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Diffuse emission: Summary

CR SWG call 17/02/2020

Goal of the project:
- Identify a set of large-scale models of the diffuse gamma-ray emission (π0, IC, 
bremsstrahlung) in the TeV domain, based on updated modeling of the CR distribution 
in the Galaxy, up-to-date models for the gas and diffuse photon distribution, and tested 
on Fermi-LAT data in the multi-GeV domain

Where we stand

- Before 2019: conservative (“base”) and an optimistic (“gamma”) model.  
- “Base” assumes constant CR transport properties across the Galaxy.  
- “Gamma” implements a harder diffusion coefficient scaling in the inner Galaxy 

- New “Base model” almost ready. Preliminary maps already delivered (mainly for 
the GPS paper). FITS files and documentation will be available on a public 
repository.  

- New gamma code HERMES will be released soon 
- Preliminary version of DRAGON2 now online (https://github.com/cosmicrays)

https://github.com/cosmicrays


Diffuse emission team 

CTA consortium meeting 4/06/2019

People involved in the diffuse emission modeling

- Daniele Gaggero (IFT Madrid)  
- Nicola Marchili (Un. Bologna) 
- Ottavio Fornieri (Un. Siena & IFT Madrid) [CR transport model] 
- Andrej Dundovic, Carmelo Evoli, Dario Grasso [development of the new 

gamma-ray transport code HERMES] 
- Sofia Ventura, Paolo Da Vela, Dario Grasso [GC-astro project, analysis 

of CMZ diffuse emission and individual clouds] 
- more manpower welcome! 
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- Quentin Rémy for providing the gas model 
- Silvia Vernetto and Paolo Lipari, for providing the ISRF model 
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H.E.S.S.  +  Fermi-LAT 
Gaggero, D.G., A. Marinelli, Taoso & Urbano, PRL 2017
+ S. Ventura 
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Comparison with HESS 2017

Gamma model

Base model

Fermi Data PASS8

HESS Data 2017

Best Fit HESS+Fermi

Gamma model

Base model

Fermi Data PASS8

HESS Data 2017

Best Fit HESS+Fermi

PASS8 Fermi-LAT  470 weeks of 
data extracted with the v10r0p5 
Fermi tool. Point sources from the 
3FGL catalogue subtracted.    

| l | < 1° , | b | < 0.3° 

The previous models

CTA consortium meeting 4/06/2019

Base model: 
• CR transport model implemented with DRAGON based on [Gaggero et al. 2015]  
• Homogeneous diffusion, CR spectrum uniform across the Galaxy 
• Gas, ISRF: Ring model taken from GALPROP public version 
• Tested on Fermi-LAT data (PASS7) 
• IC based on spiral-arm geometry and provided by the PICARD team 

Gamma model (used in DCI):
• CR transport model implemented with DRAGON based on [Gaggero et al. 2015] including radial dependence 

of the diffusion coefficient 
• Compatible with the trends observed in Fermi-LAT data 
• IC based on spiral-arm geometry and provided by the PICARD team

CR SWG call 17/02/2020



The new “base model”

CTA consortium meeting 4/06/2019

Basic prediction independent from gamma-ray observation. No refitting on Fermi-LAT 
data 

• CR transport model implemented with DRAGON based on [O. Fornieri, D. Gaggero, D. 
Grasso arXiv:1907.03696]  

• Homogeneous diffusion, CR spectrum uniform across the Galaxy 

• Gas model provided by Q. Remi 
• ISRF by S. Vernetto, P. Lipari 

CR SWG call 17/02/2020
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Figure 1: The propagated spectra computed with our reference model of (a) protons, as well as for
(b) Helium, Carbon and Oxygen (Oxygen flux is divided by 10 for clarity) are compared with AMS-
02 [6] (accounting for solar modulation) and Voyager [19] (interstellar) data. In (c) the B/C ratio is
computed for the same model and is plotted against AMS-02 experimental data [5]. (d) Primary and
secondary production of electrons and positrons, computed with DRAGON. The red and blue dots are
AMS-02 experimental data. The silver band accounts for the solar modulation h�modi = 0.54 ± 0.10,
estimated according to [46, 47] for the whole period of data taking.

After CR electrons are released in the ISM, their spectrum is reshaped not only by
di↵usion but also by several energy-dependent loss processes with the rate [10]:

dEe

dt
⇠ �ai � aB

✓
Ee

TeV

◆
� aS/IC

✓
Ee

TeV

◆
2

, (2.4)

where ai ⇡ 10�7 (nISM/cm�3) eV/s is the coe�cient for ionization-losses, aB ⇡ 7 · 10�4

(nISM/cm�3) eV/s the one for Bremsstrahlung, both in a medium of density n, and as/IC ⇡

0.1 (w/eV cm�3) eV/s is the coe�cient for synchrotron and Inverse Compton losses, with w

being the combination of the energy-densities of the soft CMB-photons in the medium and
the Galactic magnetic field. The values considered throughout this paper are the typical ISM
values of nISM = 1 cm�3 and w = 1 eV cm�3.

In the energy-range of interest for this paper (E > 1 GeV), we are in the synchrotron-

and IC-dominated regime, therefore Eq. (2.4) can be approximated as dEe
dt ' �as/IC

�
Ee
TeV

�2
=

�b0 E
2
e , where the coe�cient is manipulated to match with the more precise value b0 =
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The CR propagation model

CTA consortium meeting 4/06/2019

• CR transport model developed with 
DRAGON 

• Cylindrical symmetry 
• Continuous source distribution 

traced by pulsars (for SNII) and disk 
stars (for SN Ia) [Ferrière 2001] 

• Uniform and isotropic diffusion 
coefficient 

• Reacceleration 
• Energy losses: ionization, 

bremsstrahlung, Coulomb scattering, 
IC and synchrotron (leptons only) 

• Spallation network: the same as 
GALPROP at the moment 

• Alternative models by [Evoli et al. 
2018] and [Mazziotta et al. 2017] to 
be implemented soon 

• 20 free parameters tuned on local 
data 

• Paper will be out soon [Fornieri et 
al., in preparation] 

vA [km/s] D0 [m2/s] � �inj,L ⇢b,1 [GV] �inj,M ⇢b,2 [GV] �inj,H

p

13 1.98 · 1024 0.45

1.8

7

2.4 335 2.26
He 2.0 2.28 165 2.15
C 2.0 2.38 165 2.15
O 2.0 2.38 165 2.15

Table 1: The values of the main source and propagation parameters characterizing our reference
transport model are reported in this table.

• Concerning the spallation (�i!j) and inelastic scattering (�i) cross-sections, in order to
allow a more direct comparison with most of the related literature we use the routines
implemented in the standard public version of GALPROP [39, 44] (see however [24] for
an alternative compilation).

2.2 Setting source and transport parameters against CR nuclei data

While gas density, magnetic and interstellar-radiation field distributions are fixed (though
with some uncertainties) on the basis of astronomical data, CR injection spectra and di↵usion
parameters are largely unknown and have to be settled comparing DRAGON predictions with
CR data. We use here AMS-02 data for almost all species and the B/C ratio (see Ref.s in
the caption of Fig.1) complemented with Voyager data for low energy proton and Helium
nuclei outside the Heliosphere (unmodulated) and HEAO-3 [14] to settle the normalization
of nuclear species heavier than Nitrogen.

We performed a multi-dimensional grid of DRAGON runs and identify a satisfactory sce-
nario, characterized by the parameters listed in Table 1.

It should be noted that an approximate degeneracy holds between the di↵usion coef-
ficient normalization and the di↵usive halo height-scale H since the CR escape time, hence
the secondary/primary ratio, only depend on the ratio D0/H. In this paper we use H = 4
kpc.

As shown in Fig.s 1a and 1b, the observed spectra are reproduced introducing a low-
energy break at 7 GeV/n, for all species, and a high-energy hardening at 335(165) GeV/n
for proton (heavier nuclei).

Similarly to what found in [20] and in a more refined recent statistical analysis [28], the
B/C ratio is nicely matched for a value of � close to 0.45. Performing a statistical analysis
aimed at the determination of the uncertainties on the propagation parameters is beyond the
aims of this work. We notice however that varying the main parameters in the small allowed
ranges found in [28] would have no relevant impact on the electron and positron spectra and
the conclusions of this work.

2.3 Primary electrons from distant SNRs

Besides nuclei, Galactic SNRs are expected to generate the bulk of the observed electrons.
Although the acceleration mechanism is expected to be the same as for the nuclei, the injec-
tion spectrum of electrons into the ISM should be steeper (with �� as large as up to ⇠ 0.4)
due to synchrotron losses in the SNR magnetic field, which is also amplified by CR-induced
turbulence []. A significantly lower maximal energy is also expected.

– 4 –
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Fig. 4. Maps of the CO integrated intensity, WCO, in K km s�1 for the CMZ, outer CMZ, and 9 rings. The maps have been smoothed with a
Gaussian kernel of 0�.07. The upper limit of the colour scale is saturated at 103 K km s�1.

tent with the mass model expectations, we have moved the line to
a nearby ring of compatible column density and velocity, taking
into account the halo particular velocities and dispersion. The Hi
model we have used is described in appendix B.1 and the Hi ring
construction is further detailed step-by-step in appendix B.2.

3. Data products and Results

3.1. Catalogue of Hi and CO lines

We have decomposed the Hi and CO spectra from the HI4PI
and CO CfA surveys across the sky. In each (l,b) direction, we
have fitted the brightness temperature profile, Tb(v), by a sum of
Pseudo-Voigt functions, the number and approximate velocity of
which have been identified by detecting the significant peaks in
the temperature profile.

We have computed the reduced �-squared and the relative er-
ror on the brightness temperature in order to evaluate the quality
of the fit in each direction. Toward the Galactic plane and toward
nearby clouds the relative error does not exceed a few per cent
and the reduced �-squared is close to 0.5-1. In direction where
little emission is observed the reduced �-squared may not be per-
tinent as it decreases to very small values because the significant
signal covers small velocity ranges while the degree of freedom
is defined by the total number of velocity channels in the sur-
vey. However, even in these directions the relative error remains
mostly lower than 15% (and marginally larger than 20%).

A second run could be performed in order to detect very faint
clouds at high velocities. Pushing the initial peak detection at
the edge of the noise level would result in a very large number
of lines to be fitted and the fits over the whole sky would be
excessively time consuming, so it may be tested only for dedi-
cated studies of HVC regions. Reducing the threshold in bright-

Article number, page 5 of 12page.12

Ring gas model: Molecular component

CTA consortium meeting 4/06/2019

• Based on 115 GHz dat from the CfA 
CO survey of the Galactocentric 
plane + mid-latitude survey [Dame et 
al. 2001, Dame&Thaddeus 2004] 

• Sampled on 1/8° grid in the 10° 
latitude range around the GP 

• Local clouds at higher latitude are 
sampled on 1/4° 

• Completeness tested against dust 
emission observed by IRAS (only 2% 
missed) 

• Good agreement with Planck data 
(115, 230 and 345 GHz) 

• Decomposed in Galactocentric 
rings [boundaries at R  = 
0,2,3,4,5,6,7,9,12,15,18,35 kpc] 
assuming the rotation curve taken 
from [Sofue 2015] 

A&A proofs: manuscript no. rings_description

The core of the method we use to separate structures in ve-
locity is based on fitting each brightness temperature spectrum,
TB(v), with a sum of lines. The first step is to detect signifi-
cant line peaks. We have smoothed the spectra in velocity with a
Gaussian kernel of 1 km s�1. We have measured the dispersion
in temperature, Trms, outside the bands with significant emis-
sion (set to TB > 1 K). In order to limit the number of de-
tections caused by noise fluctuations we allow line detection
only in velocity intervals where TB(v) > 3Trms (or 1.5 Trms at
|b| > 60�). Then, using the 5-point-Lagrangian di↵erentiation
twice, we have computed the curvature d2TB/dv2 in each chan-
nel. Peaks are detected as negative minima in d2TB/dv2 (and
only if negative in more than two consecutive channels). Two
detected lines cannot be closer than two velocity channels (about
2.6 km s�1 in the Hi data and 1.4 km s�1 in the CO data). Then
each spectrum is fitted by a sum of pseudo-Voigt functions, one
for each detected line. The pseudo-Voigt function is defined as :

PV = ⌘ L + (1 � ⌘) G (3)

with 0 < ⌘ < 1 the shape factor, L a Lorentzian, and G a Gaus-
sian respectively defined as :

L =
Tpk

1 + [(v � v0)/�]2 (4)

and,

G = Tpk exp
"✓v � v0

2�

◆2#
(5)

where v0 is the central velocity of the line, � its width and Tpk
its peak temperature. In order to take into account the detection
uncertainties, the velocity v0 of the line is allowed to vary in
two channels around the initial estimate. For each detected line,
the free parameters ⌘, Tpk, �, and v0 are fitted by means of a �-
squared minimization. An example of the profile decomposition
is given in Fig. 1 for CO emission toward the Galactic plane.

We have applied this profile decomposition over the whole
sky and the whole velocity range of the HI4PI and CO CfA sur-
veys. The lines are directly fitted to the data, so the method can-
not detect, nor correct Hi self-absorption features. The velocity
splitting of a self-absorbed line into two components (because
of the detection of two peaks) is moderated by the search and
merging of initial peaks with too small velocity separations (be-
fore the fit). The impact on the attribution of a line to a specific
ring is small because of the sharpness of the absorption dips in
velocity. The results of the profile decomposition are further dis-
cussed in Sec 3.1.

2.2. Constuction of the Hi and CO Galactocentric rings

The radial velocities measured from the Doppler shifts of the Hi
and CO lines can provide the kinematic Galactocentric distances
of the atomic and molecular gas. Assuming a uniform circular
motion of the gas around the Galactic center and a rotation curve,
the velocity with respect to the local standard of rest can be ex-
pressed for each line of sight as a function of the Galactocentric
distance R by a one-to-one relationship :

vdisk(l, b,R) =
✓R�

R
v�(R) � v�

◆
sin(l) cos(b) (6)

where v�(R) is given by the Galactic rotation curve. We have
used the rotation curve of Sofue (2015) taking into account the
most recent measurements of the Sun’s distance to the Galactic

centre, R� = 8 kpc, and of the circular rotation speed, v� = 238
km s�1, at the solar circle. The di↵erence between the latest ro-
tation curves and previous ones using the IAU standards for R�
and v� are discussed in appendix A.

The ring boundaries in Galactocentric radius are set to 0, 2,
3, 4, 5, 6, 7, 9, 12, 15, 18, and 35 kpc. The kinematic distance
resolution is limited by the non-circular motion of the gas. We
have set a minimum ring width of 1 kpc since Nakanishi & Sofue
(2003, 2006) have noted that streaming motions lower than 10
km s�1 (Burton 1972; McClure-Gri�ths & Dickey 2007) result
in ⇠ 1 kpc errors on the kinematic distance estimates of the Hi
clouds. In the outer Galactic disc, the velocity decreases approx-
imately as 1/R (see equation 6) and the velocity gradient dimin-
ishes with distance. We have therefore selected broader rings to
widen the velocity intervals and accommodate the non-circular
and turbulent motions of the gas (Ackermann et al. 2012).

Assuming a circular motion of the gas in the disk, the bound-
aries in Galactocentric radius are translated into velocity bound-
aries according to Eq. 6. To first order, a PV line with a given
central velocity can be associated to a unique ring and the in-
tegral of the whole PV line contributes to the gas map for this
ring. Integral line intensities, WCO =

R
PV(v) dv, have readily

been calculated from the set of CO lines resulting from the pro-
file decomposition. For the atomic gas, we have calculated the
NHI column densities by applying equation 1 to the set of Hi PV
lines, with a finite Hi spin temperature to crudely correct for the
optical thickness of the atomic hydrogen along the sight lines.
We have produced the NHI ring maps for the optically thin ap-
proximation and for spin temperatures of 150 and 300 K that
were kept uniform across the sky.. We use only the results ob-
tained with a spin temperature of 300 K in this paper.

In order to preserve the total Hi or CO intensity observed in
each direction, the small residuals (positive and negative) be-
tween the observed and modelled spectra, Tresi(v) = TB(v) �
TB model(v), have been distributed between the rings as follows.
In the velocity intervals below the line detection threshold (see
the detection description), residuals are attributed by channels
directly to the rings according to the channel velocity. Above the
detection threshold, negative residuals are attributed to the fitted
lines in proportion to their brightness temperature in the given
channel and positive residuals are attributed by channel directly
to the rings (to avoid that a missed line be wrongly redistributed
over multiples lines at other velocities, thus possibly in other
rings).

Regions with particular gas dynamics, such as the forbidden
velocities of the 3 kpc arm and the large-velocity clouds within
or near the central molecular zone (CMZ), required specific solu-
tions that are detailed in appendix C. The PV lines corresponding
to those clouds were isolated in longitude-velocity space, via 2D
(l, v) histograms of the number of line detections, and their line
integral contributions (computed as above) were summed in spe-
cific maps, to be added later to the proper rings if necessary. To-
ward the Galactic centre and anticentre, the velocity separation
decreases to zero (see Fig B.2 and C.1), which results in a poor
kinematic distance resolution. For the CO lines, we have used
the fitted line density in longitude and velocity space to extrap-
olate the velocity range in these directions. This process is rea-
sonable for the narrow and sparse enough CO lines, but another
approach is required to untie the confusion between the di↵erent
rings for the wider and overcrowded Hi lines. For the latter, we
have relied on a mass and velocity model. We have proceeded in
two steps. First, the lines have been attributed to the rings using
the uniform circular motion approximation. Then in directions
where the result in column densities was found to be inconsis-

Article number, page 2 of 12page.12
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A&A proofs: manuscript no. rings_description

Fig. 2. Maps of the atomic hydrogen column density in cm�2 for the 11 rings, assuming optically thin emission. The maps have been smoothed
with a Gaussian kernel of 0�.07. The lower limit of the colour scale is saturated at 1018.4 cm�2. Pixels with NH < 1016 cm�2 have been masked.

Fig. 3. Same as Fig. 2 for the high-velocity sky including high-velocity clouds and extragalactic objects.

Article number, page 4 of 12page.12

Ring gas model: Atomic component

CTA consortium meeting 4/06/2019

• Based on HI4PI 
survey [Bekhti et al. 
2016] of the 21-cm 
line emission of 
neutral hydrogen 

• Angular resolution 
16’ 

• Sensitivity 43 mK 
• Velocity resolution 

1.5 km/s 
• Traces the whole 

neutral atomic cas, 
from cold (CNM) to 
warm (WNM)

CR SWG call 17/02/2020



The integration along the l.o.s.
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2.5 The gamma-ray emission by pion decay

Gamma rays are produced by the decay of neutral pions, created in collisions of cosmic ray
nuclei with interstellar gas atoms. Neutral pion production is a catastrophic energy loss
process for the proton which typically retains about XXX of its energy after interaction.

The interstellar gas is predominantly a mixture of hydrogen and helium nuclei with
constant ratio fHe.

Since the most abundant species in the cosmic ray flux are proton and helium, the
emissivity from collisions between cosmic ray and gas nuclei can be written as:

✏⇡0(E� ,~r) = 4⇡ nH(~r)


(1 + fHe⌃He)

Z
dE �H(E,~r)

d�pp
dE�

(E,E�)

+ ⌃He(1 + fHe⌃He)

Z
dE �He(E,~r)

d�pp
dE�

(E,E�)

�
(2.18)

where
For reference we find the local production of gamma rays of energy above 100 MeV to

be: q�(> 100MeV) = XXX.
In order to profit of the high accuracy of gas maps taken from radio observations, we

adopt a strategy devised by GALPROP etc.
Galactic hydrogen is predominantly made of neutral hydrogen (HI) and molecular com-

ponent (H2). Moreover since we cannot measure directly H2 we assume that H2 is inferred
from the CO emissivity and the conversion factor is only dependent on the Galactocentric
distance r.

Therefore:

✏⇡0(E� ,~r) = [nHI(~r) + 2nH2(~r)] ✏̃⇡0(E� ,~r) = [nHI(~r) + 2XCO(r)wCO(~r)] ✏̃⇡0(E� ,~r) (2.19)

where ✏̃⇡0 is the emissivity per hydrogen nucleus.
Where XCO(r) = 1 in units of 1020 cm�2 K�1 / (km /s) and it is function only of the

distance from Galactic Center and w is...
Now it follows the description of the integral

nHI(~r) = nHI(l, b, s) =
X

j

N
j
HI(l, b)⇥

j
in(~r)R1

0 ds0 pHI(~r0)⇥
j
in(~r

0)
pHI(~r) (2.20)

where pHI is a gas profile function, and ⇥j
in(~r) is defined as:

⇥j
in(~r) =

(
1 i↵ ~r inside the jth ring,

0 i↵ elsewhere.
(2.21)

I�(l, b, E�) =
1

4⇡

Z 1

0
ds nHI(~r)✏̃(E� ,~r)

=
1

4⇡

X

j

N
j
HI(l, b)R1

0 ds0 pHI(~r0)⇥
j
in(~r

0)

Z 1

0
ds ✏̃(E� ,~r)pHI(~r)⇥

j
in(~r) (2.22)

For H2 then NH2 = 2XCOwCO
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Sun

N(l,b): column density per ring 
j: ring index 
p(x,y,z) smooth gas model 
ε(E,x,y,z) emissivity



Testing the model
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Testing the model
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Testing the model: spatial patterns
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Gas vs gamma
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Testing the model. Discontinuity at l = 60°
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• Independently checked with gammasky and 
HERMES 

• Independent of the smooth gas model used 
in the integration 

• The feature is already present in the gas 
model. (minor) problem with ring 6 and 7

gamma-ray flux

gas model: ring 6

https://www.degreesymbol.net/


Testing the model. Discontinuity at l = 60°
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• Independently checked with 
gammasky and HERMES 

• Independent of the smooth gas 
model used in the integration 

• The feature is already present in 
the gas model. (minor) problem 
with ring 6 and 7 

• Stacking of rings 6 and 7 shows 
the feature

https://www.degreesymbol.net/


The HERMES code
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• HERMES will be a publicly available computational framework for 
calculating sky maps of various radiative processes in our Galaxy 

• It performs an integration over the line of sight from the Sun to the 
edge of the Galaxy to obtain either a flux, temperature or other 
quantities for a given direction 

• It is capable of calculating rotation measurements, synchrotron 
radiation, Bremsstrahlung, Inverse Compton, Pion decay emission 

4 Pion-decay related stuff

Daniele: TBA

✏�(E� ,~r) = 4⇡ · nHI(~r)
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where pHI is a gas profile function, and ⇥
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The total column density follows:
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The HERMES code
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What HERMES includes:

A. Radio emissions:
1. Free-free emission
    - depends only on non-relativistic electron density models (implemented YMW16)
2. Rotation measure (RM)
    - same dependence as Free-free
    - galactic magnetic field models (JF12, PT11, Sun08, WMAP07)
3. Synchrotron emission (+ Free-free absorption)
    - depends on galactic magnetic field models as RM
    - relativistic cosmic ray (electron) flux models (DRAGON, Sun08, WMAP07)
    - (+ non-relativistic electron density models for Free-free absorption)

B Gamma-ray emissions:
4. Inverse-Compton
    - depends on relativistic cosmic ray (electron) flux models (DRAGON, Sun08, WMAP07)
    - photon field models (Vernetto16)
5. Pi-Zero
    - depends on neutral gas density models (i.e. "ring models", included Remy18)
    - relativistic cosmic ray (electron) flux models
    - cross section models (Kamae06)
6. Bremsstrahlung (implementation in progress)
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Next steps
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• Delivery of the model. The FITS file and the documentation will 
be publicly available on a repository 

• Delivery of the new gamma-ray code HERMES 

• Construction of a gamma-optimized model and testing against 
Fermi-LAT data.

CR SWG call 17/02/2020



Thanks for your attention!
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