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∲ermi
CRs < few 1015 eV: origin in the Milky Way & propagation in a > kpc halo
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∲ermi
a catalogue of ≈ 30 extended sources or associations with SNRs including: 

young historical remnants 
middle-aged ones often interacting with surrounding clouds

SNR GeV gallery
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Summary: After two years of data taking, the Fermi-LAT has collected firm evidence of GeV emission from many radio
SNRs, and some others are under investigation. A possible correlation between radio luminosity and GeV flux is presented,
with the focus on possible explanations behind the emission mechanisms. For some cases, a closer look at possible
interactions of the SNRs with dense environment has been carried out and results are presented.

Fermi -SNRs Index 1 Index 2 ��Break (GeV) Age (yrs) Proton break Ref.

Cassiopeia A �2.1 �0.1 -2.4** >100GeV 330 80TeV [2]
Tycho �2.3 � 0.1 �� �� 438 350TeV [3] 

Vela Jr. -1.87�0.2 -2.1** 680 50TeV [4]

RX J1713 -1.5�0.1 -2.2** 1600 Leptonic
dominated [5]

CTB 37A �2.28�0.1 �� �� 1500? >10TeV [6] 

W49B �2.18 � 0.04 �2.9 � 0.2 4.8 � 1.6 1k-4k 4GeV [7] 

Cygnus loop -1.83 � 0.06 3.23�0.19 2.39�0.26 20k 2GeV [11]

IC 443 �1.93 � 0.03 �2.56 � 0.11 3.25 � 0.6 3-4k  
20-30k 70GeV [8]

W44 �2.06 � 0.1 �3.02 � 0.20 1.9 � 0.5 ~20k 9GeV [9] 

W28 (N)
(and G6.5-0.4) �2.09 � 0.3 �2.74 � 0.1 1.0 � 0.2 35-150k 

(40k) 1-2GeV [10]

W51C -1.97 � 0.08 -2.44 � 0.09 1.9 � 0.2 ~30k 15GeV (5-20) [12]
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Though extension studies with GeV data indicate the same acceleration
region, it is the analysis of the photon spectrum that allows us to get
into more details on the mechanisms behind the HE emission. For all
Fermi-LAT detected SNRs, only one single population of accelerated
electrons hardly explains the GeV flux and the observed shape.
For the Molecular Cloud Interacting SNRs, the interaction with dense
environments enhances the GeV flux, but may hide the natural
acceleration process by cosmic rays.

Cygnus Loop

RADIO SNRs

HE SNRs

Assuming that the acceleration
process takes place at the same
moment and in the same place, a
strong correlation between radio
Map and gamma counts is
expected [1].
Superimposing radio contours on
GeV count maps (Fig.1), good
indications about possible
correlation between the two
emission mechanisms can be
obtained.
Radio data are explained by
synchrotron emission from
accelerated electrons interacting
with amplified magnetic field.

To highlight cosmic rays acceleration, the background has to be well
studied and known. More straightforward objects may be those
where the contribution from possible interaction with nearby
molecular clouds is not dominant. When the SNR is evolving in a cloud-
free region, the GeV emission is not enhanced by the dense target,
and the age evolution may be more easily studied.

«Hidden» SNRs:
Analysis details
The detection of GeV emitting SNRs  is very complex. 
SNRs are expected to be extended sources, often hidden 
by very bright PSRs and embedded in very crowded region 
within the galactic plane. The detection analysis is based 
on:   
� A likelihood method for extended sources [13]

• PuppisA
� Off-Pulse analysis [14]

• VelaX
� A selection of high energy photons [15] 

• GammaCygni

Extended SNR

As a common behavior, the photon spectrum observed in Middle Aged
SNRs (i.e. the IC443 Fig.2) typically shows a steeper slope than young
SNRs (i.e. VelaJr Fig.3)

Tycho
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For the Cygnus Loop case, an interaction with clouds is not favored, while from the very good
match with X- rays and H� (Fig.4) it can be inferred that acceleration processes for protons
and electrons are taking place at the shocks of the SNR with interstellar matter.

Fig.9 GammaCygni : Residuals E>10 GeV, 408 
MHz from CGPS (green), PSR J2021+4026 
(X) VER 2019+407 (black) .

Fig.8 VelaX: [16] Fermi-LAT TS map (E 
> 800 MeV)WMAP @ 61 GHz (green) 

Fig.7 PuppisA: Fermi-LAT smoothed
Count map (BKG subtracted)

** the index is taken from VHE measurements

Fig.4 Smoothed BKG subtracted CountMap with a) 
ROSAT, b)Ha DSS; c) 1420 MHz; d) CO; e) 100um IRAS 

With the goal of solving the puzzle of CR acceleration and injection, we have analyzed in detail some of
the radio SNRs detected as GeV-TeV emitters. For almost all of them, the observed spectrum can be
interpreted as the result of neutral pion decay produced in hadronic interactions between accelerated
particles and the surrounding environment.

Tycho is a historical SNR, observed for the
first time by the astronomer Tycho Brahe in
1572. Due to its age and its expansion in
mostly free environment, it is an ideal case
where cosmic rays acceleration processes
may be studied «easily».
Looking at the SED, a pure leptonic model is
unable to fit the GeV-TeV data for the
following reasons:
1. the CMB is the minimal target for IC
emission 2. the ambient density is <0.3cm-3;
3. the resulting spectrum (in which the IC
has to be a significant component) would be
much harder than the GeV-TeV data.
Then the expected gamma-ray spectrum is mainly of hadronic origin and can be calculated 
on the assumption that efficient proton acceleration is taking place at the forward shock 
in Tycho's SNR.Fig.5 Pure leptonic model is not excluded, but

hadronic acceleration process are favored [7]

Fig.1 VLA contours superimposed on Fermi GeV count Maps

Fig.2 IC443 SED Fig.3 VelaJr SED

Fig.5

Fig.6 The MW Spectral energy Distribution of 
Tycho SNR [3]

Starting from a sample of 274 radio sources (The Greenis Catalog), a GeV
survey with the Fermi-LAT has been conducted. 11 firmly detections have
been obtained as SNRs and 6 as PWNe. The survey is still continuing
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Though extension studies with GeV data indicate the same acceleration
region, it is the analysis of the photon spectrum that allows us to get
into more details on the mechanisms behind the HE emission. For all
Fermi-LAT detected SNRs, only one single population of accelerated
electrons hardly explains the GeV flux and the observed shape.
For the Molecular Cloud Interacting SNRs, the interaction with dense
environments enhances the GeV flux, but may hide the natural
acceleration process by cosmic rays.
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the radio SNRs detected as GeV-TeV emitters. For almost all of them, the observed spectrum can be
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first time by the astronomer Tycho Brahe in
1572. Due to its age and its expansion in
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Looking at the SED, a pure leptonic model is
unable to fit the GeV-TeV data for the
following reasons:
1. the CMB is the minimal target for IC
emission 2. the ambient density is <0.3cm-3;
3. the resulting spectrum (in which the IC
has to be a significant component) would be
much harder than the GeV-TeV data.
Then the expected gamma-ray spectrum is mainly of hadronic origin and can be calculated 
on the assumption that efficient proton acceleration is taking place at the forward shock 
in Tycho's SNR.Fig.5 Pure leptonic model is not excluded, but

hadronic acceleration process are favored [7]
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Fig.6 The MW Spectral energy Distribution of 
Tycho SNR [3]

Starting from a sample of 274 radio sources (The Greenis Catalog), a GeV
survey with the Fermi-LAT has been conducted. 11 firmly detections have
been obtained as SNRs and 6 as PWNe. The survey is still continuing

Gamma-ray Emission from SNR S147 3

FIG. 1.— (Left) Fermi-LAT count map above 1 GeV around SNR S147 in units of counts per pixel. The pixel size is 0.◦1. Smoothing with a Gaussian kernel of
σ = 0.◦25 is applied. SNR S147 is represented by a white circle. The background sources contained in the ROI are shown as green crosses. (Middle) Background
model map. The green boxes each with the dimensions of 1.◦0× 1.◦5 represent the regions used for the evaluation of the accuracy of the Galactic diffuse model.
(Right) Background-subtracted count map. A simulated point source is shown in the inset.

FIG. 2.— Left: TS map obtained with maximum likelihood analysis of the Fermi-LAT data in the vicinity of SNR S147 above 1 GeV. Overlaid are linear
contours of the background-subtracted count map above 1 GeV taken from Figure 1. A white circle represents the outer boundary of SNR S147. A cyan cross
and circle represent a position and positional error (95% confidence level) of 3EG J0542+2610, respectively (Hartman et al. 1999). A magenta cross indicates
the position of PSR J0538+2817. Right: Hα flux intensity map of SNR S147 in units of rayleighs (106/4π) photons cm−2 s−1 sr−1 (Finkbeiner 2003), with the
contours of the background-subtracted count map overlaid.
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∲ermisignature of freshly accelerated nuclei?
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∲ermi
mixed interpretations 

some π0 decay dominated 
others IC dominated 

softer spectra (few GeV  
cut-off energies) than for  
TeV-bright SNRs 
older SNRs tend to be 

brighter 
softer 

SNR trends in γ rays

Young SNRs:
• Low 𝐿𝐿𝛾𝛾 → evolving into 

low density medium?

Interacting SNRs:
• Higher 𝐿𝐿𝛾𝛾 →

encountering higher 
densities?

Environment?

Di Venere L.                                                
San Vito di Cadore20th September 2016 19

No clear trend though both axes are proportional to distance2. Some 
separation between classes, diminishing as we find more, fainter candidates.Young SNRs tend to be harder than older, interacting SNRs.

Or Evolution?

Di Venere L.                                                
San Vito di Cadore20th September 2016 20

GeV index  evolves with time: 
apparent increase for 
older remnants 

May be due to a combination of:
• decreasing shock speed 

allowing greater particle 
escape?

• decreasing maximum 
acceleration energy as SNRs 
age?

L. Tibaldo A tale of cosmic rays narrated in γ rays by Fermi of 30

The ages of supernova remnants
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• brighter because more target gas?  
• evolution: increased wave damping by neutrals & 

escape from slower shock? neutral feedback on 
shock? particles ageing inside ? 

• or no evolution, but reacceleration of pre-existing 
Galactic CRs ?



Remote sensing of 
super-GeV cosmic rays



∲ermi
Fermi-LAT > 1 GeV: diffuse emission + 3033 3FGL sources + Bubbles + ??? 

Planck + IRAS

γ rays & dust tracing of the total gas
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∲ermi
CRays in HI: N(HI) 

CRays in H2:  

CRays in dark neutral gas:  

Galactic inverse Compton 

γ-ray source 

  dust in HI 

  dust in H2 

•   dust in dark neutral gas 
  

  CIB + CMB 

  IR sources

joint γ-ray and dust modelling
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∲ermi
significant increase in grain emission cross section  
grain evolution across all phases, more pronounced in CO

gas tracing with dust emission
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Fig. 16. Spatial variations of the dust opacities (left) and specific power (right) with the total gas measured by NH � at 0�.375 resolution (top) and
by NH m� at 0�.125 resolution (bottom). The tilded quantities are convolved with the LAT response for an interstellar spectrum. The black contours
outline the shape of the CO clouds at the 7 K km s�1 level chosen to separate DNM and COsat components.
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Fig. 13. Evolution of the dust properties per gas nu-
cleon in intervals of molecular fraction in the gas col-
umn (left), of total gas column density NH m� (mid-
dle), and of dust colour temperature (right). The
AVQ/NH ratios are in units of 10�22 mag cm2, ⌧353/NH
in 10�27 cm2, and 4⇡R/NH in 10�31 W. To estimate
the molecular fraction in NH, we have assumed a
DNM composition between half (stars) and fully
(dots) molecular. The solid and dashed error bars re-
spectively give the error on the means and the stan-
dard deviations in each sample. The thin lines mark
the average values found in the (0.4�2)⇥ 1021 cm�2

range. The shaded area in the temperature plot shows
the expectation for uniform radiated powers ranging
between 3.4 and 5⇥ 10�31 W H�1, with the mean in-
dex �= 1.65 in the region. A power-law variation in
opacity, �353 / NH

0.28± 0.03, has been reported above
1021 cm�2 in Orion. The shaded curve in the cen-
tral plot shows this trend scaled at the value of the
Chamaeleon complex opacity at NH m� = 1021 cm�2.

the lower angular resolution. The gradual evolution of the dust
properties is responsible for the change in mean AVQ/NH and
⌧353/NH values across the gas phases in Table 2. The values in
the DNM phase may be driven up by the large column densities
in excess of 1021 cm�2 observed around the brightest CO cores
of Cham I, II, and III. However, Fig. 13 indicates that these ra-
tios start to rise as soon as H2 molecules dominate over H atoms
in the gas column.

The opacities measured at 353 GHz in the Chamaeleon
complex are interestingly larger than the average trends pre-
viously found over the whole sky. In pure H i, in the
(0.4�2.0)⇥ 1021 cm�2 range, we measure a mean (standard de-
viation) opacity of 14.3 (2.3)⇥ 10�27 cm2 for a radiated power
of 4.5 (0.4)⇥ 10�31 W. This is a factor of 2 larger than the
value estimated in the high-latitude H i cirrus clouds where the
radiated power is 25% lower than in the Chamaeleon com-
plex (Planck Collaboration Int. XVII 2014). So, we confirm
large opacity variations within the atomic phase at column den-
sities below 1021 cm�2, away from the conditions that cause
dust evolution in the cold molecular environments. This large
change within the di↵use atomic phase challenges the dust evo-
lution models. Figure 13 further shows a constant opacity near
15⇥ 10�27 cm2 in the (0.4�2.0)⇥ 1021 cm�2 interval in total NH,
whereas the all-sky average rises from 7.3 to 12⇥ 10�27 cm2 over
the same NH range (Planck Collaboration XI 2014). Augmenting
the H i optical depth correction at the 2� confidence limit in
spin temperature does not reconcile these measurements. The
discrepancy extends to the CO phase, with peak opacities in
the Chamaeleon clouds that are 3.5 times larger than the all-
sky average over the same NH range (see Fig. 21 of Planck
Collaboration XI 2014). Figure 13 shows that the opacity rise
in the Chamaeleon complex is also steeper than the ⌧353/NH /
N 0.28± 0.01± 0.03

Htot dependence found in the Orion clouds, even
though it was measured to much larger gas column densities

(using near-infrared stellar reddening, Roy et al. 2013). The
XCO factor in the Chamaeleon clouds is not abnormally low
compared to that in other nearby clouds (see Sect. 7). Its value
cannot cause a large overestimation of the grain opacities in the
Chamaeleon molecular cores.

The dust specific powers vary only moderately, by less than
a factor of 2, inside the DNM and CO clouds in Figs. 11 and 12.
The power variations hardly relate to the gas structure, except
for two notable trends. The first is seen toward the denser DNM
filaments, where both the radiated power and opacity exceed the
surrounding values by 30�50%. The second is a power decline
by a factor of 2 toward the bright CO clouds of Cham I, II,
III, and East II, in regions where the dust temperature drops be-
low 18 K and the column density exceeds about 2⇥ 1021 cm�2.
Figure 13 shows that the power drop relates to the presence of
molecular gas. The low-power regions extend well beyond the
densest filaments with the largest opacities (see Fig. 11); they
are detected with both NH � and NH m�.

We have found no explanation for the 30% to 60% larger
powers measured in the north-eastern corner of the field, where
the opacities are close to the average, but the grain temperatures
exceed 20 K. The IC emission map of Fig. 3 gives the inte-
gral along sightlines of the CR interactions with the global
Galactic ISRF. Its asymmetry in longitude at b > �20� suggests
an enhanced ISRF, thus an enhanced heating rate, toward the
warm grains. Yet, the warm region extends beyond our analy-
sis perimeter and its global spatial distribution does not follow
the smooth distribution of the Galactic ISRF, nor any gas struc-
ture (see Fig. 9 of Planck Collaboration XI 2014). The abrupt
change in dust SEDs, with � < 1.6 in this zone, also warns us
that the temperature excess may not relate to large-scale stellar
distributions.

The clear anti-correlation we see in Fig. 13 between the dust
opacity and temperature confirms the early results obtained in
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∲ermi
γ-ray intensity scales well with N(HI) column density => possible measure of nCR(E)

CRs diffusing in the atomic gas

applied this correction to derive the H I emissivityand used the
measured spectrum for a more accurate dispersion correction.
We verified that no extra iteration was necessary.

Taking into account this correction for the energy resolution,
we plotted in Figure 4 the local γ-ray differential emissivity per
H I, obtained by dividing the emissivities qH I by the energy
bandwidth. We represented the statistical uncertainties (see
Section 8) with vertical error bars and instrumental systematic
uncertainties with brackets. We positioned the points at
energies corresponding to the logarithmic midpoints of the
bands and scaled the emissivities by the square of those
energies. We include the differential emissivities from previous
work from COS-B, EGRET, and previous Fermi-LAT results.
The agreement is good except for the EGRET emissivities
above 1 GeV, as studied by Abdo et al. (2009b). The
differential emissivities multiplied by the square of the band
midpoint energy are provided in Table 1.

We investigated thepossible variation of the emissivity
spectrum across the sky. We divided our region of interest into

four quadrants and restricted the fit of Equation (1) to the
quadrant northwest: b10 70n n⩽ ⩽ and l180 360n n⩽ ⩽ ;
southwest: b70 10- n - n⩽ ⩽ and l180 360n n⩽ ⩽ ; northeast:

b10 70n n⩽ ⩽ and l0 180n n⩽ ⩽ ; and southeast:
b70 10- n - n⩽ ⩽ and l0 180n n⩽ ⩽ . We show in Figure 5

the emissivities in the four quadrants divided by the emissivity
obtained previously in the whole region. We obtain a good
agreement between the emissivities in the quadrants, indicating
no significant local CR asymmetry across the sky.
We verified that the γ-ray emissivities measured in the local

atomic hydrogen are compatible with the ones extracted from
the molecular hydrogen, DNM gas, and ionized hydrogen.
Similarly to what we did for H I, we obtained from the fit of
Equation (1) the emissivities associated withW(CO) (qCO)
and with the DNM template (qDNM) and derived the molecular
hydrogen–to–CO conversion factor X q q2CO CO H I= and
the dust-to-gas ratio X q qDUST DNM H I= . Restricted to the
energy range above 200MeV, where the correlation
between the CO template and point sources is weaker, we

Figure 3. Pixel-by-pixel correlation in four energy bands between the γ-ray intensity and H I column density. We multiplied the LAB survey column density by the
emissivity per H I and plotted this value against the LAT counts not associated by the fit with any model components other than the local H I divided by the exposure
to yield corresponding intensities. We selected pixels located within an absolute latitude range of 10°–70°. Each point corresponds to a pixel size of 3 ◦. 7 (7 ◦. 3 for the
highest energy range).
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∲ermi
CR + ISM interactions dominate

local ISM off the plane

– 53 –
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Fig. 14.— Spectra of interstellar emission model components for |b| > 10� (upper panel) and

|b| < 10� (lower panel). We have decomposed the total intensity (solid line) into emission originating

from hydrogen in its di↵erent phases: H i (long-dashed), CO (dash-dotted), DNM (dotted). The

emission from IC assuming an axisymmetric ISRF and electron distribution is shown as short

dashed lines and the large-scale structures like Loop I and the Fermi bubbles are shown as dashed-

double-dotted. We show also the negative of the intensity associated with NH i correction from the

negative dust residual as dashed-triple-dotted.
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∲ermi
within a few 100 pc around the Sun,  
in clouds from 103 to 105 M⊙ 

< 30% variations compatible  
with uncertainties in N(HI)  

local emissivity spectra in the HI

Lallement+ ’14; Perrot+Grenier ’03; 

 OB1 stars: Pellizza+ ’05

+100 

z 

-150 pc

Remy+, submitted

A&A proofs: manuscript no. tau16_paper1_v5
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Fig. 10. Distribution with Galactocentric radius (top) and altitude above
the Galactic disk (bottom) of the 0.4–10 GeV emissivities measured
in the atomic gas of nearby clouds for H i spin temperatures between
125 and 150 K. The solid and grey band respectively give the average
emissivity and ± 1 rms dispersion in the sample. The dashed line marks
the average emissivity measured across the sky at |b| � 7� (Casandjian
2015).

all close to or lower than 1020 cm�2 K�1 km�1 s e.g., 0.63 ±790
0.02+0.09

�0.07 in Cepheus-Polaris (Abdo et al. 2010), 0.99 ± 0.08+0.18
�0.10

in RCrA (Ackermann et al. 2012c), 1.07 ± 0.02 in Orion (Ack-
ermann et al. 2012b), and 0.69±0.02+0.03

�0 in Chameleon (Planck
and Fermi LAT Collaborations 2015), in units of 1020 cm�2 K�1

km�1 s. In Fig. 11 we take advantage of the energy-dependent795
PSF of the LAT to probe various linear scales within the clouds.
The scale is derived using the half-width at the half-maximum
of the PSF integrated over the energy band for the qLIS spectral
shape. We find no evidence of XCO changes at parsec scales ex-
cept in Perseus.800

Because the qHI and qCO variations in Perseus are inversely
coupled in energy, the resulting change in XCO is likely due to an
increased level of cross-correlation between the compact H i and
CO phases as the LAT PSF degrades (Figs. 4 and 9). If we force
the �-ray emissivity of the H i gas to be the same as the aver-805
age found among the other clouds, we obtain a larger XCO value
of (0.68 ± 0.04)⇥1020 cm�2 K�1 km�1 s, close to that measured
above 4 GeV with the best LAT angular resolution. However, the
use of this value implies a significant (4.6�) degradation of the
fit quality at lower energies. The likelihood analysis significantly810
supports a lower XCO factor in Perseus. A low value is also in-
dicated by the average of 0.3⇥1020 cm�2 K�1 km�1 s found at
0.4-pc resolution in the dust, H i , and CO study of Lee et al.
(2014).
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Fig. 11. Evolution of the XCO factor, as measured in � rays for vari-
ous linear resolutions in the di↵erent clouds. The open circle marks the
value obtained in the overall 0.4–100 GeV band, in close agreement
with the weighted average of the four independent energy bands (black
line) and its 1� errors (dashed lines).

Figure 12 compares �-ray measurements of XCO in nearby 815
clouds from Planck and Fermi LAT Collaborations (2015) and
this work. They are based on the same energy bands and analysis
method. The distributions show that the average XCO factor in a
cloud does not depend on the H2 mass mapped in CO, nor on the
dynamics of the cloud characterized by the velocity dispersion of 820
the CO lines (rms dispersion of the central velocities). But XCO
appears to depend on the cloud structure and in particular on its
di↵useness. To reflect changes in the latter, we have explored
several characteristics:

– the mean WCO intensity, WCO, in a cloud, taken above 1 K 825
km/s to avoid noise fluctuations;

– the surface fraction of dense regions with large WCO intensity
within a cloud, SFdense = SWCO>7 Kkm/s/SWCO>1 Kkm/s (with S
a solid angle), which gauges the relative weight of di↵use
and dense molecular regions in the determination of XCO; 830

– the mean visual extinction toward a cloud, ACO
V , taken from

the NICER M2a 120-resolution AJ map (Juvela & Montillaud
2016), translated into AV using a colour ratio of 3.55 accord-
ing to the extinction law of Cardelli et al. (1989). Only values
in directions with WCO > 1 K km/s and AV > 0.8 mag. have 835
been retained in the average to avoid noise contamination;

– the average CO lines width (standard derivation of the Gaus-
sian profiles fitted on the data), �CO

v , in a cloud since
optically-thick lines tend to be wider and XCO should de-
crease with �CO

v (Shetty et al. 2011b). 840

Figure 12 shows that, for all these diagnostics, XCO tends to
decrease from di↵use to more compact clouds. The decrease re-
mains significant if we use the Perseus XCO value found when
forcing the H i �-ray emissivity to the local average, or if we
exclude the Perseus data point. A uniform XCO factor is strongly 845
rejected (> 30�) for all the di↵use diagnostics, whether we mod-
ify or exclude the Perseus data point or not.
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∲ermi

uniform CR spectrum  
across the Gould Belt clouds 

Fermi local ISM + Voyager data 
ζH

CR ≈ 1.4 10-17 s-1 
uCR ≈ 1.9 eV cm-3  

from H3
+ observations: 

Sco-Oph (100-200 pc): ζ = (2-12) 10-17 s-1  
Per OB2 (300 pc): (5.6±3.2) 10-16  s-1  
& (5.9±3.5) 10-16 s-1   
despite same GeV CR flux 
=> low-energy environmental effects ? 

local gas emissivities (0.4-10 GeV)
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∲ermi
no spectral deviations across the HI, DNM, and H2 gas phases down to pc scale 
≈ uniform penetration at the current precision for CRs > GeV 

ok with diffusion scale > kpc and with models by Skilling & Strong ’76 or Everett & Zweibel ‘11

uniform penetration inside clouds
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∲ermi
decline in qHI γ-ray emissivity to high altitudes  
at 97.5% C.L. 

unclear trends 
may favour diffusion models with a small halo 

clouds in the halo

of 11L. Tibaldo 6

Meet the targets
distance/altitude brackets

Wakker 2001 ApJS 136 463

locations Wakker+ 2001

Tibaldo+ 2015 ApJ 807, 161
GALPROP models from Ackermann+ 2012 ApJ 750, 3

of 24L. Tibaldo Status of space-based γ-ray astronomy

CRs in the halo of the Milky Way

30

Fermi-LAT observations of HVCs and IVCs L. Tibaldo

Figure 3: We compare for the three regions studied the emissivity scaling factors obtained from LAT data in
the 300 MeV to 10 GeV energy range (gray rectangles) with predictions from the models in [4] (curves). The
horizontal widths of the rectangles indicate the z brackets of target IVCs and HVCs, i.e., the range between
lower and upper limits on their altitudes [7]. The dark gray rectangles have vertical size corresponding to the
statistical uncertainties, while for the light gray rectangles the vertical size encompasses the combination of
statistical and systematic uncertainties. The emissivity of local gas is assigned to the range from z = 0 kpc to
z = 0.3 kpc (disk). The model curves from [4] were calculated for the line of sight indicated in the legend of
each panel, approximately corresponding to the column density peaks of the target complexes. The curves
are color-coded based on the maximum heights zmax of the CR confinement halo in the models.

The g-ray emissivities in the 300 MeV to 10 GeV energy range are a tracer of CR densities in
the energy range from ⇠3 GeV/nucleon to ⇠200 GeV/nucleon. We evaluated through the Kendall
correlation test that there is evidence at 97.5% c.l. that the emissivities, hence the CR densities,
decrease with increasing distance from the plane. This corroborates the notion that CRs in this
energy range are accelerated in the disk of the Milky Way and then propagate in its halo, for the
first time from directly tracing the CR densities in the halo itself.

In Fig. 3 we also compare the results to predictions from a set of CR propagation models based
on the GALPROP code [4]. The GALPROP input parameter with the largest impact on the vertical
gradient of CR densities is the maximum height of the confinement halo zmax. There is broad
agreement between emissivities derived from the LAT data and model predictions. In the context
of the models considered, the upper limit for the emissivity of the upper intermediate-velocity Arch
being 50% of the local value is pointing toward a zmax value smaller than some values proposed in
recent years ranging up to 10 kpc. The low measured emissivity seems to disfavor a large zmax as a
possible explanation for the CR gradient problem in the outer Galaxy [6].

We note, on the other hand, that the models considered in Fig. 3 are based on the assumption,
common in the literature, that the CR densities go to zero at the boundaries of the CR confinement
region, notably at an altitude of zmax above the disk. This could explain the differences in zmax with
respect to studies of radio synchrotron emission, e.g., [3], if a sizable fraction of the emission is
produced by interactions of CR electrons beyond the confinement region.

Some important caveats apply to Fig. 3. On one hand, the emissivities for HVCs and IVCs
may be overestimated due to the presence of sizable amounts of ionized gas or undetected DNM.

6

z

• high- and intermediate velocity clouds 
→ CR densities in the Galactic halo

• decrease with distance from disk at 
97.5% c.l.

• agreement with propagation models

• OK with B/C 10Be/9Be 
(confinement region: 4-6 kpc)

Tibaldo+  ApJ 807 2015  161



∲ermi
consistent with LIS spectrum 
=> diffusion length > arm scale 
comparable in clouds with 103 < M < 8 106 M⨀ 

arm/interarm contrast < 10-20% 
& little relation with SFR  => loose coupling with  
the kpc-scale surface density of gas or SFR 

ok with Dragon-like anisotropic diffusion ?

cosmic rays across spiral arms
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∲ermi
very uncertain in the inner rings !!!

Galactocentric rings

– 13 –

Fig. 3.— Galactocentric annuli of NH i in 1020 cm�2 (left) and W (CO) in K km s�1 (right),

displayed in Galactic plate carrée projection with bin size of 0.�125 ⇥ 0.�125. The square root color

scaling saturates at 100⇥1020 cm�2 for NH i and at 50 K km s�1 for W (CO). The Galactocentric

boundaries for each annulus are written in each panel.
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Fig. 8.— Radial distributions across the Galaxy of (a) the �-ray emissivity per H atom measured at

2 GeV; (b) the proton flux integrated above 10 GV, with the prediction from the GALPROP model
SY Z6R30T 150C2 (solid curve, Ackermann et al. 2012d); (c) the proton spectral index, P2, with

statistical error bars and the prediction for proton rigidities above 1 TV from the same GALPROP

model (solid line) and from Gaggero et al. (2015) (dashed line). In all plots, the horizontal

bars span the radial widths of the gas annuli used for the measurements. The two data points with

smallest Galactocentric radii have large systematic uncertainties (see text). Panel (d) shows the

proton flux integrated above 10 GV, normalized to its value at the Sun Galactocentric radius, with

the star formation rate traced by supernova remnants, H ii regions, and pulsars (Stahler & Palla

2005).
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∲ermi
8 106 M⨀ of gas forming stars 

> 600 stars > 4 M⨀, 3.5 - 6 Myr old 

> 10 OB associations at 1.4 kpc

the Cygnus X nursery

γ Cyg

Cyg OB2

NGC 
6910

CGPS/IRAS 74 cm  
21 cm 60 µ 25 µ



∲ermicocoon of fresh cosmic rays
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∲ermi
CRs from young γ Cygni SNR ? 

barely possible if DISM(E), spectro-imaging tests soon 

starburst >1500 OB stars, 3-6 Myr old (SNe ≪) 

Lcocoon < 0.03% and 7% of Pwinds 

saturated MHD turbulence, <B> = 1.8 nT, 10 pc injection scale (wind termination shocks) 
=> D(E) = DISM(E) / 100 => efficient confinement (100 kyr at TeV, 300 kyr at 100 GeV) 

escape of “exhausted” CRs because of severe hadronic losses ? 
=> emerging 2nd/1ary ? 
=> CR ionisation rate in surrounding clouds ? 
escape of “regenerated” CRs because of  
repeated wind-shock accelerations 
(re-)acceleration up to E(p) = 150 TeV  
peak 10-100 GeV protons 

HE neutrinos ? 

other CR cocoons in Galactic starburst regions? 

cocoon of fresh cosmic rays
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∲ermi
30 Doradus starburst: pt-source confusion with 2 bright pulsars, 30 Dor C superbubble not 
detected 
N11 starburst region not detected 

diffuse emission => central peak CR density of order 1/3 the local Galactic one (LIS) 

extended emission spots: possibly 2 to 6 times more CR density 

Cosmic-ray bursts in LMC ?
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LAT collaboration: A deep view of the Large Magellanic Cloud

Fig. 1. Total counts map in the 0.2–100GeV band and residual
counts map after subtracting the backgroundmodel 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 emission from in-
terstellar gas (Ackermann et al. 2012c). Even at the Galactic lat-

itude of the LMC, b ∼ −33◦, this foreground 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 approxi-
mately isotropic diffuse γ-ray emission component and residual
CRs misclassified as γ-rays in the LAT. The origin of the as-
trophysical emission is currently unclear and it may come from
multiple sources, ranging from the solar system 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
detected 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 because
they are located within the LMC boundaries and may ac-
tually correspond to components of the LMC emission that
we aimed at modelling. Source 2FGL J0532.5−7223 was ex-
cluded because its significance was too low (below 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 variable 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 be-
ing associated with the radio source PKS 0601−70 and exhibit-
ing 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
emission model and are referred to as the background model.
It has a total of nine degrees of freedom (one for each diffuse
emission 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 >10–20GeV is relatively good and allows distinguishing
them from any extended emission. Inspection of the >20GeV
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

3
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∲ermi
CRs < 1015 eV: origin in the Milky Way & propagation in a > kpc halo

cosmic rays & γ rays in the Milky Way

CR halo

ECR-2.1

D∝ECR0.6

ECR-2.7

100 Myr 
∫ρ.dl = 3 1024 cm-2

open questions: 
source escape? 

superbubble escape? 
super bubble  
re-acceleration? 

non-uniform diffusion? 
hidden grammage?
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