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•  Introduction 
•  Interaction processes 
•  Targets:  Interstellar medium and the ISRF 
•  Modeling the diffuse emission – why and how 

–  Examples of results for local clouds and high-z clouds 
–  Some results from large-scale modeling and GALPROP 

•  New components of the diffuse emission 
•  Isotropic diffuse analysis 
•  Practical advice 
•  Open issues 
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•  In the GeV range, even if you don’t care about the diffuse 
emission as a diagnostic tool, you care about having it 
modeled accurately anyway 
–  Discriminate between point sources and interstellar 

emission* 
–  Get coordinates correct for sources 
–  Accurately measure the extragalactic component 

* Long history of misidentifying diffuse emission features as point sources, 
starting with the COS-B catalog; the LAT 3FGL catalog has a number of 
sources flagged as potentially confused (presentation last Friday) 
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•  The horizon is by far the 
brightest gamma-ray source in 
the GeV energy range 
–  From cosmic-ray 

interactions in the upper 
atmosphere 

•  The horizon has essentially a 
fixed angular distance from the 
zenith 

•  If you select times when the 
zenith happened to be near the 
Galactic center and don’t make 
a zenith angle cut, you can 
compare the Galactic diffuse 
emission to the ~1000x 
brighter limb of the 
atmosphere Fermi Summer School 2015 4 

>300 MeV 



•  The best galaxies (short of starbursts, 
merging galaxies) for diffuse γ-ray 
emission are massive spirals, probably 
barred 
–  To have CRs in the first place in a 

galaxy you want to have interstellar 
gas to form massive stars out of 

–  And you want the galaxy to keep its 
CRs 

•  Milky Way:  A large SBbc spiral galaxy 
•  Semi-idealized diagram of Milky Way - 

don’t take this too literally 
•  From an in-plane perspective tracing 

arms, gas distribution, CR sources is 
hard 

NGC 1187 (Adam Block/NOAO/AURA/NSF, 
Sbc 

M109 (AURA/NOAO/NSF), SBc 

Powell 

Sun 

NASA/JPL-Caltech/R. Hurt (SSC)  
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•  Although the central energy range for the LAT is blessed with 
bright diffuse emission – other gamma-ray energy ranges have 
to do without 

•  At lower energies, INTEGRAL has resolved much of the 
emission into point sources (although a diffuse continuum 
probably remains below 1 MeV) 

•  At higher energies, point sources also dominate over diffuse 
emission, or nearly so 
–  For H.E.S.S., diffuse emission is seen only after point-

source removal 

Aharonian et al. (2006); Hinton et al. (2006) 

* H.E.S.S. would not have 
seen diffuse emission in 
the G.C. region if the CR 
spectrum were not more 
intense and harder there 
than locally 
N.B. TeV electrons do not 
diffuse far, ~200 pc 6 Fermi Summer School 2015 



•  H.E.S.S. has also reported diffuse TeV gamma-ray emission 
from the inner Galaxy based on their Galactic Plane Survey 

•  Point and small extended sources dominate 

•  Interpretation is also complicated; the model fit shown here 
was based only on local CR densities and also did not include 
‘dark gas’ or inverse Compton emission  
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Diffuse Gamma-Ray Emission in the H.E.S.S. Galactic Plane Survey
33RD INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013

Fig. 1: The region in Galactic longitude and latitude used for the measurement of diffuse γ-ray emission. Red denotes
exclusion from the analysis because of the presence of significant γ-ray sources, white is in the following denoted “diffuse
analysis region”.

of part of the signal together with the background. There-
fore, special care needs to be taken in the treatment of the
background and the interpretation of signals obtained after
background subtraction.
For the current analysis a dataset of 1926 hours of dead-
time corrected observations are used, covering a region
of −75◦ < l < 60◦ in longitude and −2◦ < b < 2◦ in la-
titude. The data were analysed using the Model analysis
technique [10] with standard cuts for event reconstruction
and background reduction. The remaining backgroundwas
measured in regions that do not meet any of the following
exclusion criteria:

1. Any region is excluded that contains a γ-ray signal
with significance of > 4σ in the chosen analysis
bin and a significance in one neighbouring bin of
> 4.5σ or lies within 0.2◦ of such a signal (in order
to include also tails in the point spread function used
to describe γ-ray sources). Significances are consi-
dered for standard and hard cuts [10] and regions
are determined iteratively. The resulting regions are
visualized in Fig. 1.

2. Galactic longitudes within a latitude range of |b| <
1.2◦ are excluded in order to study a diffuse signal
close to the Galactic Plane.

The first criterion is a very conservative approach assuring
a minimum of γ-ray-source contaminations. The choice of
the latitude range in the second criterion is a compromise
between a desired large excluded region in order to avoid a
contamination of the background estimate on the one hand
and the need for statistics and reduction of systematics in
the background measurement on the other hand. It is fur-
ther motivated by the scale height in the distribution of in-
terstellar gas, which is expected to correlate to a certain lev-
el with p-p interaction induced γ-ray emission. An adaptive
ring background subtraction method has been chosen [7]
for an optimal treatment of these constraints in the choice
of background regions.
It is worth noting here that a subtraction of the background
measured at regions with |b| > 1.2◦ also means a subtrac-
tion of any large-scale diffuse signal that extends signif-
cantly beyond |b| > 1.2◦. Therefore, any signal measured
at |b|< 1.2◦ is a signal with respect to the baseline of a po-
tential flux outside the region.
After background subtraction the γ-ray excess events are
folded with the exposure to obtain a 2-dimensional repre-
sentation of flux in the Galactic Plane [7].

2.2 Discrete γ-ray sources
As the flux in the Galactic Plane is completely dominated
by many,mostly extended γ-ray sources, a measurement of
diffuse γ-ray emission needs to exclude these sources from
the analysis. Due to their spatial extension and the limita-
tions in properly characterizing their flux distributions, a
modelling of the sources turns out to be presently not feasi-
ble. Therefore, source locations are identified and excluded
from the analysis by applying a cut in the observed detec-
tion significance. The same criterion (1) as for the choice
of the background regions is applied. The remaining re-
gions in the sky are denoted as “diffuse analysis region” in
the following. Results are stable with respect to the details
in the choice of the analysis region.
The procedure of spatially excluding any significant signal
results by definition in fluxes (as function of position) that
are individually not significant. However, by investigating
profiles of the flux distribution, the cummulative projected
signal results in a notable flux excess.

3 The diffuse γ-ray signal
The latitude flux profile of the Galactic Plane for a longi-
tude range of −75◦ < l < 60◦ is shown in Fig. 2 for both,
fluxes including γ-ray sources and fluxes of the diffuse
analysis region only. Errors are 1σ statistical errors and do
not account for systematics.
Both distributions are characterized by a clear excess in the
proximity of the Galactic Plane. Notebly, also the excess of
the diffuse analysis region is significant. It peaks not exact-
ly at b = 0◦ but slightly offset at around b = −0.25◦ with
a peak value of around 2.5× 10−9 cm−2 s−1 TeV−1 sr−1.
The signal accumulates over the considered longitude
range and consists of larger contributions from longitude
values of the Galactic centre region and smaller ones from
the outskirts of the observed region.

The observed diffuse emission can be interpreted as a com-
bination of contributions from

• unresolved γ-ray sources

• γ-rays resulting from cosmic-ray interactions with
the interstellar medium (π0 decay)

• γ-rays resulting from cosmic-ray interactions with
radiation fields (inverse Compton scattering).

The estimation of the individual contributions to the ob-
served signal is non-trivial and further complicated by the
relatively small signal. A large part of the signal can be ex-

Masked regions (N.B., scales are not 1:1) 

Diffuse Gamma-Ray Emission in the H.E.S.S. Galactic Plane Survey
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pected to stem from faint sources that are unresolved be-
cause of their low fluxes (avoiding significant detection) or
very large extension not properly handled in the standard
analysis.
A minimum level of cosmic-ray induced contribution can
be estimated from p-p interactions with interstellar matter.
The γ-ray flux can be calculated following [11]

dNγ
dAdEγdtdΩ

=
!
dld

! dσp−→γ

dEp
n(l,b, ld)J(Ep)dEp (1)

with ld being the line-of-sight, Ep the proton energy, J(Ep)
the cosmic-ray spectrum, dσp−→γ

dEp the interaction cross sec-
tion for the γ-ray producing interaction, and n(l,b, ld) be-
ing the column density of the gas of the interstellar medi-
um. The cosmic-ray spectrum used for the calculation is
the one measured locally at Earth, taken from [12]. The in-
teraction cross section is a parametrization of the SIBYLL
interaction code following [13]. The interstellar matter that
constitutes the target material are HI and H2. HI data
are measurements from the Leiden/Argentine/Bonn survey
(LAB [14]) assuming a spin temperature of T = 125 K,
the H2 column density is obtained using NANTEN CO da-
ta [15] as tracer of H2. A conversion factor of XCO = 2×
1020 cm−2 K−1 km−1 s [16] has been used to convert the
velocity-integrated NANTEN data to H2 column density.
The results of these calculations can be seen in the model
curves of Fig. 2. In order to assure comparability, the same
regions in the sky have been used for the calculation of the
expected γ-ray signal and the analysis, i.e. positions of γ-
ray sources have been excluded from the model calculation
for the diffuse analysis region as well. Note that due to the
poor angular resolution of the HI data sources are exclud-
ed on scales smaller than the HI bin size, which is justi-
fied only by the apparent lack of correlation between γ-ray
sources and HI densities.
The calculated γ-ray emission from p-p interactions has to
be treated as aminimal or guaranteed level of the anticipat-
ed diffuse emission signal. The calculation uses the locally
measured cosmic-ray spectrum, while the flux is expected
to vary throughout the Galaxy. The flux observed at Earth,
in no immediate proximity of any cosmic-ray accelerator
is assumed to be the minimum level of cosmic rays in the
Galaxy (“sea of cosmic rays”), while close to accelerators
the level can be significantly enhanced.
Further simplifying assumptions that are invoked (most of
them reducing the estimated contribution) include a con-
stant XCO (as opposed to some functional dependence on
Galactocentric distance), the limitation to hydrogen contri-
butions and usage of p-p cross section also for heavier cos-
mic rays.
As the contribution of neutral-pion-decay γ-rays is neat-
ly localized along the Galactic Plane, a comparison of
the contribution can be made with the H.E.S.S. data in a
first approximation without considering the issue of back-
ground subtraction and the corresponding reduction of the
signal. In the region of |b| < 1◦ in the diffuse analysis re-
gion the integrated contribution of the calculated γ-ray sig-
nal originating from π0 decay is ∼25% of the H.E.S.S.
measurement (as seen in Fig. 2 bottom panel), thereby lim-
iting the contribution of unresolved sources (also expect-
ed to concentrate close to the Plane) to less than 75%. In
comparison, the calculated contribution from neutral-pion-
decay γ-rays to the total flux including γ-ray sources is for
the region |b|< 1◦ less than 10% (as in Fig. 2 top panel).

Fig. 2: The latitude profile of γ-ray flux (shown is the dif-
ferential flux at an energy of 1 TeV), covering a longitude
range of −75◦ < l < 60◦, for the total flux including γ-ray
sources (top panel) and for the diffuse analysis region on-
ly as defined in Fig. 1 (bottom panel). H.E.S.S. measure-
ments (black data points) are compared with the calculated
level of γ-ray emission due to p-p interaction of the locally
measured cosmic-ray spectrum with HI and H2 (solid red
line, the individual components are blue dotted for H2 and
green dot-dashed for HI interactions).

The second cosmic-ray interaction component is inverse
Compton scattering. Cosmic-ray electrons upscatter pho-
tons of optical starlight, infrared dust emission and the
cosmic microwave background. The cosmic-ray electrons
that are responsible for the inverse Compton emission at
TeV energies have, depending on the radiation field they
are interacting with, energies between a few and a few
hundred TeV. At these energies, energy losses are severe
and their lifetimes and propagation distances are limited.
Therefore, the electrons are found close to their production
sites, which are either homogeneously distributed in case
of secondary production of electrons via hadronic cosmic-
ray interactions, or highly inhomogeneously localized as
for primary cosmic-ray electrons [17]. This makes an es-
timation of a contribution to the diffuse γ-ray emission at
TeV energies challenging and dependent on source model
assumptions.
Since the radiation fields as target for inverse Compton
scattering extend to higher latitudes than the bulk of the
gas distribution, the inverse Compton component to be con-
tained in the diffuse γ-ray signal will be subject to back-
ground subtraction and only gradients will be measurable
in the observed signal.

4 Conclusion
We present the first ever investigation of large-scale dif-
fuse emission with imaging atmospheric Cherenkov tele-
scopes. Imaging atmospheric Cherenkov telescopes have
the advantage of a rather precise direction reconstruction,
which puts them into advantage compared to other instru-
ments that measure at TeV energies in the identification

290° < l < 60° 

Before 
masking 
sources 

Diffuse 
residual 

E
gberts et al. (2013, arX

iv:1308.0161) 

N.B.:  FWHM is <1°  



•   π0 decay – secondaries from CR proton-nucleon 
collisions [peak at M

π0/2, Γγ ~ Γp, Eγ << Ep] 

•  Bremsstrahlung – scattering of CR electrons by 
protons/nuclei [Γγ = Γe, Eγ <~ Ee] 

•  Inverse Compton scattering of low-energy photons 
by CR electrons [Γγ = (Γe + 1)/2, Eγ << Ee] 

•  The nuclei that matter are in interstellar gas – stars 
do not have a large filling factor and also absorb 
the great majority of γ-rays produced by CR 
interactions 

e 

e 

Z 

e e

p 

p 

π0 

I will treat the physics as understood and gamma-ray 
production functions as known; for π0 decay there are a 
lot of details like nuclear enhancement factors 
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•  Cosmic rays (CRs) 
•  Interstellar gas (molecular, atomic, and ionized) 
•  Interstellar radiation field 
•  Difficult or impossible to get unique answers for any of the 

above 

•  At least radiative transfer is simple for gamma rays in the LAT 
energy range 
–  The Galaxy is optically thin to gamma rays 

•  Different approaches for modeling depending on what you 
want to learn from the data 
–  Generally useful approximation that CRs are more 

uniformly distributed than the interstellar gas 
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>1 GeV for six years (Pass 8 Source, PSF3) 
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•  History of the observations 
–  Orion A&B as an example 
–  Exposures are much more 

uniform with the LAT as well 
–  Radio, microwave, and IR 

surveys of the interstellar 
medium have improved 
markedly as well 
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•  Interstellar clouds are not literally clouds but appear as dark 
nebulae or ‘clouds’ against the Milky Way 

A. Mellinger 
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•  What we see (in absorption) is the interstellar dust 

IPAC 
25-60-100 µm Fermi Summer School 2015 



•  The neutral interstellar medium is gas mixed with dust; associations 
of gas, especially dense ones, are referred to as clouds – which 
doesn’t meaningfully help for understanding them 

•  Overall, most of the mass of the interstellar medium is atomic 
hydrogen* 
–  The densest component of the neutral medium is primarily H2 

–  This is where stars (OB assocs., SNRs, pulsars, XRBs, …) form 

•  The gas is very, very cold (few K to 10s of Kelvin) and very, very 
tenuous (103 cm-3 is a high density) 
–  103 H2 molecules cm-3 at 5 K corresponds to a pressure of 10-13 

torr, much lower than can be achieved in the laboratory 
•  They are quite unlike atmospheric clouds in other ways 

–  To the extent that they are stable, they are (sort of) self gravitating, 
with important magnetic support 

–  They are huge and massive – largest ~100 pc and ~106 Msun. 
* He makes up 21% by mass of the ISM and is assumed to be in proportion to the H 

15 Fermi Summer School 2015 



•  Directly detected via the 21-cm hyperfine (spin flip) transition 
•  H I is pervasive in the Milky Way – you cannot find a direction 

in the sky with less than 6 × 1019 cm-2 column density 
(Lockman Hole) 

•  It is also generally optically thick (and self absorbing) 
•  The optical depth correction is important and cannot be done 

precisely – historically in studies of diffuse gamma-ray 
emission this was not always appreciated (by, e.g., me) 
–  The standard approach had been to assume a spin 

temperature of TS = 125 K 

16 

Brightness 
temperature 
(intensity) of the 
line at velocity v 

1.83 × 1018 cm-2 km-1 s 
Brightness of the CMB at 
1.4 GHz 

Δv 
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•  It is hard to see 
–  H2 has no dipole moment, and so no rotational spectrum.   
–  The lowest vibrational bands are a few 1000 K above 

ground and is not directly detectable under ordinary 
interstellar conditions 

•  For various reasons, CO ought to be at least an ok tracer of H2 
–  CO is the 2nd most abundant molecule (~10-5 H2), but it does 

have a permanent dipole moment (0.1 Debye or so) and the 
lowest excited rotational level (J = 1) is only ~5 K above 
ground 

–  Conditions for their formation and destruction are similar, 
and collisional excitation is well matched to conditions of 
molecular clouds 
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•  Grains of ‘metals’ – carbon-ish and silicon-ish – with a size 
spectrum ranging from very small to small and  
–  About 1% by mass of the interstellar medium 

•  Dust is fantastically important to the interstellar medium – 
reprocesses star light (incidentally absorbs UV to shield 
clouds), and catalyzes the formation of molecular hydrogen 
–  Otherwise, even if they wanted to, two H atoms would have 

no phase space for combining to form H2 

•  Realization of the catalytic aspect of dust (Hollenbach & 
Salpeter 1971) was a great advance and (I imagine) spurred 
the search for tracers of molecular hydrogen 

S
w
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•  However, CO is certainly optically thick ( =bad news for a mass 
tracer; in principle you measure its temperature rather than its 
column density) 

•  The relationship between W(CO) and N(H2) obviously needs to 
be calibrated indirectly 
–  Various ways, including γ-rays, suggested a proportionality 
–  The ‘standard’ value of N(H2)/W(CO) is ~2 x 1020 cm-2 s-1 (K 

km s-1)-1, and of course it is not a physical constant of 
Nature 

D
am

e/M
ellinger 

19 Fermi Summer School 2015 



•  Dame, Hartmann, & Thaddeus (2001) composite survey 

•  Notice that you can infer the sense of Galactic rotation, you 
can see (some spiral arms), as well as the molecular ring (and 
the molecular hole), and clear evidence of non-circular motions 
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•  Rotation curve V(R), Near-far distance ambiguity, … 

G.C. 

25° 

Rotation curve of Clemens (1985) based 
on CO tangent point observations 
continued beyond the solar circle with 
Blitz, Fich, & Starck (1982) observations 
of H II regions; the curve has been 
scaled to Ro = 8.5 kpc. 

VLSR = (V(R)/Ro – Vsun/Ro) Ro sin l 

R 

R 

Vsun 

V(R) 

V(R
) 
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* Loss of kinematic distance resolution can be thought of 
as amplifying small deviations from circular motion 
Exercise for you:  Make a map of dv/ds, line-of-sight 
velocity gradient 

Mapping Vlsr to position 
km s-1 

The specific details of the contours of course depend 
(somewhat) on the rotation curve used 

Sun 

G.C. 

•  Kinematic distances are double-
valued within the solar circle (the 
orbit of the sun) 
–  Except at the terminal velocity 

(which traces out the ‘locus of 
subcentral points’) 

•  Within about 10-15° of the Galactic 
center and anticenter (l = 180°), 
kinematic distances are useless 
(lines of sight are parallel to the 0 
km/s contour) 

•  At large Galactocentric distances, 
kinematic distances also become 
useless (lines of sight are parallel 
to some contour of velocity)* 
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Levine, Blitz, & Heiles (2006) 

Example of 3-dim H I surface density 
•  A velocity-to-distance 

algorithm together with a 
large-area H I or CO survey 
leads to the temptation to 
derive thee 3-dim distribution 
of gas across the Milky Way 

•  Automatic procedures to 
resolve the ambiguity don’t 
work very well 

•  For example, systematic 
noncircular motions, 
especially in regions with 
poor kinematic distance 
resolution were early (late 
1950s) recognized to 
produce ‘fingers of God’ 
pointing at us (Bok) 
–  They still do 
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•  Since the COS-B era, ‘rings’ of H I 
and CO gas (column density) have 
been used to study and model the 
Galactic diffuse emission.  This 
eliminates the kinematic distance 
ambiguity in the inner Galaxy 

•  The down sides:  
–  It builds in axisymmetry to 

underlying models for 
distributions of cosmic rays 

–  And does not map directly to 
the 3-dimensional distribution 
of gas density. 

–  And the Galactic center and 
anticenter longitude ranges 
need to be filled in 

All-sky H I ‘Ring’ maps* 

*These are not the currently-used rings but similar 
24 Fermi Summer School 2015 



•  CO is not a perfect tracer of H2 and we do not really know N(H I) 
perfectly 
–  The challenge is in what to do about it 

•  Schlegel, Finkbeiner, & Davis (1998) used IRAS and COBE/DIRBE 
data to infer dust column densities 
–  ‘Color correcting’ to a uniform dust temperature scale 
–  Results were expressed in terms of E(B-V) [excess 

reddening] equivalent 
–  If you can believe in constant gas-to-dust ratio and uniform 

grain size distributions then E(B-V) is a tracer of total column 
density 

•  Grenier, Casandjian, & Terrier (2005) pointed out in an analysis 
of EGRET data that E(B-V) is not a linear combination of W(CO) 
and N(H I) 
–  So… ‘dark gas’ 
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•  The (long-standing) provisional 
solution has been deriving the ‘dark 
gas’ component as a residual from 
correlations with dust column 
density map 

•  Positives: 
–  The E(B-V)res component can 

compensate for errors in N(HI) 
from spin temperature or self 
absorption corrections 

•  Challenges:   
–  What to do in the Galactic plane, 

where the gas-to-dust ratio and 
N(H2)/W(CO) ratio could vary 
along the line of sight 

–  Interpretation of negative 
residuals 26 

Early Dark Gas residual map 

Grenier, Casandjian, & Terrier (2005) 
N.B. centered on (70°,0°) 

Fermi Summer School 2015 

See recent detailed study of Planck and LAT 
observations of the interstellar clouds in 
Chamaeleon (A&A in press, arXiv:1409.3268) 



•  Built from detailed stellar 
population and distribution 
models, detailed model for dust 
absorption and scattering, and 
variation of dust properties across 
the Milky Way (Porter) 

•  The recent calculation retains the 
intrinsic anisotropy – count the 
dimensions 

Porter, Strong, & Moskalenko (2007) 

z = 0 

* This pretty picture example at z = 0 does not 
show the important anisotropy in θ that exists for 
z ≠ 0 

* 
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•  The Galactic diffuse gamma-ray emission is modeled as a 
linear combination of templates of gas tracers and other 
diffuse components 

28 

Ionized ISM is not included as a ‘template’ 
and Helium and heavier elements are 
included by assuming that they are 
proportional to H 

Model for diffuse 
gamma-ray intensity 
(qHI is the emissivity, 
related to cosmic-ray 
intensities) 

Exposure Effective point-spread 
function 

Point sources 
As long as the maps are not linearly dependent, a 
likelihood analysis can tell you the contribution from 
each one 
Note important assumption:  CR densities & spectra 
are uniform across the region being studied 
Interpretations are emissivity (effective rate of 
gamma-ray emission per H atom), N(H2)/W(CO) 

Fermi Summer School 2015 

N.B.: The expression above does not include 
residual Earth limb, Sun/Moon, or discrete 
extended source contributions 



•  Some LAT Collab. investigations: 

29 

Dame et al. (1987) 

Schematic top-down view 
“Fermi LAT Observation of Diffuse Gamma-Rays 
Produced Through Interactions between Local 
Interstellar Matter and High Energy Cosmic 
Rays” (0908.1171) 

“Fermi Large Area Telescope measurements of 
the diffuse gamma-ray emission at intermediate 
Galactic latitudes” (0912.0973) 

“Fermi observations of Cassiopeia and 
Cepheus: diffuse gamma-ray emission in the 
outer Galaxy” (0912.3618) 

“Gamma-ray observations of the Orion 
Molecular Clouds with the Fermi Large Area 
Telescope” (1207.0616) 

“Planck intermediate results. XXVIII. Interstellar 
gas and dust in the Chamaeleon clouds as seen 
by Fermi LAT and Planck” (1409.3268) 
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•  Emissivity spectra are 
essentially consistent with what 
would be expected from local 
interstellar spectrum, i.e., what 
GALPROP would predict 

•  Deviations are within 
systematic uncertainties 

30 0908.1171 

0912.0973 
Avg. spectrum at inter-

mediate latitudes 

Emissivity spectrum in the 3rd 
quadrant 
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•  X-ratios are not much changed since the pre-dark gas era, 
although the interpretation is not the same 

•  In a sense X-ratio is not as central as it had been in terms of 
describing the ISM 

31 

arXiv:0912.3618 

Solar circle 

Local clouds here 
are Cepheus flare 
and ‘Lindblad ring’ 

Dashed grey = EGRET results for Cepheus 
Dashed blue = EGRET Galactic gradient (Strong et al. 2004) 
Green line = Nakanishi & Sofue (2006) virial masses 
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•  GALPROP uses the same ring/E(B-V)res inputs as the template 
fitting 
–  It enforces consistency, e.g., between IC and Bremss. and 

can evaluate consistency with local CR data 
•  In Ackermann et al. (2012) some of the adjustable parameters 

are investigated systematically, optimized against the LAT data 

32 

•  CR source distribution 
with R, CR halo scale 
height zh, and radial scale 
Rh, H I spin temperature, 
E(B-V) magnitude cut 

•  XCO = N(H2)/W(CO) is fit in 
each ring and D0 and vA 
are adjusted for CR 
secondary-primary ratios 
to match observations 

Fermi Summer School 2015 
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•  Galactic diffuse emission was generally under-predicted in the 
inner Galaxy above a few GeV and over-predicted in the 
200-400 MeV range 
–  Possibly due to errors in removing solar modulation from 

the local CR spectrum and/or unresolved Galactic sources 
•  Large γ-ray emissivity in the outer Galaxy suggests large 

values of zh > 4 kpc, which would allow more CR diffusion there, 
but then the 10Be/9Be ratio is not matched 
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•  The statistics of the LAT data are starting to become sufficient 
to study interstellar clouds in the halo of the Milky Way 
–  The scale height of galactic H I is about 200 pc (about 100 

pc for molecular gas) 
–  Intermediate- and High-Velocity Clouds (IVCs and HVCs) 

are typically many scale heights above the plane (up to 
several kpc) 

•  IVCs are closer and lower, can have metallicities (elemental 
abundances) typical of Galactic gas, and can even have 
molecular gas 

•  HVCs are low metallicity, atomic, and may be primordial (i.e., 
from before the formation of the disk of the Milky Way) 

•  Their distances are known only from measurements of 
foreground and background stars, establishing ‘distance 
brackets’ 
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•  Illustration for ‘region A’ 
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We replace the N(H I) column density seen in ROI A at l = 138.5�, b = 37� with the average278

of neighboring lines of sight owing to an anomalous temperature profile indicative of an artifact in279

the LAB data.280

The resulting N(H I) maps are shown in Figures 3, 4, and 5. Figure 4 (a) and (b) show some

Fig. 3.— N(H I) column density maps for ROI A: a) Low-velocity (local) component, b) the low-

latitude IV Arch, c) Complex A. The black lines show the border of ROI A, as used in the analysis.

The maps are shown in zenithal equidistant projection.

281

level of anticorrelation between higher/lower N(H I) intensity regions. This is due to some genuine282

anticorrelation between the intensities of H I emission in velocity space. At the same time, the lower283

IV Arch shows a bright feature at ⇠ �30 km s�1 that blends into the local H I components, which284

makes the separation particularly challenging. This is addressed by the spillover correction.285

– 21 –

Fig. 7.— Counts (left) and residuals after subtraction of the best-fit baseline model (right) for

ROI A. Counts and residuals are summed over the entire energy range from 300 MeV to 10 GeV.

Residuals are expressed in units of approximate standard deviations, calculated as counts minus

model-predicted counts divided by the square root of counts. The maps are shown in the plate

carrée projection centered at the ROI center used for the �-ray analysis, and are smoothed for

display using a Gaussian kernel of � = 0.�5.

Table 2. Interstellar best-fit coe�cients from the baseline analysis

Parameter ROI A ROI B ROI C

xHI,1 0.999± 0.017 0.94± 0.07 1.08± 0.04
xHI,2 0.94± 0.16 1.08± 0.04 0.68± 0.06
xHI,3 0.00+0.06

�0.0 0.00+0.10
�0.0 · · ·

xCO
a 2.3± 0.2 · · · · · ·

xDNM
b 0.24± 0.03 0.00+0.11

�0.0 0.34± 0.09

xIC 1.19± 0.05 1.31± 0.05 1.82± 0.09
↵IC �0.158± 0.014 �0.06± 0.02 0.02± 0.05
�IC 0.045± 0.008 0.02± 0.01 �0.026± 0.014
xIso 0.978± 0.017 1.03± 0.02 0.96± 0.04

Note. — See Eq. 6 for a definition of the model parameters. The
numbering scheme for the xHI,ı coe�cients is: 1) low-velocity, i.e.,
local gas, 2) and 3) IVCs and HVCs.

Note. — Asymmetric error bands are computed using Minos

when the best-fit value is at the boundary imposed during the like-
lihood optimization process.

a1020 cm�2 (K km s�1)�1

b1032 sr W�1

Tibaldo et al. (2015, in press, arXiv:1505.04223) 

Complex A 

Intermediate Velocity Arch Local 

Counts >300 MeV Net Residuals 



•  Comparison of derived emissivities (and limits) with 
predictions from GALPROP models 
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Fig. 16.— For ROIs A, B, and C we compare the emissivity scaling factors in Table 4 (gray

rectangles) with predictions from the models in Ackermann et al. (2012a) (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 (Table 1). The dark gray rectangles have vertical size

corresponding to the statistical uncertainties, while for the light gray rectangles the vertical size

encompasses the sum in quadrature of statistical uncertainties and systematic uncertainties from

the jackknife tests, augmented by the systematic spread from variations to the analysis model

inputs from Table 4. The emissivity of local gas is assigned to the range from z = 0 kpc to

z = 0.3 kpc (disk). The model curves from Ackermann et al. (2012a) 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 colors indicate the halo size assumed in 
the GALPROP calculation 
The findings are the first measurement of the 
decrease of cosmic-ray density above the 
plane 
They are not particularly constraining for the 
halo size yet 
Some have high enough z that a different 
boundary condition might make sense 

A B 

C 



•  Emissivity spectra across the Galaxy 
–  Effectively measures the CR proton spectrum across the 

Milky Way (LAT Collab. submitted)  
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The LAT final 4-years interstellar model

preliminary

assuming XCO=0.5

some of the points are outside of the range of the plot and not shown
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•  As mentioned on Friday, the model used for the analysis for the LAT catalogs 
required additional diffuse components 

Fermi Summer School 2015 

The preliminary model residuals

Large scale intensity is modeled assuming an IC origin.
Structures smaller then 2 degrees are filtered from the map

preliminary preliminary

fit assuming an IC origin

From the presentation by J.-M. Casandjian at the 5th Fermi Symposium 
http://fermi.gsfc.nasa.gov/science/mtgs/symposia/2014/program/08_Casandjian.pdf 

•  The large-scale residuals 
have soft and hard 
spectral components 

•  The procedure for defining 
the residual component 
involved iterative fits, 
spectral modeling, 
deconvolving, and spatial 
filtering 

•  Accounting for the 
residuals was essential for 
the 3FGL catalog and also 
allowed other diffuse 
template components to 
be fit without (much) bias 



•  Su et al. (2010)* and others reported 
‘Bubbles’ in LAT data 

•  A variety of processes have been 
proposed to explain them 

–  Dark matter annihilation 
–  2nd order Fermi acceleration of 

electrons into the halo of the Milky 
Way on plasma shocks in the 
bubbles 

–  Winds from massive star formation 
in the GC region advecting cosmic 
rays into the halo 

–  Recent AGN activity in the GC 
•  The lobes are increasingly well 

characterized in the LAT data 
–  It would be worth knowing whether 

they cross the plane at the GC 
–  Their profile at low latitudes is 

correspondingly model dependent 
39 Fermi Summer School 2015 
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obtained for di↵erent Galactic foreground models and choices in the analysis strategy. The systematic

errors include the uncertainties of the LAT e↵ective area Ackermann et al. (2012). The distributions of

the fit parameters ↵ and � for the log parabola fits are shown in Figure 19 on the left.

The power law with a cuto↵ fit above 100 MeV is dominated by low and intermediate energies. In

order to find a value of the high-energy cuto↵ unbiased by low energies, we fit the power law with a

cuto↵ in the range 1 GeV to 500 GeV. We obtain Ecut = 113 ± 19[stat]+45
�53[syst] GeV and � = 1.87 ±

0.02[stat]+0.14
�0.17[syst]. The distribution of indices and cuto↵ energies of the power law with exponential

cuto↵ fits are shown in Figure 19 on the right. The corresponding distributions of �

2 per number of

degrees of freedom (NDF) are presented in Figure 20. The log parabola gives a good description of the

data over the whole energy range. The simple power law does not describe the data well even above 1

GeV. The power law with a cuto↵ is preferred over a power law with at least 7� significance.

We calculate the total luminosity of the bubbles for |b| > 10� for each determination of the spectrum

in the energy range from 100 MeV to 500 GeV. The bubbles are found to have a luminosity of (4.4 ±
0.1[stat]+2.4

�0.9[syst]) ⇥ 1037 erg s�1. The distribution of the solid angle subtended by the bubbles, and the

luminosity for the models considered are shown in Figure 21.
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dN dE

�
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2
s
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�

stat. errors
sys. errors
Su et al. 2012 (stat. err.)

log parabola (0.1-500 GeV)
power law (1-500 GeV)
power law cutoff (1-500 GeV)

Fig. 18.— Left: SED of the bubbles for |b| > 10� obtained using the GALPROP template analysis (red squares)

and local template analysis (green triangles). The points with error bars represent the spectra obtained with the

two methods (Figures 6 and 15). The shaded bands are the systematic uncertainties due to the analysis procedure

and Galactic foreground modeling as described in 3.3 and 4.4. Right: combined bubble SED compared to the

earlier result from Su & Finkbeiner (2012) for |b| > 20�. The baseline model is the same as the GALPROP curve in

the left plot. The systematic uncertainties are the envelope of all possible spectra obtained from the two methods.

In the combined spectrum we include the uncertainties in the LAT e↵ective area (Ackermann et al. 2012) by adding

them in quadrature to the envelope of the other systematic uncertainties. The curves show the functional forms

fitted to the SED points. Solid blue line: log parabola. Dotted red line: simple power law. Dash-dotted green line:

power law with an exponential cuto↵.

* Hard component mentioned in Casandjian & Grenier on behalf of the LAT 
Collaboration (arXiv:0912.3478) 

>10 GeV, adaptively smoothed (4 years) 

Spectrum 



•  This is another region where the standard template modeling 
approach does not predict the emission that is seen 

•  Many reports based on LAT data, e.g., Vitale & Morselli on 
behalf of the LAT Collaboration (2009), Hooper & Goodenough 
(2011), Abazajian & Kaplinghat (2012), Calore et al. (2015)  
–  Spatially-extended excess with SED that peaks at ~few GeV 
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Results - Residual Maps
Counts in 0.1ox0.1o pixels    
0.3o radius gaussian smoothing

+ TS>25 point sources

Residuals for a custom diffuse 
emission model and point source 
search for this region 

•  Interpretation is not clear – details depend on 
the specific model of interstellar diffuse 
emission 
–  Dark matter annihilation: Several authors:  

WIMP mass ~20 GeV, annihilation cross 
section <σv> ~ thermal relic 

–  Unresolved point sources (pulsars):  
Calore et al. (2014) [probably not], O’Leary 
et al. (2015) [yes] 

–  Something else? 



•  On a much smaller scale, a study of the diffuse emission in 
Cygnus indicated a residual interpreted as a localized region of 
enhanced CR density with a hard spectrum 

41 

Summed 
IC model 

π0 and Bremss. 
Milagro 

>10 GeV residual 8 µm intensity (MSX) 

Ackermann et al. (2011) 

Residual LAT counts IR intensity Spectrum of the Cocoon 
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Fig. 5.— Results of the IGRB fit for foreground model B. See Figure 4 for legend.
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Fig. 6.— Results of the IGRB fit for foreground model C. See Figure 4 for legend.

•  The fitting is more or less like 
standard template fitting, for 
the high-latitude sky 

•  A great deal of effort went 
into reducing and evaluating 
the residual level of CR 
contamination in the data 
–  To find the IGRB* 
–  See Tuesday presentation 

by Y. Inoue 
•  Statistics are a limitation only 

at the highest energies (both 
in the data and for Monte 
Carlo background studies) 
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Derivation of the Isotropic Diffuse 

|b| >~ 10° 

Fermi Summer School 2015 

Ackermann et al. (2014, ApJ, 799, 86) 

*Isotropic Gamma-Ray Background or 
unresolved CGB 



•  In likelihood analysis, the 
Galactic diffuse emission 
model can be scaled by a 
power-law in energy rather 
than just a normalization 
factor 

•  This was done for the LAT 
FGL catalog analyses 

•  The spectrum of the model 
generally is a good match 
for the data but because the 
Galactic diffuse emission is 
so bright, especially at low 
latitudes a small error can 
result in biasing fit 
parameters for point 
sources 43 
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•  For 2+3FGL analysis, large 
regions (~50° radius) around the 
celestial poles required an 
additional diffuse emission 
component with a soft spectrum 

•  Essentially zero above 300 MeV 
•  The specific template used is 

available from the FSSC* 

44 

•  We attribute this component to 
Earth limb gamma rays in the 
tails of the PSF and 
misreconstructed back-
entering gamma rays 

•  The template is valid only for 
long time intervals; it depends 
on the rocking profile and the 
precession of the orbital pole 

* See http://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html 
Fermi Summer School 2015 



•  Understanding any of the unexpected (non-template) diffuse 
components 
–  Galactic center diffuse emission 
–  Fermi bubbles 
–  etc. 

•  Cosmic-ray source distribution implied by emissivities, halo 
size 

•  Dark gas – derivation of maps, especially at low latitudes 
•  Regular gas – H I self-absorption, high-resolution surveys, 

ionized gas, refining ring decomposition & other details I did 
not mention 
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•  We understand the Galactic diffuse emission processes and 
components, but the ‘details’ matter 

•  The statistics and angular resolution of the LAT data are 
constraining models and revealing new challenges 
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•  The very-low density Warm Ionized Medium traced by pulsar 
dispersion measures 

•  The Cordes & Lazio model is sometimes formally included but 
it has little impact, small contribution to column densities 

•  The model necessarily has an assumed shape (spiral 
structure) built in 

48 

Cordes &  
Lazio (2002) 

1143 pulsars 
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•  Schlegel et al. flag 4 regions in Orion as difficult to process 
(bright IR sources and 42’ beam of DIRBE) 

•  Independently we smooth across bright IR sources 
•  Result is deep holes in ‘dark gas’ map where suspicious 2FGL* 

sources collect – these are flagged in the 2FGL catalog 
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E(B–V)res N(H I) 

2FGL Model (1 GeV) 

W(CO) 

Mon 
R2 

Orion A 

Orion B 

E(B–V) 

Orion 
Nebula 

Red points are unassociated 2FGL sources (blue point is a 2FGL source associated with a blazar) 

23
°×

18
° 

*2FGL = Second Fermi gamma-ray source catalog Fermi Summer School 2015 



•  Tibaldo et al. (2015, in press, arXiv:1505.04223) studied 
selected IVCs and HVCs in LAT data 

•  Template fitting, including development of dark gas 
components (for local and IVC components) using Planck dust 
radiance maps 

•  Technically challenging; also studied robustness of fits by 
‘jackknife testing’, evaluating the distributions of fit parameters 
found after masking randomly selected regions of the region 
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Table 1. Target regions and complexes

Region ROI Complex d z Metallicity vLSR

Center (l, b) Pixels (kpc) (kpc) (relative to solar) (km s�1)

A (155�, 37�) 161, 81 Low-Latitude IV Arch 0.9–1.8 0.6–1.2 1.0± 0.5 �90 < vLSR < �40
Complex A 4.0–9.9 2.6–6.8 0.02–0.4 vLSR < �90

B (182�, 57�) 125, 141 Lower IV Arch 0.4–1.9 0.4–1.7 ⇠ 1 �60 < vLSR < �15
Upper IV Arch 0.8–1.8 0.7–1.7 ⇠ 1 vLSR < �60

C (251�, 69�) 85, 117 IV Spur 0.3–2.1 0.3–2.1 · · · �90 < vLSR < �20

Note. — The ROIs are defined as rectangular regions in a plate carrée projection in Galactic coordinates, centered at each
ROI center position and with the number of pixels of 0.�25 width given above. See text for details.

Note. — The brackets in d and z, and the metallicities are taken from Wakker (2001). The metallicity of the IV Spur is
unknown.

Note. — The ranges in velocities with respect to the local standard of rest, vLSR, are the preliminary boundaries that we use
in Section 4.1 to construct the N(H I) maps.

Fig. 1.— WCO intensities in the direction of ROI A. The map is shown in zenithal equidistant

projection. Blank pixels are set to zero. The black line shows the border of the ROI.


