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Figure 2. Three-color image of the SMC, with Hi in red, H-
↵ in green, and the background-subtracted 2�300 GeV count
map in blue. The GeV gamma-rays show substructure along
the “Bar” and “Wing” of the SMC and are largely coincident
with the Hi and H-↵ emission. Additionally, the 2�300 GeV
gamma-rays are detected with statistical significance from
the Galactic globular cluster NGC 362 (labeled in the left
panel). North is up; East is left.

the Hi and H-↵ images of the SMC in Figure 2. The
gamma-ray emission has evident substructure: it is pre-
dominantly extended along the “Bar” of the SMC (la-
beled in the left panel of Figure 1), where the bulk
of the star formation is occurring (Kennicutt et al. 1995;
Bolatto et al. 2007). Additionally, GeV gamma-rays are
also detected in the direction toward the “Wing” of the
SMC, to the southeast from the Bar.
Figure 3 compares the gamma-ray distribution to that

of the old stars in the SMC, specifically the stellar den-
sity map of red giant and red clump stars (with ages
&1 Gyr)6. The old stars have a fairly homogeneous dis-
tribution across the SMC, whereas the gamma-rays have
evident substructure that follow the Bar and Wing mor-
phology of the star-forming gas.
Figure 4 shows the TS map derived toward the SMC

in the 2 � 300 GeV band. We find that the majority
of the SMC Bar and extension toward the Wing repre-
sent statistically significant detections (with TS=9 and
TS=25 signifying 3- and 5-� detections, respectively) in
the 2 � 300 GeV band. When limited to 5 � 10 GeV,
the emission is concentrated in discrete locations of the

6
To generate the map of the old stars, we utilized the SMC

stellar catalog from Zaritsky et al. (2002) and selected the red

giant and red clump stars as those with mV < 19.5, MV < 0.6,
and B � V > 0.7 (Zaritsky et al. 2000).

Figure 3. Stellar density map of the red giant and red
clump stars (with ages &1 Gyr) in the SMC (Zaritsky et al.
2000, 2002), with green and blue contours representing the
Hi and the 2–300 GeV gamma-rays, respectively. The old
stellar population is distributed uniformly, whereas the Hi
and gamma-rays are concentrated to the Bar and Wing of
the SMC.
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Figure 4. The TS map of the SMC in the 2 � 300 GeV
band. Values of TS=9 and TS=25 correspond to 3- and 5-�
detections, respectively. Most of the SMC Bar is detected
with statistical significance, up to ⇠7� in each 0.05� pixel.
Gamma-ray extension along the SMC Wing is also detected
with ⇠5� significance. The ⇠5� detection north of the SMC
Bar is coincident with the Galactic globular cluster NGC 362.
Additionally, PS2 and PS3 have TS⇠20 in this map.
The green contours represent the distribution of H i, and the
white scale bar denotes 1�. North is up, and East is left.
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In the Feedback Loop - Small Scales
Stellar feedback: the injection of energy & momentum by stars

Cosmic Rays
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Sample

ATLASGAL–CORNISH UC H II regions 403

Figure 1. Examples of the local mid-infrared environments found towards the ATLASGAL–CORNISH identified compact and UC H II regions and included
in the final catalogue (see the text for details). These images are composed of the GLIMPSE 3.6, 4.5 and 8.0 µm IRAC bands (coloured blue, green and red,
respectively) which are overlaid with grey contours showing the ATLASGAL 870 µm thermal dust emission, and black contours showing the CORNISH
5 GHz radio continuum emission. The ATLASGAL source name is given above the image, while the CORNISH source name is given in white in the top part
of the image. The CORNISH and ATLASGAL survey resolutions are indicated by the green circles and the white hatched circle in the lower left corner of
each image, respectively. The contour levels start at 2σ and increase in steps set by a dynamically determined power law of the form D = 3 × Ni + 2, where
D is the dynamic range of the submm emission map (defined as the peak brightness divided by the local rms noise), N is the number of contours used (8 in this
case) and i is the contour power-law index. The lowest power-law index used was 1, which results in linearly spaced contours starting at 2σ and increasing
in steps of 3σ (see Thompson et al. 2006 for more details). The advantage of this scheme over a linear scheme is its ability to emphasize both emission from
diffuse extended structures with low surface brightness and emission from bright compact sources.

structure surrounding the H II region, as viewed in mid-infrared im-
ages. Any compact radio emission is therefore more likely to arise
from localized dense parts of the shell rather than being a genuine
compact or UC H II region. Three examples of these more extended
H II regions are presented in the lower panels of Fig. 2 (see also
Deharveng et al. 2010 for a detailed study of ATLASGAL sources
associated with these more evolved H II regions).

(v) Compact and UC H II regions: radio sources that appear to be
self-contained regions of radio continuum emission are coincident
with compact mid-infrared sources. These sources are usually found
towards the peak of the submm emission seen in the ATLASGAL
maps. In the cases where the structure of the radio emission is
resolved, their morphologies are also found to be correlated with
emission features seen in the mid-infrared images (Hoare et al.
2007). A selection of these H II regions is presented in Fig. 1.

It is the last of these classifications that will be the focus of this
study. In a small number of radio sources there is some ambiguity in
the classification. We have opted to identify such cases as being ex-
tended H II regions in order to avoid the possibility of contaminating

our target sample of compact and UC H II regions. This may result
in a small number (<6) of genuine sources being wrongly excluded
but these represent only a few per cent of our final sample and are
therefore unlikely to affect the results significantly. In Table 1, we
present a summary of the classifications, the number of each type
identified and the average observed radio continuum parameters.

Since the CORNISH survey is sensitive to radio emission with
angular scales up to ∼20 arcsec, it is likely that our final sample
will consist of a mixture of both compact and UC H II regions (the
physical sizes will be investigated in Section 7.2). For brevity, we
will refer to the contents of this sample collectively as H II regions
in the discussion that follows.

3.1.1 Contamination from background radio sources

There are approximately 2600 compact radio sources in the
CORNISH catalogue, most of which (∼80 per cent) are likely to be
extragalactic in origin. With such a large number of background
sources there is a non-negligible probability of contamination
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Importance of Cosmic Rays

1. CRs can drive galactic winds

2. CRs can suppress star formation

-No transport, no wind 
-Mass loading depends on transport

3. CRs can affect wind properties: CR winds are cooler, 
multiphase, accelerated more gently

4. CRs can affect CGM properties: CGM is cooler and 
metal-enriched

From Karen Yang’s talk: 

References: Ipavich75, Breitschwerdt+91, Zirakashvili+96, Ptuskin+97, Everett+08, 
Jubelgas+08, Socrates+08, Everett+10, Samui+10, Wadepuhl+11, Dorfi+12, Uhlig+12, 

Booth+13, Hanasz+13, Salem+14, Girichidis+16, Liang+16, Pakmor+16, Ruszkowski+16, 
Simpson+16, Pfrommer+17a,b, Recchia+17, Ruszkowski+17, Wiener+17, Butsky+18, 

Farber+18, Girichidis+18, Heintz+18, Holguin+18, Jacob+18, Mao+18, Samui+18



Observing Cosmic Rays
CR Electrons: 

Radio, X-rays, Gamma-rays
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Far-IR (Massive Stars)

CR Protons: 
Gamma-rays

Abdo+10

Note 2: CR protons are 
99% of CR population

Note 1: Most extragalactic CR 
constraints come from radio

The LAT Collaboration: Detection of the Small Magellanic Cloud in gamma-rays with Fermi/LAT

Fig. 3. Residual counts map after subtraction of the fitted celestial back-
ground model and smoothing with a 2D Gaussian kernel with σ = 0.4◦.
Logarithmically-spaced Hα emission contours of the SMC are shown,
together with the locations of the currently-known pulsars and SNRs
in the galaxy (stars and points respectively). Black circles mark the ex-
tent of the 2DG model and the positions of the components of the 3PS
model (including in all cases the 2σ uncertainty in the position).

We first considered the time variability of the integrated
gamma-ray emission from the SMC by using the extended 2DG
model (on top of our background model). As before, the spec-
trum of the 2DG model was assumed to be a power law, with
the spectral index now fixed to the average value obtained from
the fit to the entire data set. The same was done for 47 Tuc
to allow comparison (and check that no cross-talk occurs be-
tween these two neighbouring sources), while the parameters of
all other components of our background model were fixed to the
average values obtained from the fit to the entire data set. The
light curves of the 2DG and 47 Tuc models were then derived on
a monthly basis. The result is shown in Fig. 4. There is no indi-
cation for a flare coming from the direction of the SMC or from
47 Tuc (in agreement with the dedicated analysis of the latter,
see Abdo et al. 2009d).

Since background blazars obviously would appear as point-
like sources, we also derived the light curves for the three point
sources of the 3PS model. In this case as well, we found no in-
dication for flaring activity from any of the three directions.

4.2. Spectrum and flux

So far the analysis was done assuming that the spectrum of
the SMC emission is well described by a power law. To deter-
mine the spectrum of the gamma-ray emission from the SMC
without any assumption on the spectral shape, we fitted our
background and 2 DG models to the data independently in 6
logarithmically-spaced energy bins covering the energy range
200 MeV−20 GeV. The result is shown in Fig. 5. The spectrum
is relatively flat (Γ ∼ 2) over most of the energy range, with a
possible maximum around one GeV and a break or cutoff around
a few GeV.

Fig. 4. Monthly light curve of the SMC obtained with the 2DG spatial
model and a power-law spectral shape with fixed index. Also shown for
comparison is the light curve of 47 Tuc.

Fig. 5. Spectrum of the SMC. The LAT data points (in black) come
from independent fits of the 2DG plus background models in 6 different
energy bins. The curves correspond the components and total of a spec-
tral model of CR-ISM interactions in the SMC fitted to the data using a
binned maximum likelihood analysis (see text).

To determine the integrated gamma-ray flux of the spectrum,
we fitted both simple power-law and exponentially cutoff power-
law spectral models of the form N(E) = k (E/E0)−Γ exp(−E/Ec)
to the data by means of a binned maximum likelihood analy-
sis over the energy range 200 MeV−20 GeV. This analysis is
more reliable than fitting the spectra of Fig. 5 directly since it
accounts for the Poissonian statistics of the data. The spectral
parameters thus obtained are listed in Table 3. The best-fit model
is the exponentially cutoff power law. The improvement over the
simple power-law model is ∆TS = 6 for one more degree of free-
dom, which corresponds to a significance of 2.4σ only. This is
most likely because the limited statistics at high energies prevent
the clear detection of a cutoff in the spectrum. In the following,
we will use the flux value associated with the exponentially cut-
off power-law model because it is more relevant to the physical
sources we will consider than the simple power-law model: we
indeed discuss CRs-ISM interactions as a likely source of the
SMC emission and the corresponding radiation is usually domi-
nated by a ∼GeV bump due to π0 decay, and this feature is bet-
ter represented with an exponentially cutoff power-law model
(see Sect. 5.1 and Fig. 5); alternatively, we consider pulsars as
another plausible source of the SMC emission and the typical

Page 7 of 14



Launched June 11, 2008 
Two instruments:  
 Large Area Telescope (LAT): 20 MeV-300 GeV 
 Gamma-ray Burst Monitor (GBM): 10 keV-25 MeV

Covers whole sky every three hours



Localizing Gamma-Rays in SMC

A&A523,A46(2010)

Fig.1.200MeV−20GeVcountsmapoftheregionofinterestcentred
ontheSMC,aftersmoothingwitha2DGaussiankernelwithσ=0.4◦.
Thepositionsofthebackgroundpointsourcesaremarkedbywhite
circles,withcirclesizeindicatingpositionuncertainty.

obviouslylimittheprecisionoftheconclusionsaboutthespatial
distributionoftheextendedemissionfromtheSMC.

Theresidualcountsmapshowsseveralspotswithintensi-
tiesof∼40−50counts/deg2,similartothepeakresidualinten-
sityassociatedwiththeSMC(∼65counts/deg2).Noneofthese
spotsactuallyissignificantexceptfortheexcessat(l,b)∼
(296◦,−36◦)whichisatthe∼4σlevel.Incontrast,thesignif-
icanceoftheSMCemissionis∼11σ(seeSect.3.1),mainlybe-
causeitissignificantlyextendedwhiletheotherhotspotsofthe
residualcountsmaparemostlypoint-like.Wealsocheckedthat
addingthesehotspotsaspointsourcesinourmodelfittingdid
notalterthecharacteristicsderivedfortheSMCemission.

3.1.Geometricalmodels

WeassessedthespatialdistributionoftheSMCemissionusing
simpleparameterizedgeometricalmodelsforthegamma-rayin-
tensitydistribution.Weconsideredpoint-likeand2DGaussian
modelswithfreegeometricparameters,andforeachmodelwe
assumedapower-lawspectrumwithnormalisationandspec-
tralindexalsotreatedasfreeparameters.Inourprocedure,the
spatialandspectralparametersofthemodelsareadjustedus-
ingabinnedmaximumlikelihoodanalysiswithspatialpixels
of0.1◦×0.1◦and10logarithmicallyspacedenergybinscov-
eringtheenergyrange200MeV−20GeV.Foreachmodelof
theSMC,wecomputedtheso-calledTestStatistic(TS)which
isdefinedastwicethedifferencebetweenthelog-likelihoodL1
thatisobtainedbyfittingthemodelontopofthebackground
modeltothedata,andthelog-likelihoodL0thatisobtainedby
fittingthebackgroundmodelonly,i.e.TS=2(L1−L0).Under
thehypothesisthatthebackgroundmodelsatisfactorilyexplains
ourdata,andifthenumberofcountsishighenough,theTS
followsaχ2

pdistributionwithpdegreesoffreedom,wherepis

Fig.2.200MeV−20GeVresidualcountsmapsaftersubtractionofthe
fittedcelestialbackgroundmodelandasmoothingwitha2DGaussian
kernelwithσ=0.4◦.Upperplotcorrespondstothefullregionofin-
terestandlowerplotisazoomontheSMC.Thepositionsoftheback-
groundpointsourcesaremarkedbywhitecirclesinthetoppanel,with
circlesizeindicatingpositionuncertainty,andtheSMCistracedby
HIcolumndensitycontoursinthebottompanel.

thenumberofadditionalfreeparametersinthemaximizationof
L1withrespecttothoseusedinthemaximisationofL0(inthe
presentcase,pisthenumberoffreeparametersofourmodelof
theSMC).If,however,theTStakesavaluethatisstatistically
unlikelyforaχ2

pdistribution,thismeansthatthebackground
modelisnotanadequateenoughrepresentationoftheobserva-
tionsandcanbeimprovedbytheadditionalSMCcomponent
(seeCash1979).
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17 months of data

4 Lopez et al.

Table 1. Spectral Results for Background Sources

Source ↵ � Index 1 Cuto↵ �>100 MeV
� TS

47 Tuc 5.98� �72.07� �1.34±0.07+0.09
�0.08 2.7±0.3±0.2 173±6+13

�12 5182

NGC 362 15.65� �70.94� �0.93±0.89+0.92
�1.30 1.6±1.0+9.0

�0.5 9.0±4.8+32.5
�5.3 31

PS1 5.90� �68.30� �1.84±0.18+0.09
�0.18 – 5.1±2.2+3.5

�1.6 26

PS2 20.30� �72.27� �1.51±0.31+0.13
�0.52 – 1.1±1.0+4.0

�0.4 20

PS3 11.81� �70.80� �1.90±0.25+0.21
�0.32 – 3.7±2.4+5.5

�1.9 17

Note—Columns from left to right: background sources (as labeled in the left panel of
Figure 1), right ascension ↵ (in J2000 coordinates), declination � (in J2000 coordinates)
the spectral index 1, the cuto↵ energy in GeV (for exponential cuto↵ models), the
photon flux in the 100 MeV to 500 GeV band in 10�10 ph cm�2 s�1, and the TS value
for the fit.

Min

Max

PS1
PS2

PS3
NGC 362

1 1O O

47 Tuc
Bar

Wi
ng

Figure 1. Total count map (left) and background-subtracted count map (right) of the SMC in the 2 � 300 GeV band. The
3FGL sources are marked with red pluses, and the point sources added to the background model are identified
in cyan, including NGC 362 (as described in Section 2). The green contour represents the distribution of H i to guide
the eye, and the star-forming Bar and Wing are labeled. The images were smoothed with a Gaussian function of width
� = 10 pixels = 60, and the scale bar is 1� in length. The color map is normalized to the maxima of the images. North is up;
East is left.

mize the spatial resolution of the data, we used only the
2� 300 GeV band to produce images.
To produce the gamma-ray spectrum of the SMC, we

use events converted in the front and back sections of the
LAT with an energy range of 0.2� 200 GeV. We select
this band to avoid the large uncertainties in the Galac-
tic background model below 0.2 GeV. We model the flux
in each of eight logarithmically-spaced energy bins and
estimate the best-fit parameters using gtlike. In addi-
tion to statistical uncertainties obtained from the likeli-
hood analysis, systematic uncertainties associated with
the Galactic di↵use emission were evaluated by altering
the normalization of this background by ±6% from the

best-fit value at each energy bin (similar to Castro &
Slane 2010 and Castro et al. 2012)4.

3. RESULTS

3.1. SMC

Figure 1 gives the 2�300 GeV count map of the SMC
before (left panel) and after (right panel) background
subtraction5. The SMC is detected with 31.2-�
significance in the 0.2 � 300 GeV band. We compare
the background-subtracted 2 � 300 GeV count map to

4
https://fermi.gsfc.nasa.gov/ssc/data/analysis/LAT caveats.html

5
To produce the background-subtracted image, we generated

an image at 2� 300 GeV using the Fermi Science Tool command

gtmodel of all background sources using the best-fit parameters

output by gtlike.

LL+18a

105 months of data

HI HI

Better maps because 1) use more data and 2) use only  
>2 GeV gamma-rays (10x better spatial resolution)

0.2-20 GeV 2-300 GeV



https://www.slac.stanford.edu/exp/glast/groups/canda/
lat_Performance.htm



GeV Gamma-Ray Spectrum of the SMC

Gamma-ray emissivity is 
~5x less than Milky Way,   
implying 5x lower density 

of CR nuclei. 

Could result from either a 
lower CR injection rate 
per unit star-forming 

volume or from a smaller 
CR confinement length. 

LL+18a

See also: Maria Haupt’s poster

Ecut = 13.2 GeV 
Γ = -2.2 

0.1 1.0 10 100
Energy (GeV)

10 -7

10 -6

10 -5

E2  d
N

/d
E 

(M
eV

 c
m

-2
 s

-1
)

        dN/dE ∝ E -1.6

        dN/dE ∝ E -2.2  (E<13.2 GeV)
        Total

Ecut = 13.2 GeV 
Γ = -2.2 



SMC is Far Below the Calorimetric Limit
Starbursting galaxies are CR proton “calorimeters”:  
all CR protons experience pion losses (Thompson+07; 
Socrates+08; Lacki+11; Ackermann+12, Pfrommer+17)The Astrophysical Journal, 755:164 (23pp), 2012 August 20 Ackermann et al.
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Figure 3. Top panel: gamma-ray luminosity (0.1–100 GeV) vs. RC luminosity
at 1.4 GHz. Galaxies significantly detected by the LAT are indicated with filled
symbols whereas galaxies with gamma-ray flux upper limits (95% confidence
level) are marked with open symbols. Galaxies hosting Swift-BAT AGNs are
shown with square markers. RC luminosity uncertainties for the non-detected
galaxies are omitted for clarity, but are typically less than 5% at a fixed distance.
The upper abscissa indicates SFR estimated from the RC luminosity according to
Equation (2) (Yun et al. 2001). The best-fit power-law relation obtained using the
EM algorithm is shown by the red solid line along with the fit uncertainty (darker
shaded region), and intrinsic dispersion around the fitted relation (lighter shaded
region). The dashed red line represents the expected gamma-ray luminosity
in the calorimetric limit assuming an average CR luminosity per supernova
of ESN η = 1050 erg (see Section 5.1). Bottom panel: ratio of gamma-ray
luminosity (0.1–100 GeV) to RC luminosity at 1.4 GHz.
(A color version of this figure is available in the online journal.)

Although these three SFR estimators are intrinsically linked,
each explores a different stage of stellar evolution and is
subject to different astrophysical and observational systematic
uncertainties.

Figures 3 and 4 compare the gamma-ray luminosities of
galaxies in our sample to their differential luminosities at
1.4 GHz, and total IR luminosities (8–1000 µm), respectively.
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Figure 4. Same as Figure 3, but showing gamma-ray luminosity (0.1–100 GeV)
vs. total IR luminosity (8–1000 µm). IR luminosity uncertainties for the non-
detected galaxies are omitted for clarity, but are typically ∼0.06 dex. The
upper abscissa indicates SFR estimated from the IR luminosity according to
Equation (1) (Kennicutt 1998b).
(A color version of this figure is available in the online journal.)

A second abscissa axis has been drawn on each figure to
indicate the estimated SFR corresponding to either RC or total
IR luminosity using Equations (2) and (1). The upper panels
of Figures 3 and 4 directly compare luminosities between
wavebands, whereas the lower panels compare luminosity ratios.
Taken at face value, the two figures show a clear positive
correlation between gamma-ray luminosity and SFR, as has
been reported previously in LAT data (see in this context Abdo
et al. 2010b). However, sample selection effects, and galaxies
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4.2. Escape of Cosmic Rays from the SMC

Galaxies are “calorimeters” of CR protons when all ac-
celerated CR protons experience pion losses, as in e.g.,
starburst galaxies (Thompson et al. 2007; Socrates et al.
2008; Lacki et al. 2011; Ackermann et al. 2012). To as-
sess how close the SMC is to this calorimetric limit, we
estimate the ratio of the observed gamma-ray luminosity
L� to the maximum gamma-ray luminosity Lmax

� possi-

ble given the CR injection rate ĖCR. Here we define this
calorimetry fraction as fcal ⌘ L�/Lmax

� .
The CR injection rate is

ĖCR = ⌘ESN�SN, (4)

where ⌘ is the fraction of the supernova (SN) kinetic
energy that goes into primary CR protons, ESN is the SN
kinetic energy, and �SN is the rate of SNe in the SMC.
We assume ⌘ = 0.1 (see e.g., Section 5.5 of Vink
2012), ESN = 1051 erg, and �SN = 0.0015 yr�1. The
latter quantity is derived by multiplying the MW SN
rate of 0.02 yr�1 by the ratio of the star formation rates
(SFRs) in the SMC (⇠0.1 M� yr�1: Harris & Zaritsky
2004) to that of the MW (⇠1.3 M� yr�1: Murray &
Rahman 2010; Robitaille & Whitney 2010). This �SN

is consistent with the known supernova remnant (SNR)
population in the SMC (Badenes et al. 2010; Auchettl
et al. 2018) if their visibility time is ⇠15,000 years (near
the expected visibility time of ⇠20,000 years from semi-
analytic modeling: Sarbadhicary et al. 2017). Using the
above values, we find ĖCR = 4.75⇥ 1039 erg s�1 for the
SMC.
The maximum gamma-ray luminosity that can

be produced by this CR injection rate is Lmax

� =

f�ĖCR, where f� = 1/3 is the the fraction of pi-
ons that decay to gamma-rays. Therefore, we find
Lmax

� = 1.6⇥ 1039 erg s�1, and thus fcal = 0.007,
given the observed gamma-ray luminosity from CRs
of L� = (1.2± 0.1± 0.2)⇥ 1037 erg s�1 (using 90%
of the total luminosity from Section 3.1). By com-
parison, the MW has fcal = (7 ⇥ 1038 erg s�1)/(2.1 ⇥
1040 erg s�1) = 0.033 (Strong et al. 2010; Ackermann
et al. 2012).
In the MW, the small fcal is attributed to CRs es-

caping di↵usively from the galaxy’s halo, since the CR
di↵usion time tdi↵ ⇡ 45( ECR

1 GeV
)�1/2 Myr is less than

the pion loss timescale, t⇡ ⇡ 100( neff
0.5 cm�3 )�1 Myr

(Mannheim & Schlickeiser 1994). In these relations,
ECR is the CR energy, and ne↵ is the e↵ective density
encountered by the CRs (in the MW, ne↵ ⇡ 0.2–0.5
cm�3: Connell 1998; Schlickeiser 2002). For compari-
son, the advective escape timescale is tadv = h/vwind ⇡

10( h
1 kpc

)( vwind

100 km s
�1 )�1 Myr, where h is the galaxy’s

scale height and vwind is the galactic wind velocity.
As per the calculation above, we find fcal of the SMC

is at least ⇠ 5⇥ smaller than that of the MW. We
caution that there are large uncertainties in ĖCR (i.e.,
the SFRs), and we have assumed that the SMC’s L� is
produced exclusively by pion decay associated with CR
protons. Thus, our derived fcal for the SMC is likely
an upper limit, given that CR electrons may contribute
non-negligibly to the spectrum. If the SMC’s fcal is
indeed lower than that of the MW, then it could be ei-
ther due to more escape of CRs (through di↵usion or
advection) or from fewer pionic losses than in the MW.
The former explanation could result from a smaller con-
finement length or larger di↵usion coe�cient D0, since
tdi↵ ⇠ l2

conf
/D0, where D0 is the di↵usion coe�cient.

Alternatively, the SMC could have fewer pionic losses
than the MW if ne↵ is lower in the SMC than in the
MW. However, we expect that the pion loss timescale of
the SMC is comparable to the MW, given that the SMC
has ne↵ ⇠ 0.2 cm�3, assuming a median hydrogen col-
umn density of NH = 2⇥1021 cm�2 (Stanimirovic et al.
1999) and a depth of ⇠4 kpc (Muraveva et al. 2018).
In the MW where CR proton lifetimes are set by di↵u-

sive escape, the GeV to PeV proton spectra go as E�2.75

(Simpson 1983; Sanuki et al. 2000; Adriani et al. 2011).
By contrast, if CRs experience pionic losses or escape via
advection, spectra can be harder and go as E�2–E�2.4

(as in e.g., M82 and NGC 253: Lacki et al. 2011; Ack-
ermann et al. 2012). Thus, the best-fit spectral models
for the SMC plotted in Figures 6 and 8 are consistent
with CR proton lifetimes limited by pionic losses or ad-
vection. However, given the sub-calorimetric luminosity
of the SMC from above, it is apparent that the CRs are
not being e�ciently converted to gamma-rays.
Consequently, the luminosity and spectrum of the

SMC is most consistent with the scenario where ad-
vection sets the spectrum below 13 GeV and di↵usive
losses produce a steeper spectrum above 13 GeV. In this
case, the cuto↵ energy in the best-fit, single component
ECPL model could be suggestive of the transition in the
spectrum from advection- to di↵usion-dominated. The
energy break in the best-fit ECPL+BPL model of Sec-
tion 4.1 may be interpreted similarly.
In the latter model, �2 is much steeper than the E�2.75

spectrum observed in the MW. However, �2 is not well
constrained given the lack of a statistically significant
detection in the two highest energy bins. In Figure 8,
the red shaded region represents a �2 = �2.75 spectrum
above the 6.4� 12.8 GeV data point. This �2 is consis-
tent with our upper limits >13 GeV if the energy flux in
the 6.4�12.8 GeV band is toward the lower bound of the
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What produces the cutoff in the GeV spectrum of the 
SMC?…

A different way to put it: what sets the residence time of CR 
protons?
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spectrum observed in the MW. However, �2 is not well
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detection in the two highest energy bins. In Figure 8,
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Localizing Gamma-Rays in LMC

A. A. Abdo et al.: Observations of the Large Magellanic Cloud with Fermi

Fig. 1. Gaussian kernel (σ = 0.2◦) smoothed counts maps of the region of interest (ROI) in a true local projection before (left) and after subtraction
of the background model (right) for the energy range 200 MeV–20 GeV and for a pixel size of 0.1◦ × 0.1◦. Overlaid is the N(H I) contour of
1 × 1021 H cm−2 of the LMC to indicate the extent and shape of the galaxy. The boxes show the locations of the 6 point sources that have been
included in the background model. The right panel has a true dynamic range from −46 to +248 counts deg−2 that has been expanded for display to
cover the full dynamic range of the residuals that are shown in Fig. 4.

Table 1. Point sources included in the background model.

Name TS αJ2000 δJ2000

CRATES J050755−610441 118.6 05h07m55s −61◦04′43′′

CRATES J051643−620706 269.3 05h16m45s −62◦07′05′′

CRATES J055842−745904 53.5 05h58m46s −74◦59′05′′

CRATES J060106−703606 52.5 06h01m11s −70◦36′09′′

CRATES J063542−751615 90.0 06h35m46s −75◦16′16′′

CRATES J070027−661041 123.4 07h00m31s −66◦10′45′′

Notes. TS is a measure of the detection significance of the source
(cf. Sect. 2.3.2).

this time interval from our analysis. This results in a dataset that
corresponds to 248.7 days of continuous sky survey observations
during which a total exposure of ∼2.3 × 1010 cm2 s (at 1 GeV)
was obtained for the LMC.

We then modelled background gamma-ray emission within
the ROI using components for the diffuse Galactic and the ex-
tragalactic and residual instrumental backgrounds and the 6
blazars. The Galactic component was based on the LAT standard
diffuse background model gll_iem_v022 for which we kept the
overall normalisation as a free parameter. The extragalactic and
residual instrumental backgrounds were combined into a single
component which has been taken as being isotropic. The spec-
trum of this component was determined by fitting an isotropic
component together with a model of the Galactic diffuse emis-
sion and point sources to the data. Also here we left the overall
normalisation of the component as a free parameter. The 6 back-
ground blazars were modelled as point sources with power-law
spectral shapes. The positions of the blazars were fixed to those

2 The model can be downloaded from http://fermi.gsfc.nasa.
gov/ssc/data/access/lat/BackgroundModels.html

given in the CRATES catalogue (Healey et al. 2007) and are
given in Table 1. The flux and spectral power-law index of each
source were left as free parameters of our background model and
their values were determined from likelihood analysis.

2.3. Spatial distribution

2.3.1. Counts map

To investigate the spatial distribution of gamma-ray emis-
sion toward the LMC we first binned all photons into a
counts map of size 20◦ × 20◦ centred on (αJ2000, δJ2000) =
(05h17m36s, −69◦01′48′′) and aligned in equatorial coordinates.
Figure 1 shows the counts map before (left panel) and after (right
panel) subtraction of the background model.

The background subtracted map confirms that diffuse
Galactic and isotropic backgrounds as well as the 6 background
blazars are properly removed by our treatment. The only re-
maining feature is extended emission that is spatially confined
to within the LMC boundaries which we trace by the iso col-
umn density contour NH = 1 × 1021 H cm−2 of neutral hydro-
gen in the LMC (Kim et al. 2003). The total number of excess
200 MeV–20 GeV photons above the background in the LMC
area3 amounts to ∼1550 counts whereas the background in the
same area amounts to ∼2440 counts. With these statistics, the ex-
tended gamma-ray emission from the LMC can be resolved into
several components. The brightest emission feature is located
near (αJ2000, δJ2000) ≈ (05h40m, −69◦15′), which is close to the
massive star-forming region 30 Doradus (30 Dor) that houses the
two Crab-like pulsars PSR J0540−6919 and PSR J0537−6910
(Seward et al. 1984; Marshall et al. 1998). Excess gamma-ray

3 We use a square region 5.5◦ × 5.5◦ centred on (αJ2000, δJ2000) =
(05h30m, −68◦30′) to extract these numbers.
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Fig. 1. Total counts map in the 0.2–100 GeV band and residual counts
map after subtracting the background model described in Sect. 3.1 (top
and bottom panels, respectively). Both maps have 0.1◦ × 0.1◦ pixels
and were smoothed with a Gaussian kernel with σ = 0.2◦. Colours are
displayed on a square-root scale. White lines are contours of the atomic
hydrogen distribution in the LMC at a relative value of 1/8 of the peak
in the distribution (see Sect. 3.3 for the origin of the data).

3.1. Background model
As a first step in the process of modelling the emission over the
ROI and before developing a model for the LMC, we have to
account for known background and foreground emission in the
form of diffuse or isolated sources. These are:

1. The Galactic interstellar emission, arising from CRs in-
teracting with the ISM in our Galaxy. In the Fermi-LAT
energy range, this emission is dominated by hadronic emis-
sion from interstellar gas (Ackermann et al. 2012c). Even
at the Galactic latitude of the LMC, b ∼ −33◦, this fore-
ground radiation is clearly present as structured emission in
the counts map. We modelled it using the template provided

by the Fermi Science Support Center, gll_iem_v05_rev1.fit,
with free normalisation in the fit. In the preparation of this
template (Casandjian 2015), any signal from gas in the LMC
was removed, so that the γ-ray emission from the LMC is
not erroneously absorbed in the Galactic diffuse emission
model. Importantly, the LMC region is not affected by the
large-scale residual structures re-injected into the template.

2. An isotropic background, which accounts for an approx-
imately isotropic diffuse γ-ray emission component and
residual CRs misclassified as γ-rays in the LAT. The ori-
gin of the astrophysical emission is currently unclear and it
may come from multiple sources, ranging from the solar sys-
tem to cosmological structures (Ackermann et al. 2015a). It
was modelled using the publicly available isotropic spectral
model iso_source_v05.txt, with free normalisation in the fit.

3. All isolated sources in the region that were previously de-
tected and listed in the Fermi-LAT second source catalogue
(2FGL, Nolan et al. 2012). A total of seven sources fall
into the ROI defined above. Four of them were dismissed be-
cause they are located within the LMC boundaries and may
actually correspond to components of the LMC emission
that we aimed at modelling. Source 2FGL J0532.5−7223
was excluded because its significance was too low (be-
low 3σ), but a source not listed in the 2FGL catalogue
was found nearby, at the position (α, δ) = (82.4◦, −72.7◦),
with a TS above 100, a power-law spectrum, and a vari-
able flux. This additional source is present in the Fermi-LAT
third source catalogue as 3FGL J0529.8−7242 (Acero et al.
2015). The other field sources are 2FGL J0438.0−7331 and
2FGL J0601.1−7037, the latter being associated with the ra-
dio source PKS 0601−70 and exhibiting strongly variable
emission. All three were included in the model as point-like
sources using the spectral shapes identified as most suitable
in the 2FGL catalogue and leaving their spectral parameters
free in the fit. We also included sources lying outside the
ROI, up to a distance of 3◦, to account for spillover of their
emission inside the ROI at low energies, where the point-
spread function has a degree-scale size. A total of ten such
sources were included in the model, with spectral shapes and
parameters fixed at the catalogue values.

All the components described above form the basis of the emis-
sion model and are referred to as the background model. It has
a total of nine degrees of freedom (one for each diffuse emis-
sion template, three for 2FGL J0601.1−7037, and two each for
2FGL J0438.0−7331 and 3FGL J0529.8−7242). We now de-
scribe the modelling of the excess signal that is not accounted
for by this background model.

3.2. Analytic model

Starting from the background model, we first aim to describe
the remaining emission with a combination of point-like and
2D Gaussian-shaped spatial intensity distributions, adding new
components successively.

Point-like sources can be identified if they have hard spectra
and are bright enough, because the angular resolution at high en-
ergies >10–20 GeV is relatively good and allows distinguishing
them from any extended emission. Inspection of the >20 GeV
counts map suggested the presence of two such sources (called
P2 and P4 in the following), the significance and point-like na-
ture of which was confirmed by subsequent analyses. In addi-
tion, one source was identified as a γ-ray pulsar from its char-
acteristic pulsations: the source called P1 in the following was
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Why are some Massive-Star Regions
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FIG. 8.— Intrinsic polarization position angles of the LMC overlaid on the Parkes polarized intensity map at 1.4 GHz . Pixels with a polarized intensity lower
than 0.045 Jy/beam and a reduced �2 greater than 2 have been blanked. The color scale is in units of Jy/beam.
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Lots More To Do

Analyze more nearby galaxies (e.g., M33) with Fermi

Probe CR feedback from star clusters without SNe (e.g., 
Westerlund 2)

What other constraints do you/we want on CR feedback 
from gamma-ray observations?

Does far-IR/gamma-ray correlation break down at 
small scales? 

Spatially-resolved gamma-ray spectral analysis of LMC
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Fig. 2: Gaussian-smoothed (σ=0.08o) excess images for the Westerlund 2/RCW 49 and PSRJ1028–5819 region. On the left, the low
energy map (0.7 TeV <E < 2.5 TeV) is shown, while the high energy map (E ≥ 2.5 TeV ) is displayed on the right. The H.E.S.S.
significance contours (dashed black lines for the low energy map and solid green ones for the high energy map) are calculated using
an oversampling radius of 0.1o and are shown above 4σ in steps of 1σ. The position of WR 20a and the two Fermi LAT pulsars
are marked in cyan and white (for more details see text).

VHE γ-ray sources). Images of the VHE γ-ray excess (see
next Sect.), corrected by the corresponding radial accep-
tance in each energy band, were produced for two bands
(0.7< E<2.5 TeV and E≥2.5 TeV).

2.1. Energy-Dependent Morphology

Fig. 1 shows the significance map of the region using
an oversampling radius of 0.22o (optimized for extended
sources, Aharonian et al. 2006c). The background in each
bin of the image was estimated using a ring with a mean ra-
dius of 1o (as defined in Aharonian et al. 2006b) around the
test position. The previously reported source HESS J1023–
575 is detected with a peak significance of 16σ corre-
sponding to 545 excess events above background. A sec-
ond excess appears to the south-east towards the direction
of PSRJ1028–5819 (dubbed HESS J1026–582), showing a
peak significance of 7σ pre-trials (169 excess events). Source
locations are extracted from the uncorrelated excess map
fitted to a two-dimensional Gaussian function folded with
the H.E.S.S. point spread function (PSF; ∼0.08o above 200
p.e.). The best fit position lies at α = 10h23m24s±7.2sstat
and δ = –57o47′24′′±1′12′′stat (J2000) for HESS J1023–
575, compatible with the previously reported position. For
the second source, HESS J1026–582, the Gaussian peaks at
α = 10h26m38.4s±21.6sstat and δ = –58o12′00′′±1′48′′stat
(J2000), 0.6o apart from the other source. The systematic
error is estimated to be 20′′ per axis (Gillessen 2004). The
two derived positions and statistical errors are marked with
black and green crosses in Fig. 1.

To further investigate the nature of the two detected
excesses, the image has been analyzed in the two energy
bands described above. For the lower energy band, between
0.7 and 2.5 TeV, the image (Fig. 2) shows a distinct ex-
cess emission at the location of HESS J1023–575, extended
beyond the nominal size of the H.E.S.S. instrument PSF,
with an intrinsic extension of σ=0.18o±0.02◦. The second
excess is strongly reduced in this energy band. However,

this second emission region, HESS J1026–582, is clearly vis-
ible on the high energy image (E≥2.5 TeV), indicative of
a very hard photon index and also evidence for extension
at the scale σ=0.14o±0.03◦. The two Gaussian-smoothed
(σ=0.08◦) excess maps are shown in Fig. 2 with signifi-
cance contours above 4σ in black dashed lines for the low
energy map and solid green lines for the high energy one,
obtained by using an integration radius of 0.1◦. The signifi-
cance contours for a larger integration radius (0.22◦) for the
lower (in black) and the higher (in green) energy bands and
are also shown in Fig. 1 together with the total significance
map above 200 p.e.

To further investigate the interplay between the
two neighboring sources as of HESS J1023–575 and
HESS J1026–582, a rectangular region (slice) is defined in
the uncorrelated excess maps along the line connecting the
best-fitted positions of the two spots with a width of twice
the H.E.S.S. PSF (see Fig. 3 inset). The profile resulting
from a projection of the slice on the long axis is shown
in Fig. 3 for the low (in red) and high (in blue) energy
images. The radial profile for the low energy map is well
fitted by a single Gaussian function (χ2/ν=5.57/6, corre-
sponding to a probability of P=0.47) centered at a position
compatible with the centroid of HESS J1023–575 and the
position of Westerlund 2 and PSRJ1022–5746 (cyan and
white markers respectively in the inset figure). Their po-
sitions with respect to the center of the slice are marked
with dashed lines in the profile figure. However, the pro-
file corresponding to the high energy events shows a sec-
ond peak towards the direction of PSRJ1028–5819 (dashed
line) and a fit to a double Gaussian function is clearly fa-
vored (χ2/ν=0.45/4, P=0.97) against a single Gaussian one
(χ2/ν=10.88/6, P=0.09).

Based on the limited statistics at E ≥ 2.5 TeV, the peak
of the VHE emission related to HESSJ1023–575 appears to
shift towards the location of the LAT pulsar PSRJ1022–
5746 at higher energies although the statistic is too scarce
to resolve further energy-dependent morphologies. The an-
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Summary
Measurement of relative role of feedback modes in ultra-
compact HII regions show indirect radiation pressure dominates 
and pressure terms evolve with HII region size.

Gamma-ray observations are key to probe CR protons, which are 
the bulk of the CR population.

Analysis of 9 years of Fermi data toward the SMC shows 
substructure along the star-forming Bar and Wing. 

Gamma-ray spectrum shows a power-law slope with an 
exponential cutoff. Based on the sub-calorimetric luminosity and 
the spectral shape, CR protons are likely escaping the SMC via 
advection and diffusion.

LMC also shows substantial substructure that correlates with 
star-forming regions but may also depend on cluster age and B-
field orientation (suggestive of anisotropic diffusion).

arXiv: 1807.06595
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