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L. Tibaldo Galactic interstellar γ-ray emission of 252

• Introduction: on the physics of interstellar γ-ray emission

• Recipe(s) to cook an interstellar emission model

• Observations and interpretation

• (My) top 3 for the coming years

Outline
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The sky in γ rays
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> 1 GeV
Fermi LAT 

2008-2013
NASA/DoE/Fermi-LAT collaboration



of 25L. Tibaldo Galactic interstellar γ-ray emission

Diffuse γ-ray emission
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unresolved
sources

interstellar emissiondiffuse emission (no individual sources)
= interstellar + unresolved sources + exotic processes(?)

exotic Physics?
dark matter?
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Galactic interstellar γ-ray emission
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• trace cosmic rays ⊗ 
gas&radiation fields

• background for sources 
and other diffuse 
emissions
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• Observations and interpretation
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Ingredients
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• CR and target distribution in the 
Milky Way

- gas: Doppler shift of lines 

• interaction models

- uncertainties 5-15% for 
hadronic interactions

HI: atomic gas

CO: dense molecular gas

dust (also ∝ total gas)

NASA/LAMBDA
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Recipe 1: CR propagation codes

• simplified but realistic model of the Galaxy

• aims at reproducing all related observables at the same 
time

• GALPROP (Strong, Moskalenko et al.), DRAGON, 
Picard ...
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Recipe 2:  templates
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= PSF ⊕ exposure x [ q(H I)1 x + q(H I)2 x

+ q(CO)1 x + q(CO)2 x

+ αIC x + Iiso x

+ sources]

γ rays

IC model isotropic background

atomic hydrogen
ring 1

atomic hydrogen
ring 2

molecular hydrogen
ring 1

molecular hydrogen
ring 2
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• Introduction: on the physics of interstellar γ-ray emission

• Recipe(s) to cook an interstellar emission model

• Observations and interpretation
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A bit of history
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20th century
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• correlation between γ-ray 
emission and ISM tracers → 
interstellar emission
• large-scale properties of CRs and 
gas in the Milky Way

INTEGRAL/SPI
2002-running
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MILAGRO
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Cygnus region

Abdo+ 2007 ApJ 658 L33
Abdo+ 2008 ApJ 688 1078

• diffuse emission at > TeV 
(somewhat) correlated with 
interstellar gas
• spectrum harder than 
GALPROP predictions in 
Cygnus (65° < l < 85°)

 

 
 
Figure 2 | The northern hemisphere in TeV gamma rays.  The prominent feature towards the left of the 
figure is the Galactic Ridge.  The Cygnus Region is within this ridge near a declination of 37 degrees.  This 
map was made by smoothing each event by the point-spread function of the Milagro detector.  At each 
point, the statistical significance of the observed excess (or deficit) is plotted.  For clarity, locations with a 
statistical significance below 2 standard deviations are shown as monochrome.  The dark lines show a ±5 
degree region around the Galactic plane.  The most significant point in the map is the Crab Nebula 14.2 V 
located at a Right Ascension of 5h 34m and a Declination of 22 degrees. 
 

 
Figure 3 The Cygnus Region of the Galaxy as seen in TeV gamma rays.  The color scale is the 
statistical significance of the gamma-ray excess at each location.   Since the Milagro exposure and 
sensitivity are roughly constant over the region in the figure, the statistical significance is nearly 
proportional to the flux from each point.  Superimposed on the image are contours showing the matter 
density in the region in steps of 3x1021/cm2 starting at 3x1021/cm2 with the outer grey contour. The matter 
density is a combination of atomic (HI) (Kalberla et al. 2005) and molecular hydrogen (H2) (Dame et al. 
2001).  The 21 cm line survey data are used to determine the HI density and the CO J=1-0 survey data 
(Leung et al. 1992) are used to measure the H2 density.  The mass conversion factor NH2/WCO is taken to be 
X=0.8x1020 cm-2 K-1 km-1 s, which is the value used in this region in the GALPROP model (Strong et al. 
2004b). With the exception of MGRO J2019+37 the matter density is correlated with the TeV excess, 
indicating that some of the TeV emission is due to interactions of cosmic rays with matter in the region.  
The crosses show the location of EGRET sources and their corresponding location errors.   

contours = total gas
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HESS
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• diffuse emission > 100 GeV 
from Galactic ridge and around 
massive-star clusters
• spectrum harder than from 
local CRs

Figure 1: VHE γ-ray images of the GC region. Top: γ-ray count map, bottom: the same map after
subtraction of the two dominant point sources, showing an extended band of gamma-ray emission.
White contour lines indicate the density of molecular gas, traced by its CS emission. The position
and size of the composite SNR G 0.9+0.1 is shown with a yellow circle. The position of Sgr A!

is marked with a black star. The 95% confidence region for the positions of the two unidentified
EGRET sources in the region are shown as dashed green ellipses [20]. These smoothed and
acceptance corrected images are derived from 55 hours of data consisting of dedicated observations
of SgrA!, G 0.9+0.1 and a part of the data of the H.E.S.S. Galactic plane survey [21]. The
excess observed along the Galactic plane consists of ≈3500 γ-ray photons and has a statistical
significance of 14.6 standard deviations. The absence of any residual emission at the position
of the point-like γ-ray source G 0.9+0.1 demonstrates the validity of the subtraction technique.
The energy threshold of the maps is 380 GeV due to the tight γ-ray selection cuts applied here
to improve signal/noise and angular resolution. We note that the ability of H.E.S.S. to map
extended γ-ray emission has been demonstrated for the shell-type SNRs RXJ1713.7 −3946 [22]
and RX J0852.0−4622 [23]. The white contours are evenly spaced and show velocity integrated
CS line emission from Tsuboi et al. [11], and have been smoothed to match the angular resolution
of H.E.S.S..

6

HESS collaboration 2006 Nature 439 695
HESS collaboration 2011 A&A 525 A46
HESS collaboration 2012 A&A 537 A114

Galactic ridge

contours = CS emission
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INTEGRAL
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The Astrophysical Journal, 739:29 (15pp), 2011 September 20 Bouchet et al.
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Figure 6. Spectra of the different emission components in the central radian
of the Galaxy (|l| < 30◦ and |b| < 15◦). SPI measurements are black
crosses. Violet squares: total emission of resolved sources. Violet line: power-
law fit to the resolved sources emission (power-law index of 2.9 and flux at
100 keV 4 × 10−4 photons cm−2 s−1 keV−1). Blue: total diffuse emission;
magenta: annihilation radiation spectrum (line + positronium); red: emission
of low-energy “unresolved” sources. The possible range of variation of these
components are represented with the shaded area. The dark green line is the
deduced continuum emission thought to be dominated by CRs interacting in the
ISM. The diffuse continuum best-fit spectrum based both on spatial morphology
and spectral decomposition is indicated by the dashed cyan (A4.9 µm spatial
component) and green dashed lines (IC component). The sum of these two
components is the brown dashed line, which is compared to the power-law fit
with index 1.44 based solely on spectral decomposition (dark green line).
(A color version of this figure is available in the online journal.)

solar system, in order to account for the γ -ray spectrum mea-
sured by EGRET. Now that the “GeV excess” in this spectrum
has been shown to be absent in Fermi Large Area Telescope
(LAT) data (Abdo et al. 2009), being presumably an EGRET
instrumental effect, we use in the present work the “conven-
tional model,” which requires consistency of the modeled CR
intensities and spectra with those directly measured. We use the
model (GALPROP ID 54_z04LMS) described in Strong et al.
(2010), which reproduces the electron (plus positron) spectrum
measured by Fermi-LAT (Abdo et al. 2010), but is not fitted to
Fermi-LAT γ -ray data. It has a halo height of 4 kpc and includes
CR reacceleration; for further details see Strong et al. (2010).

The calculations presented in Strong et al. (2004), Porter
et al. (2008), and Strong et al. (2010) show the importance
of secondary leptons in CRs for the proper calculation of
the diffuse emission. Secondary CR positrons and electrons
produced via interactions of energetic nucleons with interstellar
gas are usually considered as a minor CR component. However,
the secondary positron and electron flux is comparable to
the primary electron flux around ∼1 GeV in the interstellar
medium (ISM), providing diffuse emission in addition to that
from primary CR electrons. The enhancement is ∼1.2–1.4
times higher in the IC γ -rays up to MeV energies relative to
that from pure primary electrons. This leads to a considerable
contribution of secondary positrons and electrons to the diffuse
γ -ray flux via IC and bremsstrahlung and to a significant
increase of the Galactic diffuse flux below 100 MeV. For a
detailed breakdown of the primary and secondary leptonic
components as a function of energy, see Porter et al. (2008)
and Strong et al. (2010). Secondary positrons and electrons
are, therefore, indirectly traced by hard X-rays and γ -rays. The
spectrum of secondary positrons and electrons depends only on
the ambient spectrum of nucleons, the interstellar gas, and the
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Figure 7. Spectrum of the diffuse emission for (|l| < 30◦ and |b| < 15◦). Black
data points are for SPI (positron annihilation, 26Al and 60Fe lines are shown
in red pink). Green data points are for COMPTEL. The blue/pink line is the
total emission as calculated with the GALPROP code, with the primary electron
spectrum based on Fermi-LAT measurements. Green solid line: total inverse-
Compton emission (IC); red solid line: π0-decay; green thin line: IC (optical);
green short-dashed thin line: IC (IR); green dotted thin line: IC (CMB); cyan
solid line: bremsstrahlung emission.
(A color version of this figure is available in the online journal.)
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Figure 8. Same as Figure 7, with the primary electron spectrum increased by a
factor of two relative to that used in Figure 7.
(A color version of this figure is available in the online journal.)

adopted propagation model.8 Figure 7 shows the components of
the ISRF that contribute to the IC emission in different energy
ranges. The scattering of optical photons provides the majority
contribution for !10 MeV, while the far-IR dominates in the
∼0.1–10 MeV range, and the cosmic microwave background
(CMB) is dominant below ∼0.1 MeV.

5.2. Comparison of SPI Spectrum with GALPROP Models

Figure 7 compares our baseline GALPROP model with the
spectrum measured by SPI. The agreement with the spectral
shape is reasonable but the overall intensity is slightly lower
than the data. Better agreement with the SPI data is obtained by
considering a model with a higher normalization for the primary
electron spectrum, which is illustrated in Figure 8 where the
total electrons are increased by a factor of two over the baseline
model. An interpretation for this increase can be that the locally

8 The discovery of enhanced positron fluxes above 10 GeV by the PAMELA
instrument is not of importance here since, despite this component, at those
energies primary electrons fully dominate the lepton fluxes.

10

INTEGRAL/SPI
2002-running

Bouchet+ 2008 ApJ 679 1315
Porter+ 2008 ApJ 682 400
Bouchet+ 2011 ApJ 739 29interstellar continuum 

emission > 100 keV, 
likely IC

detected sources
diffuse emission (measured)
lines
positron emission
unresolved sources
residual diffuse emission
IC model
traced by NIR emission
IC model+NIR+
unresolved sources + 
positrons + IC + NIR
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• overall agreement with CR propagation models
• precision measurements of CR and interstellar 
gas properties 
• new features
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Fermi LAT
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• overall agreement with CR propagation models
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The Astrophysical Journal, 750:3 (35pp), 2012 May 1 Ackermann et al.

Figure 18. Latitude profile showing the outer Galaxy in the energy range 200 MeV–1.6 GeV. Shown are profiles for models SSZ4R20T150C5 (top left), SLZ6R20T∞C5
(top right), SYZ10R30T150C2 (bottom left), and SOZ8R30T∞C2 (bottom right). The DGE model is split into the three different gas components: H i (red, long-dashed),
H2 (cyan, dash-dotted), and H ii (pink, long-dash-dash-dotted), and also IC (green, dashed). Also shown are the isotropic component (brown, long-dash-dotted), the
detected sources (orange, dotted), total DGE (blue, long-dash-dashed), and total model (magenta, solid). Fermi-LAT data are shown as points with statistical error
bars and the systematic uncertainty in the effective area is shown as a gray band. Due to the evenness of the sky exposure of the Fermi-LAT, the systematic error is
not expected to be position dependent, only global normalization for the profile. The inset sky map in the top right corner shows the Fermi-LAT counts in the region
plotted. The bottom panel shows fractional residuals (data − model)/data.
(A color version of this figure is available in the online journal.)

additional freedom allowed in the diffuse Galactic emission
model in the analysis of Abdo et al. (2010g) where the inten-
sity spectrum of the local H i annulus and the IC component
was allowed to vary freely. The motivations for this additional
freedom were the uncertainties associated with the observed
CR intensities that are around few percent at energies above
100 GeV reaching more than 10% below 10 GeV caused by the
uncertainty in solar modulation, and the size of the CR halo.
The combination of these can produce variations both in the
H i-related and IC emission. Because our models predict the
Fermi-LAT data within the systematic error we do not try to ac-
count for this uncertainty in this analysis. The isotropic spectrum
from Abdo et al. (2010g) is therefore a better measurement. This
does not affect the comparison between the models considered
in this paper because they are all treated identically.

4.6. CR Propagation Parameters

Because the main purpose of the fit to CR data is to obtain
a propagation model consistent with CR observations, we defer
most of the discussion of the results to Appendix D and only
summarize the few key points here. We emphasize that all the
models give a good representation of the CR data as can be seen
in Figures 30 and 31. This has been shown earlier for similar
diffusive-reacceleration models (Strong & Moskalenko 1998).
But models with zh = 10 kpc are at the limit of consistency with
the observed 10Be/9Be ratio and therefore considering larger
values for zh is not warranted.

The propagation parameters from the fits shown in
Figures 32 and 33 are generally in agreement with values found
from similar analyses (Strong et al. 2004a; Trotta et al. 2011).

20

data
model - total
interstellar emission - total
atomic gas
molecular gas

Ackermann+ 2012 ApJ 750 3
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• overall agreement with CR propagation models
• precision measurements of CR and interstellar 
gas properties 
• new features

• local (< 2 kpc) H 
emissivity = γ rate 
per H atom
• constrain local CR 
without solar 
modulation

Tibaldo+Fermi/LAT collaboration
ICRC 2013

http://dx.doi.org/10.1007/s13538-014-0221-y

http://dx.doi.org/
http://dx.doi.org/
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Fermi bubbles

see talk by A. Franckowiak
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To reproduce the LAT data with pure ha-
dronic emission (16), we need an amplification
factor of (1.6 to 1.8) × (E/10 GeV)0.3 of the Local
proton and helium spectra in the cocoon. It im-
plies a total CR energy of 1.3 × 1042 J above 2
GeV/nucleon and a volume energy density 50%
larger than that near the Sun.

We calculated an upper bound to the IC emis-
sion expected from CR electrons, with the Local
spectrum, upscattering the stellar light from Cyg
OB2 andNGC6910 (16). The enhanced, infrared-
rich, interstellar radiation field (ISRF) in the re-
gion (fig. S8) also provides hard IC emission in
addition to the cluster contributions and to the
Galactic component included in the background
model. We used radio to infrared maps, the Local
electron spectrum, and a 25-pc (1°) thickness
along the lines of sight to estimate the ISRF and
IC spectra in each pixel subtended by the cocoon
(16). We added stellar light fields to account for
the average abundance of stars outside Cyg OB2
and NGC6910. The total IC emission, integrated
over the cocoon directions, is too faint and too
soft to match the data (Fig. 4). An amplification
factor of 60 × (E/10 GeV)0.5 of the Local electron
spectrum can, for instance, account for the LAT
data without overpredicting the average synchro-
tron intensity we measured at 0.408 and 1.42
GHz in the cocoon. The synchrotron calculation
used a magnetic field of 2 nT deduced from
pressure balance with the gas. The amplified
electron spectrum gives a total energy of 4 ×
1041 J above 1 GeV.

Whether CR electrons or nuclei dominate
the cocoon g radiation, its hardness points to
freshly accelerated particles. TeVelectrons have a
20,000-year lifetime against synchrotron and IC
losses in the cocoon environment (with av-
erage magnetic and ISRF energy densities of
9.9 and 6.8 MeV m−3, respectively). A hard pion
spectrum indicates nuclei having recently left
their accelerator. After a travel time t, particles dif-
fuse to a characteristic length L2D= [4D(E) t]

1/2 for

an interstellar diffusion coefficient D(E) = 1024

(E/10 GeV)1/2 m2/s. They can flood the entire
cocoon in a few thousand years from a single
accelerator anywhere in Cygnus X, with higher-
energy particles reaching farther out (Fig. 3B).
The fact that we obtain consistent widths for the
Gaussian source in the 1 to 10 and 10 to 100 GeV
bands, however, suggests an efficient confine-
ment inside the cocoon.

We conclude that the cavities carved by the
young stellar clusters form a cocoon of hard CRs.
It provides evidence for the long-advocated hy-
pothesis that OB associations host CR factories.

Where is/are the accelerator(s)? g Cygni is a
potential candidate. Its relation to the Cygnus X
cavities is unclear. It expands in low gas densities
[0.3 cm−3 (18)], but a chance alignment in this
crowded direction is possible. g Cygni shelters
energetic particles shining in g rays (figs. S2 and
S3). We used the present expansion character-
istics of the 7000-year-old shockwave to follow
its past evolution and to evaluate the energy the
particles could reach by Fermi acceleration at the
end of the free expansion phase, 5000 years ago
(16). With CR pressure feedback on the shock
and magnetic amplification by the streaming
CRs, we obtain maximum energies of 80 to 300
TeV for protons and 6 to 50 TeV for the radiating
electrons (16). These values are high enough to
explain the LAT emission with nuclei and/or
electron emission after a few thousand years of
interstellar propagation, but not the Milagro flux
with pure IC emission. The anisotropy of the
emission around the supernova remnant chal-
lenges this scenario. The slightly foreground
molecular ridge extending southeast of the
remnant (along L889 and HII region 4) may be
too far to serve as a target mass (10). Another
option involves a champagne flow (19, 20) with
the shockwave breaking away into a cavity and
advecting particles out, independent of their en-
ergy, but there is no evidence that the shockwave
of g Cygni rushes out on its eastern rim (12). In

the absence of advection, the short diffusion
lengths expected in the turbulent medium of
Cygnus X (see below) may rule out the very
young g Cygni as the unique accelerator in the
cocoon.

OB associations are considered as CR accel-
erators from the collective action ofmultiple shocks
from supernovae and the winds of massive stars
[e.g., (5,6,21–23)]. The age ofCygOB2, spreading
from 3:5þ0:75

−1:0 million years in the core to 5:25þ1:5
−1:0

million years in the northwest (9), allows the pro-
duction of very few supernovae, if any. NGC6910
has a comparable age of 6 T 2 million years (24).
We applied the superbubble acceleration formal-
ism (5) solely to the termination shocks of ran-
dom winds in the high gas pressure (10−12 Pa) of
the cocoon (16). Their characteristic size and
mean separation of ~10 pc is taken as the energy-
containing scale of the strong magnetic turbu-
lence (16). It leads to diffusion lengths that are
shorter by a factor of 100 than in the standard
interstellar medium; thus, protons can remain
confined over 100,000 years in agreement with
the time scale implied by isotopic abundances
(1, 25). Their energy distribution peaks at 10 to
100 GeV and extends to 150 TeV, so their g
radiation in the ambient gas can explain the
hard cocoon spectrum (16). It is therefore
possible that the cocoon is an active CR super-
bubble. It provides a test case to study the
impact of wind-powered turbulence on CR
diffusion and its potential for acceleration, both
for in situ CR production and to energize
Galactic CRs passing in the tangled environ-
ment of star-forming regions. Small g-ray spectral
variations across the cocoon can point to a single
accelerator or to a distributed acceleration within
the superbubble.

A dozen outstanding stellar clusters, at least
as young and rich as Cyg OB2, are known in the
Galaxy [e.g., (9)]. The production and confine-
ment of fresh CRs in the Cygnus X cocoon pro-
vides an alternative scenario on the origin of the
TeVemission seen toward several of these clusters
[the Arches, Quintuplet, and Sgr B2 (26), West-
erlund 2 (27), and Westerlund 1 (28)].
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Fig. 4. Energy spectrum of the
cocoon emission. The 1s errors
are statistical; 2s upper limits
are given below 1 GeV. The
Milagro flux (open circle), in-
tegrated over 78.7° < l < 81.7°
and –0.4° < b <2.6°, is
corrected for the extrapolation
of the TeV J2032+4130 source
at energies >10 TeV. The blue
curves show the expectations
from the Local CR spectrum
pervading the ionized gas for
electron densities neff = 10 cm−3

(solid) and 2 cm−3 (dashed). The
black curves give the expect-
ations from the Local CR elec-
tron spectrum upscattering the
stellar light from Cyg OB2 (up-
per dotted curve), NGC 6910 (lower dotted curve), and the interstellar radiation present in the cavity and
PDRs (dashed curve). The red curve sums all IC emissions.
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• excess hard diffuse emission 
from Cygnus X
• morphology matches 
interstellar structures
• freshly-accelerated particles 
vs. large-scale CR population

Fermi LAT

MILAGROexpected from
local nucleilocal leptons

• overall agreement with CR propagation models
• precision measurements of CR and interstellar 
gas properties 
• new features
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• Introduction: on the physics of interstellar γ-ray emission

• Recipe(s) to cook an interstellar emission model

• Observations and interpretation

• (My) top 3 for the coming years

Outline
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The quest for a universal CR propagation 
model

23

• reproduce all observables

• challenges

• complex phenomena, e.g. gradient problem outer Galaxy → non-
uniform diffusion/coupling CR interstellar plasma ???

• local features

Fermi LAT:
local and outer Galaxy
Abdo+ 2010 ApJ 710,133
Ackermann+ 2011 ApJ 726 81
Ackermann+2012 A&A 538 A71



L. Tibaldo Galactic interstellar γ-ray emission of 25

ARGO J2031+4157 as the Cygnus Cocoon

20

Ackermann et al., 
Science 334 (2011) 1103

A cocoon of freshly accelerated cosmic rays

The Fermi / LAT view

in the 10-100 GeV band:

The ARGO-YBJ view

at TeV energies (Npad  20)

after reanalysis with the full data:

Smax = 6.1 s.d.
ext = 1.8°±0.5

Paper submitted
 

 
 
Figure 2 | The northern hemisphere in TeV gamma rays.  The prominent feature towards the left of the 
figure is the Galactic Ridge.  The Cygnus Region is within this ridge near a declination of 37 degrees.  This 
map was made by smoothing each event by the point-spread function of the Milagro detector.  At each 
point, the statistical significance of the observed excess (or deficit) is plotted.  For clarity, locations with a 
statistical significance below 2 standard deviations are shown as monochrome.  The dark lines show a ±5 
degree region around the Galactic plane.  The most significant point in the map is the Crab Nebula 14.2 V 
located at a Right Ascension of 5h 34m and a Declination of 22 degrees. 
 

 
Figure 3 The Cygnus Region of the Galaxy as seen in TeV gamma rays.  The color scale is the 
statistical significance of the gamma-ray excess at each location.   Since the Milagro exposure and 
sensitivity are roughly constant over the region in the figure, the statistical significance is nearly 
proportional to the flux from each point.  Superimposed on the image are contours showing the matter 
density in the region in steps of 3x1021/cm2 starting at 3x1021/cm2 with the outer grey contour. The matter 
density is a combination of atomic (HI) (Kalberla et al. 2005) and molecular hydrogen (H2) (Dame et al. 
2001).  The 21 cm line survey data are used to determine the HI density and the CO J=1-0 survey data 
(Leung et al. 1992) are used to measure the H2 density.  The mass conversion factor NH2/WCO is taken to be 
X=0.8x1020 cm-2 K-1 km-1 s, which is the value used in this region in the GALPROP model (Strong et al. 
2004b). With the exception of MGRO J2019+37 the matter density is correlated with the TeV excess, 
indicating that some of the TeV emission is due to interactions of cosmic rays with matter in the region.  
The crosses show the location of EGRET sources and their corresponding location errors.   

encloses 3.2 × 104 (neff/10 cm−3)−1 solar masses
of ionized gas at 1.4 kpc (fig. S1D). However, the
mass is an order of magnitude too low and the
“Local” CR spectrum (i.e., that near the Sun) is
too soft to explain the LAT data (Fig. 4). The
cocoon partially overlaps a concentration of

ionized gas (fig. S1D). We fitted the N(HII) map
to the data in addition to the other interstellar
components. The template is significantly de-
tected, but at the expense of an unusually large
emissivity, much harder than in the other gas
phases (15). Its spectrum compares well with that

extracted with the 2° Gaussian source (fig. S7).
Thus, overlooked gas in any state, illuminated by
the same CR spectrum as found in the rest of the
region, cannot explain the observed hardness
of the cocoon emission. It requires a harder CR
spectrum.

Fig. 2. Photon count maps in the 10- to 100-GeV band (30), smoothed with a s = 0.25° Gaussian kernel, obtained for the total emission (A), after subtraction of
the interstellar background and all known sources but g Cygni (B), and after further removal of the extended emission from g Cygni (C).

Fig. 3. (A) Photon count
residual map in the 10- to
100-GeVband(30), smoothed
with a s = 0.25° Gaussian
kernel, and overlaid with
the 10−5.6 Wm−2 sr−1 white
contour of the 8-mm inten-
sity. The typical LAT angular
resolution above 10 GeV is
indicated. The black circles
mark g Cygni and Cyg OB2.
(B) An 8-mm map and solid
circles for g Cygni and stellar
clusters, as in Fig. 1. The
large magenta circle marks
the location and extent of
the source MGRO J2031+41
(14); dashed circles give
upper limits to the diffusion
lengths of 10, 102, and 103

GeV particles after 5000
years of travel time using
the standard interstellar
diffusion coefficient. Their
origin from the position of
the rim of g Cygni 5000 years
ago is purely illustrative.

www.sciencemag.org SCIENCE VOL 334 25 NOVEMBER 2011 1105
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Figure 2: Significance map of the portion of the VERITAS Cygnus Region Sky above 76◦ galactic longitude, including
all follow-up data taken through Fall 2009. The error circles of two sources from the Fermi six-month bright source
list[7], OFGL J2021.5+4026 and OFGL J2032.2+4122, both pulsars, are indicated by black circles, and the position
and extent of MGRO J2031+41[8] is indicated in blue. The position of TeV J2032+4130 as measured by HEGRA and
MAGIC is indicated by the dark and light blue crosses, respectively[13][12].

region with EGRET source 3EG J2020+4017, which
is now identified with OFGL J2021.5+4026 and there-
fore now localized well away from VER J2019+407. A
Fermi upper limit on GeV gamma-ray emission within
the VER J2019+407 emission region would therefore
be essential to placing an upper limit on possible HI
cloudlet density in the region.

5. Base Survey Sensitivity and Limits

A set of detailed survey simulations, coupled with
observations of the Crab Nebula at multiple offsets,
allows us to determine the a priori sensitivity of the
survey analyses, not only to a point source with a
Crab-like spectrum, but to harder-spectrum and/or
significantly extended sources. In order to best re-
produce the expected background conditions, blank
(i.e. cosmic-ray dominated) survey fields were used to
provide the background for these simulations. Blank
fields at an appropriate range of zenith angles were
pulled from the survey and arranged in a mocked-up
‘cell’ of the survey grid around a test point. Show-
ers that reconstruct at a distance greater than 1.7◦

from the center of the field of view are not used in
the analysis of survey data. Therefore, only pointings
where the center of the field of view is less than 1.7◦

from the test position are included in the simulation,
as only these pointings contribute significantly to the
sensitivity at the test point.

Simulated gamma rays were then injected into each

field in the simulated survey grid at the test position
at a rate appropriate to the source spectrum and flux
strength in question. In each case the gamma rays
were simulated at an appropriate camera offset and
matched as closely as possible to the background field
in terms of zenith angle and azimuth. In the case of an
extended source, the injection positions were smeared
by a two-dimensional Gaussian with appropriate radii.
The simulated grid is then analyzed using standard
survey analysis procedures.

Table II Survey Sensitivity

Analysis
Source Properties

Spectral
Index

Extension
(radius)

Flux

Standard
Point

2.5(2.0) none 4% Crab >
200 GeV

Standard
Extended

2.5(2.0) 0.2◦ 10% Crab
> 200 GeV

Hard Point 2.0 none 6.3% Crab
> 500 GeV

Hard
Extended

2.0 0.2◦ 16% Crab
> 500 GeV

Preliminary results of the sensitivity studies, using a
simulated survey grid of four-telescope array observa-
tions taken at 20◦ zenith angle, have been completed.
Using the results of theses studies, and accounting for
variations in sensitivity due to array configuration and
zenith angle, we derive preliminary values for the sen-
sitivity of the various survey analyses to sources of

eConf C091122

Understanding VHE diffuse emission

• reconciling atmospheric 
Cherenkov with space-
based and shower 
detectors

• next 10 years: Fermi + CTA 
+ HAWC (North only)

• source confusion

• locally-accelerated particles  
vs large-scale CR 
population

24

MILAGRO > TeV
Abdo+ 2007 ApJ 658 L33

encloses 3.2 × 104 (neff/10 cm−3)−1 solar masses
of ionized gas at 1.4 kpc (fig. S1D). However, the
mass is an order of magnitude too low and the
“Local” CR spectrum (i.e., that near the Sun) is
too soft to explain the LAT data (Fig. 4). The
cocoon partially overlaps a concentration of

ionized gas (fig. S1D). We fitted the N(HII) map
to the data in addition to the other interstellar
components. The template is significantly de-
tected, but at the expense of an unusually large
emissivity, much harder than in the other gas
phases (15). Its spectrum compares well with that

extracted with the 2° Gaussian source (fig. S7).
Thus, overlooked gas in any state, illuminated by
the same CR spectrum as found in the rest of the
region, cannot explain the observed hardness
of the cocoon emission. It requires a harder CR
spectrum.

Fig. 2. Photon count maps in the 10- to 100-GeV band (30), smoothed with a s = 0.25° Gaussian kernel, obtained for the total emission (A), after subtraction of
the interstellar background and all known sources but g Cygni (B), and after further removal of the extended emission from g Cygni (C).

Fig. 3. (A) Photon count
residual map in the 10- to
100-GeVband(30), smoothed
with a s = 0.25° Gaussian
kernel, and overlaid with
the 10−5.6 Wm−2 sr−1 white
contour of the 8-mm inten-
sity. The typical LAT angular
resolution above 10 GeV is
indicated. The black circles
mark g Cygni and Cyg OB2.
(B) An 8-mm map and solid
circles for g Cygni and stellar
clusters, as in Fig. 1. The
large magenta circle marks
the location and extent of
the source MGRO J2031+41
(14); dashed circles give
upper limits to the diffusion
lengths of 10, 102, and 103

GeV particles after 5000
years of travel time using
the standard interstellar
diffusion coefficient. Their
origin from the position of
the rim of g Cygni 5000 years
ago is purely illustrative.

www.sciencemag.org SCIENCE VOL 334 25 NOVEMBER 2011 1105
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Fermi LAT > 10 GeV
Ackermann+ 2011
Science 334 1103

VERITAS > 200 GeV
Weinstein+ 2009 Fermi symposium

co
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broad-band VHE Cygnus 

ARGO YBJ > TeV
T. Di Girolamo @ SciNeGHE 2014
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Diffuse emission around Galactic center

• several claims of “excesses”

• origin:

• dark matter

• unresolved sources

• local CR populations

• limitations of interstellar emission 
models toward GC:

• pile up along line of sight

• lack of kinematic separation

• uncertainties in radiation fields

• particle acceleration/transport in 
turbulent regions

25

data
model - total
interstellar emission - total
atomic gas
molecular gas

Ackermann+ 2012 ApJ 750 3

encloses 
2 kpc

around GC



26Image Credit & Copyright: Jens Hackmann

Thank you
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