); (7) Paladini et al. (2007); (8) Braun et al. (2009); (9) Gratier et al. (2010); (10) Staveley-Smith et al.
(2003); (11) Stanimirovic et al. (1999); (12) Chynoweth et al. (2008); (13) Combes et al. (1977); (14) Nieten et al. (2006); (15) Fukui et al. (2008);
(16) Leroy et al. (2007); (17) Mao et al. (2000); (18) Houghton et al. (1997); (19) Yin et al. (2009); (20) Gardan et al. (2007); (21) Hughes et al.
(2007); (22) Wilke et al. (2004); (23) Forster Schreiber et al. (2003); (24) Lenc & Tingay (2006); (25) Abdo et al. (2010b); (26) Abdo et al.
(2010a); (27) Abdo et al. (2010d); (28) Strong et al. (2010): range based on GALPROP models with various halo sizes.
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Fig. 2. Spectrum of the M 31 emission obtained using the IRIS 100 um
spatial template. Red error bars are statistical, black error bars are sys-
tematic uncertainties. The solid line shows an MW gamma-ray lumi-
nosity model scaled to M 31 and the dashed one a possible contribution
of 1ES 0037+405 (see text).

in modelling the spectrum of the isotropic background compo-
nent at energies >100 GeV. The fit suggests a hard power-law
spectral index (I' = 1.2 + 0.4), which explains why the source
is only seen at high energies. Within 200 MeV-20 GeV, how-
ever, the source contributes only ~8 counts, a number that is tiny
compared to the ~240 counts that are attributed to M 31. The
impact of 1ES 0037+405 on the flux and gamma-ray luminosity
estimates for M 31 is thus negligible.

We also repeated our analysis for a larger ROI of size
20° x 20° in which we found 14 point sources in our LAT in-
ternal source list. Searching for the faint signal from M 31 in
such a large ROI relies on the accurate modelling of the spatial
distribution of the diffuse gamma-ray background over a large
area, which is an important potential source of systematic uncer-
tainties. Nevertheless, results obtained for this large ROI were
consistent with those obtained for the 10° x 10° ROI.

2.3. M33

For the analysis of M 33 we selected all events within a rect-
angular ROI of size 10° x 10° centred on (a@j2000,052000) =
(01"33™51%, +30°39’37"") and aligned in Galactic coordinates.
Within this field we detected 3 background point sources® that

® IFGL J0134.4+2632, 1FGL and 1FGL

J0112.9+3207 (Abdo et al. 2010c).

J0144.6+2703,
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we included in the background model. The remainder of the
analysis was similar to what was done for M 31.

We did not detect any significant signal towards the direction
of M 33. Using a spatial template based on the IRIS 100 gm map
of M 33 and taking the GALPROP models of Strong et al. (2010)
for the spectral shape, we derived an upper >100 MeV flux limit
of 5.1x 107 phem™2 57! (20).

3. Discussion

Based on the flux F, measured for M31 and the flux upper
limit for M 33, we computed the >100 MeV photon luminosi-
ties L, = 4nd”F, and average emissivities g, = L,/Ny, which
we compare to the values obtained for the MW, the LMC, and
the SMC (see Table 1). Here, d is the distance of the galaxy and
Ny = 1.19 x 1057 (My; + My,) is the total number of hydrogen
atoms in a galaxy, with My and My, in units of My. Quoted
uncertainties in L, and g, include uncertainties in distance and
hydrogen mass of the galaxies. The variations in L, and g, from
one galaxy to another may inform us about how the CR popula-
tion is affected by global galactic properties.

From the g, values, we estimate the ratio & of the average CR
density in M 31 and in the MW to ¢ = 0.35+0.25, consistent with
the estimate of Pavlidou & Fields (2001). On the other hand, the
flux upper limit for M 33 allows for an average CR density in
that galaxy that is above the MW value, hence up to a few times
greater than the £ = 0.2 estimated by Pavlidou & Fields (2001).

By comparing the L, of our sample of Local Group galaxies
to their total hydrogen masses and SFRs, we find a close corre-
lation between L, and SFR and greater scatter between L, and
gas mass (see Fig. 3). In the bottom panel of Fig. 3, the ranges of
SFR values, which have been rescaled to the distances d adopted
here, reflect uncertainties in the SFR estimates based on the var-
ious methods used to determine them (see Table 1). There is
a clear trend toward increasing L, with increasing SFR, with
L,=(74+1.6)x SFR'"#%3 when fitted by a power law, where
L, and SFR are in units of 10*' phs™' and M, yr™!, respectively.
We also added the luminosities derived by Abdo et al. (2010d)
for M 82 and NGC 253 to this plot, illustrating that the relation
obtained for Local Group galaxies also holds for nearby starburst
galaxies. Assuming that it also holds for M 33 allows estimation
of the luminosity of L, ~ (1-4) x 10*' phs™ for this galaxy,
corresponding to a >100 MeV flux of (1-4) x 10~ ph cm™2 s~
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Fig. 3. Gamma-ray >100 MeV luminosity versus total number of hydro-
gen atoms (top panel) and star formation rate (bottom panel) for Local
Group galaxies and the starbursts M 82 and NGC 253. In the bottom
panel, the lines are power-law fits to the data for the MW, M 31, the
LMC, and the SMC, for which the slope was free (solid) or fixed to 1
(dashed).

M 33 thus may be within reach of the LAT within the next few
years.

The L,-SFR plot does suggest a correlation in common for
Local Group and starburst galaxies. Although it is premature
to draw conclusions about any strong correlation over such a
wide range of galaxy properties because of the small size of our
sample, if such a correlation exists, it would be analogous to
the well-known tight correlation between radio and far-infrared
emission over a wide range of galaxy types (e.g. Murphy et al.
2006). The latter is linked to the relation between CRs and
SFR, and although not yet fully understood, it is thought to re-
sult to some extent from CR electron calorimetry. While pro-
ton calorimetry clearly can be excluded as an explanation of
the L,-SFR correlation because the intermediate-size galaxies
of the Local Group are thought to be very inefficient at retaining
CR protons, the dominant CR component (Strong et al. 2010),
a correlation may relate to the contribution of CR leptons to
the gamma-ray emission. Depending on the ISM and CR trans-
port conditions, CR leptons may lose their energy predominantly
through gamma-ray-emitting processes (like inverse-Compton
or Bremsstrahlung, as opposed to ionization and synchrotron)
and dominate the total gamma-ray luminosity’. This could drive
the correlation between L, and SFR for galactic systems with
high lepton calorimetric efficiency. Whatever the explanation
for this global correlation, it is worthwhile noting that it holds

7 Some variants of the GALPROP MW model actually predict that
leptons can be responsible for up to ~50% of its >100 MeV gamma-ray
photon flux (Strong et al. 2010).

despite the fact that conditions may vary considerably within a
galaxy (e.g. the peculiar 30 Doradus region in the LMC, or the
very active cores of starbursts).

The L, vs SFR plane therefore seems to hold potential for
defining constraints on CR production and transport processes.
The inferred L, values are, however, not uniquely due to CR-
ISM interactions but include a contribution of individual galactic
sources such as pulsars and their nebulae. The relative contribu-
tions of discrete sources and CR-ISM interactions to the total
gamma-ray emission very likely vary with galaxy properties like
SFR, which may complicate the interpretation of any L, trend in
terms of CR large-scale population and transport.

Also more exotic processes, such as annihilation or decay
of WIMPs (weakly interacting massive particles), might con-
tribute to the overall signal from M 31. Several extensions of
the Standard Model of particle physics naturally predict the ex-
istence of WIMPs (e.g. supersymmetry, universal extra dimen-
sions). Rather than focusing on a specific scenario, we estimate
a conservative upper bound on this contribution in the case of
a generic 100 GeV WIMP annihilating exclusively into bottom
quarks, which is one of the leading tree level annihilation chan-
nels of a WIMP predicted by supersymmetric theories. The nor-
malization of the predicted spectrum is initially set to zero and
is increased until it just meets, but does not exceed, the 95%
confidence upper limit on the measured M 31 spectrum at any
energy. We find that when assuming an Einasto dark matter halo
profile (Navarro et al. 2010) that matches the M 31 kinematic
data (Klypin et al. 2002), this contribution corresponds to a 95%

confidence upper limit on the annihilation cross section of ap-
proximately 5 x 107° cm?s7!.

Acknowledgements. The Fermi LAT Collaboration acknowledges support from
a number of agencies and institutes for both development and the operation of
the LAT, as well as for scientific data analysis. These include NASA and DOE in
the United States, CEA/Irfu and IN2P3/CNRS in France, ASI and INFN in Italy,
MEXT, KEK, and JAXA in Japan, and the K. A. Wallenberg Foundation, the
Swedish Research Council, and the National Space Board in Sweden. Additional
support from INAF in Italy and CNES in France for science analysis during the
operations phase is also gratefully acknowledged.

References

Abdo, A. A., Ackermann, M., Ajello, M., et al. 2009, PRL, 103, 251101

Abdo, A. A., Ackermann, M., Ajello, M., et al. 2010a, A&A, in press

Abdo, A. A., Ackermann, M., Ajello, M., et al. 2010b, A&A, 512, A7

Abdo, A. A., Ackermann, M., Ajello, M., et al. 2010c, ApJS, 188, 405

Abdo, A. A., Ackermann, M., Ajello, M., et al. 2010d, ApJ, 709, L152

Atwood, W. B., Abdo, A. A., Ackermann, M., et al. 2009, ApJ, 697, 1071

Braun, R., Thilker, D. A., Walterbos, R. A. M., & Corbelli, E. 2009, ApJ, 695,
937

Chynoweth, K. M., Langston, G. L., Yun, M. S., et al. 2008, AJ, 135, 1983

Combes, F., Gottesman, S. T., & Weliachew, L. 1977, A&A, 59, 181

Digel, S. W., Moskalenko, 1. V., Ormes, J. F., & Sreekumar, P. 2000, AIPC, 528,
449

Fichtel, C. E., Hartman, R. C., Kniffen, D. A., et al. 1975, ApJ, 198, 163

Finkbeiner, D. 2003, ApJS, 146, 407

Forster Schreiber, N. M., Genzel, R., & Lutz, D. 2003, ApJ, 599, 193

Fukui, Y., Kawamura, A., Minamidani, T., et al. 2008, ApJS, 178, 56

Galleti, S., Bellazzini, M., & Ferraro, F. R. 2004, A&A, 423, 925

Gardan, E., Braine, J., Schuster, K. F., Brouillet, N., & Sievers, A. 2007, A&A,
473,91

Gratier, P., Braine, J., Rodriguez-Fernandez, N. J., et al. 2010, A&A, 522, A3

Hartman, R. C., Bertsch, D. L., Bloom, S. D., et al. 1999, ApJS, 123, 79

Hilditch, R. W., Howarth, I. D., & Harries, T. J. 2005, MNRAS, 357, 304

Houghton, S., Whiteoak, J. B., Koribalski, B., et al. 1997, A&A, 325, 923

Hughes, A., Staveley-Smith, L., Kim, S., Wolleben, M., & Filipovic, M. 2007,
MNRAS, 382, 543

Karachentsev, I. D., Dolphin, A. E., Geisler, D., et al. 2002, A&A, 383, 125

Karachentsev, 1. D., Grebel, E. K., Sharina, M. E., et al. 2003, A&A, 404, 93

Kennicutt, R. C. 1989, ApJ, 344, 685

Klypin, A., Zhao, H., & Somerville, R. S. 2003, ApJ, 573, 597

Page 5 of 7



http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201015759&pdf_id=3

A&A 523,12 (2010)

Lenc, E., & Tingay, S. J. 2006, AJ, 132, 1333

Leroy, A., Bolatto, A., Stanimirovic, S., et al. 2007, ApJ, 658, 1027

Mao, R. Q., Henkel, C., Schulz, A., et al. 2000, A&A, 358, 433

Mattox, J. R., Bertsch, D. L., Chiang, J., et al. 2006, AplJ, 461, 396

Miville-Deschénes, M.-A., & Lagache, G. 2005, ApJS, 157, 302

Murphy, E. J., Helou, G., Braun, R., et al. 2006, ApJ, 651, L111

Navarro, J. F., Ludlow, A., Springel, V., et al. 2010, MNRAS, 402, 21

Nieten, Ch., Neininger, N., Guélin, M., et al. 2006, A&A, 453, 450

Ozel, M., & Berkhuijsen, E. M. 1987, A&A, 172, 378

Ozel, M., & Fichtel, C. E. 1988, ApJ, 335, 135

Paladini, R., Montier, L., Giard, M., et al. 2007, A&A, 465, 839

Pavlidou, V., & Fields, B. D. 2001, ApJ, 558, 63

Pietrzynski, G., Thompson, I. B., Gravzyk, D., et al. 2009, ApJ, 697, 862

Pollock, A. M. T., Bignami, G. F., Hermsen, W., et al. 1981, A&A, 94, 116

Sreekumar, P., Bertsch, D. L., Dingus, B. L., et al. 1994, ApJ, 426, 105

Stanek, K. Z., & Garnavich, P. M. 1998, ApJ, 503, L131

Stanimirovi¢, S., Staveley-Smith, L., Dickey, J. M., Sault, R. J., & Snowden,
S. L. 1999, MNRAS, 302, 417

Staveley-Smith, L., Kim, S., Calabretta, M. R., Haynes, F. R., & Kesteven, M. J.
2003, MNRAS, 339, 87

Strong, A. W., Moskalenko, I. V., & Ptuskin, V. S. 2007, ARNPS, 57, 285

Strong, A. W., Porter, T. A., Digel, S. W., et al. 2010, ApJ, 722, L58

Wilke, K., Klaas, U., Lemke, D., et al. 2004, A&A, 414, 69

Yin, J., Hou, J. L., Prantzos, N., et al. 2009, A&A, 505, 497

! Space Science Division, Naval Research Laboratory, Washington,

DC 20375, USA

National Research Council Research Associate, National Academy

of Sciences, Washington, DC 20001, USA

W. W. Hansen Experimental Physics Laboratory, Kavli Institute

for Particle Astrophysics and Cosmology, Department of Physics

and SLAC National Accelerator Laboratory, Stanford University,

Stanford, CA 94305, USA

e-mail: bechtol@stanford.edu

Santa Cruz Institute for Particle Physics, Department of Physics

and Department of Astronomy and Astrophysics, University of

California at Santa Cruz, Santa Cruz, CA 95064, USA

Istituto Nazionale di Fisica Nucleare, Sezione di Pisa, 56127 Pisa,

Italy

6 Laboratoire AIM, CEA-IRFU/CNRS/Université Paris Diderot,

Service d’Astrophysique, CEA Saclay, 91191 Gif-sur-Yvette,

France

Istituto Nazionale di Fisica Nucleare, Sezione di Trieste, 34127

Trieste, Italy

Dipartimento di Fisica, Universita di Trieste, 34127 Trieste, Italy

Istituto Nazionale di Fisica Nucleare, Sezione di Padova, 35131

Padova, Italy

10 Dipartimento di Fisica “G. Galilei”, Universita di Padova, 35131

Padova, Italy

Istituto Nazionale di Fisica Nucleare, Sezione di Perugia, 06123

Perugia, Italy

Dipartimento di Fisica, Universita degli Studi di Perugia, 06123

Perugia, Italy

13 Centre d’Etude Spatiale des Rayonnements, CNRS/UPS, BP 44346,

31028 Toulouse Cedex 4, France

e-mail: [knodlseder; jean]@cesr. fr

Department of Physics, Center for Cosmology and Astro-Particle

Physics, The Ohio State University, Columbus, OH 43210, USA

Dipartimento di Fisica “M. Merlin” dell’ Universita e del Politecnico

di Bari, 70126 Bari, Italy

Istituto Nazionale di Fisica Nucleare, Sezione di Bari, 70126 Bari,

Italy

17 Laboratoire Leprince-Ringuet, Ecole polytechnique, CNRS/IN2P3,

Palaiseau, France

Department of Physics, University of Washington, Seattle, WA

98195-1560, USA

19 Institut de Ciencies de I’Espai (IEEC-CSIC), Campus UAB, 08193
Barcelona, Spain

20
21
22

23

24

25

26

27

28

29

30

31

32

33
34

35

36
37

38

39

40

41

42

43

44

45

46

47

48

49

50
51

NASA Goddard Space Flight Center, Greenbelt, MD 20771, USA
University College Dublin, Belfield, Dublin 4, Ireland
INAF-Istituto di Astrofisica Spaziale e Fisica Cosmica, 20133
Milano, Italy

Center for Research and Exploration in Space Science and
Technology (CRESST) and NASA Goddard Space Flight Center,
Greenbelt, MD 20771, USA

Department of Physics and Center for Space Sciences and
Technology, University of Maryland Baltimore County, Baltimore,
MD 21250, USA

George Mason University, Fairfax, VA 22030, USA

Laboratoire de Physique Théorique et Astroparticules, Université
Montpellier 2, CNRS/IN2P3, Montpellier, France

Department of Physics, Stockholm University, AlbaNova, 10691
Stockholm, Sweden

The Oskar Klein Centre for Cosmoparticle Physics, AlbaNova,
10691 Stockholm, Sweden

Royal Swedish Academy of Sciences Research Fellow, funded by a
grant from the K. A. Wallenberg Foundation, Sweden
Dipartimento di Fisica, Universita di Udine and Istituto Nazionale
di Fisica Nucleare, Sezione di Trieste, Gruppo Collegato di Udine,
33100 Udine, Italy
Osservatorio  Astronomico di
Astrofisica, 34143 Trieste, Italy
Department of Physical Sciences, Hiroshima University, Higashi-
Hiroshima, Hiroshima 739-8526, Japan

INAF Istituto di Radioastronomia, 40129 Bologna, Italy

Université Bordeaux 1, CNRS/IN2p3, Centre d’Etudes Nucléaires
de Bordeaux Gradignan, 33175 Gradignan, France

Center for Space Plasma and Aeronomic Research (CSPAR),
University of Alabama in Huntsville, Huntsville, AL 35899, USA
Science Institute, University of Iceland, 107 Reykjavik, Iceland
Department of Physics and Department of Astronomy, University of
Maryland, College Park, MD 20742, USA

Research Institute for Science and Engineering, Waseda University,
3-4-1, Okubo, Shinjuku, Tokyo, 169-8555 Japan

Max-Planck Institut fiir extraterrestrische Physik, 85748 Garching,
Germany

e-mail: martinp@mpe .mpg.de

Istituto Nazionale di Fisica Nucleare, Sezione di Roma “Tor
Vergata”, 00133 Roma, Italy

Department of Physics and Astronomy, University of Denver,
Denver, CO 80208, USA

Hiroshima Astrophysical Science Center, Hiroshima University,
Higashi-Hiroshima, Hiroshima 739-8526, Japan

Institute of Space and Astronautical Science, JAXA, 3-1-1
Yoshinodai, Sagamihara, Kanagawa 229-8510, Japan

Institut fiir Astro- und Teilchenphysik and Institut fiir Theoretische
Physik, Leopold-Franzens-Universitit Innsbruck, 6020 Innsbruck,
Austria

NYCB Real-Time Computing Inc., Lattingtown, NY 11560-1025,
USA

Department of Chemistry and Physics, Purdue University Calumet,
Hammond, IN 46323-2094, USA

Partially supported by the International Doctorate on Astroparticle
Physics (IDAPP) program

Instituci6 Catalana de Recerca i1 Estudis Avancats (ICREA),
Barcelona, Spain

Consorzio Interuniversitario per la Fisica Spaziale (CIFS), 10133
Torino, Italy

INTEGRAL Science Data Centre, CH-1290 Versoix, Switzerland
Dipartimento di Fisica, Universita di Roma “Tor Vergata”, 00133
Roma, Italy

Trieste, Istituto Nazionale di

Page 7 is available in the electronic edition of the journal at http://www.aanda.org

Page 6 of 7


http://www.aanda.org

LAT collaboration: Fermi/LAT observations of Local Group galaxies: detection of M 31 and search for M 33

Appendix A: Gamma-ray spectrum of M 31

Table A.1 provides the intensity values of the M 31 gamma-ray
spectrum that is shown in Fig. 2. Statistical errors are at the
1o confidence level, and the upper limit for the 16.6-50.0 GeV
energy bin at the 20 confidence level. Systematic errors in-
clude uncertainties in our knowledge of the effective area of
the LAT and uncertainties in the modelling of diffuse Galactic
gamma-ray emission. The former were determined using mod-
ifications of the instrument response functions that bracket the
uncertainties in our knowledge of the LAT effective area. The
latter were determined by deriving spectra for variations of
the diffuse Galactic models that make use of either an E(B — V)
template or for which the gas templates have been replaced by
the IRIS 100 um map, from which emission associated to M 31
has been removed. Both types of systematic uncertainties were
added linearily.

The last column gives the number of counts attributed to
M 31 in each of the energy bins from the fit of a spatial model to
the present data.

Table A.1. Measured spectrum of M 31 (see text).

Energy Intensity ~ Stat.error  Sys. error  Counts
MeV 1072 ergem™2 57!

200-603 1.46 0.71 0.23 118.9
603-1821 1.60 0.49 0.14 69.5
1821-5493 1.02 0.47 0.15 15.9
5493-16 572 1.27 0.71 0.26 7.0
16 572-50 000 <125 3.6 <244
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