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Overview of lecture

Introduction, cosmic rays (CRs), the interstellar medium (ISM), and high-energy
interstellar emission
Cross sections, an overview
The targets and how to determine their distribution

Interstellar gas
Interstellar radiation field

CR fluxes, how to model
Application to Fermi–LAT data

What you should understand after the lecture
Have a general understanding of the matter and a resource to dig deeper.
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Between the stars
Fun fact
Our Milky Way mass is comprised of mostly dark matter (∼ 95%) and stars (∼ 5%).

Credit: ESO/S. Brunier
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Between the stars

Fun fact
Our Milky Way mass is comprised of mostly dark matter (∼ 95%) and stars (∼ 5%).

This lecture will focus on the rest (∼ 0.5%) that is the ISM.

The space between the stars is permeated with:
Tenuous gas and dust
Radiation from stars that is reprocessed by the dust
A weak magnetic field
Cosmic rays
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An illustration
The plane of the Milky Way

Credit: NASA

An older viewgraph, but still
shows interesting features.
Connection between different
wavebands not obvious:

Black patches in optical
correlate with molecular
hydrogen.
Infrared and γ-ray maps are
similar.
So is 408 MHz and γ-ray
maps.

Why?
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High-energy interstellar emission
Emission processes
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Typical definition

Interstellar emission arises from
interactions between cosmic-rays (CRs)
and the interstellar medium (gas and
radiation).
CR nuclei:

π0–decay from interactions with gas.
CR electrons (e+ and e−):

Bremsstrahlung from interactions with
gas.
Inverse Compton (IC) from interactions
with radiation.

Synchrotron radiation
Electrons (and positrons) also produce synchrotron radiation on the magnetic field.
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8 years of LAT data above 1 GeV (P8 PSF3)
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High-energy interstellar emission as a tool

Unlike CRs, γ-rays trace directly back to their origin.
The Milky Way is transparent to high-energy γ-rays.

Exception are γ-rays with energies above ∼ TeV that are absorbed by the infrared radiation
in the Milky Way.

The total emission is therefore (simplified) found from integration along sightlines∫
Fcσc→γntds

where Fc is the CR flux, σc→γ is the production cross section of γ-rays, and nt is the
target density.
It can provide a wealth of information

Useful to estimate Fc given knowledge about σc→γ and nt .
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γ-ray-production cross sections – nuclei-nuclei

Several estimates available for nuclei-nuclei interactions
Dermer, C.D 1998, ApJ, 307, 47: Isobaric treatment at low energies (Stecker 1970) and
scaling (Badhwar 1986) at higher energies.
Blattnig et al. 2000, PhRvD, 62,9: Parameterization of observational data based on older
results.
Kamae et al. 2006, ApJ 647, 692: Inelastic cross section, diffraction dissociation process,
Feynman scaling violations, and baryon resonances.
Huang et al. 2007, Astropart. Phys, 27, 5: DPMJET
Shibata et al. 2014, Astropart. Phys, 55, 8: Similar to Dermer, extended to higher energies.
Mazziotta et al. 2016, Astopart. Phys, 81,21: FLUKA

Differences of the order of 10%
Many use accurate proton-proton and then scale for other nuclei (nuclear enhancement
factor)

Mori, M 2009, Astrop. Phys., 31, 5: DPMJET-III to calculate the factor
Kachelriess et al. 2014, ApJ, 789,2: QGSJET-II-04 and EPHOS-LHC particle codes used to
calculate the factor
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Example nuclear enhancement factors
Kachelriess et al. 2014

Mori 2009
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Cross sections – Bremsstrahlung and IC

Bremsstrahlung has been accurately calculated (Appendix A of Strong et al. 2000, ApJ,
537, 763)

Important to differentiate between neutral and ionized interstellar gas.
IC cross section also well established (Jones, 1968, Phys Rev, 167,1159)

Depends on incidence angle between photon and electron
Anisotropy of ISRF can change emission by several tens of percent
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Interstellar matter

Components by mass

Gas (99%)

Dust (1%)

H (70%) He (28%)

Metals (1.5%)

Often referred to as the ISM and accounts for ∼ 10% of
the mass of the Galactic disk.
Split into dust and gas phase with a gas-to-dust ratio of
∼ 100.
The gas phase consist of mostly hydrogen and helium
and is split into components depending on temperature
and ionization (Ferriere 2001)

Component T [K] n [cm3] M [109M�]
Cold molecular 10–20 102–106 1.3 – 2.5
Cold atomic 50–100 20–50 }

6.0Warm atomic 6000–10000 0.2–0.5
Warm ionized ∼ 8000 0.2–0.5 1.6
Hot ionized ∼ 106 ∼ 0.006
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The three components of interstellar gas
Distribution of Hydrogen

Moskalenko et al. 2002, ApJ 565

Atomic hydrogen (H i): The most massive
phase with a large filling factor and a scale
height of about 200 pc at the solar location.
Molecular hydrogen (H2): The densest phase
and very clumpy with a scale height of about
100 pc at the solar location.
Ionized hydrogen (H ii): The least significant
component with a large scale height. Also
clustered around massive star forming regions,
so called H ii-regions.
Helium is the fourth component, assumed to
exactly trace the density of hydrogen.
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Atomic hydrogen — The 21-cm line emission

Interactions between the magnetic moment of the proton and electron in the hydrogen
atom results in hyperfine splitting of the lowest state.
The energy of the line is 5.9 µeV and the spontaneous transition probability 3 · 10−15 s−1
so the excitations are collisionally dominated in most of the ISM.
We define the excitation temperature TS using the Boltzmann equation

n2
n1

= g2
g1

e−E/kTS

where n2/n1 is the ratio between the number of atoms in the different states, g2/g1 = 3/1
is the statistical weights of the states, E is the energy difference between the states and k
is Boltzmann’s constant.
TS is often called spin temperature and it is related to the kinetic temperature of the gas.
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Radiative transfer

Need to solve the radiative transfer equation

dTB(ν)
dτ(ν) = TS(s)− TB(ν)

where τ is the opacity and

TB(ν) = 2ν2kI(ν)
c2

is the brightness temperature that is related to the specific intensity I(ν).
In the case of large optical depth TB = TS as expected from thermal equilibrium.
Solving the equation is non-trivial because both τ(s) and TS(s).
In the special case of homogeneous H i medium, the solution is

TB(ν) = Tbg (ν)e−τ(ν) + TS

(
1− e−τ(ν)

)
where Tbg is background radiation, usually the CMB.
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Radiative transfer

Due to motion of the H i gas, the line emission is Doppler shifted. Very common to use
the Doppler velocity v instead of ν in the equations.
The optical depth can be related to column density through

τ(v) = NHI(v)σ = NHI(v)
CTS

where we have used that the total cross section is σ = 1/(CTS) with
C = 1.83 · 1018 cm−2 K−1 (km/s)−1.
Two limiting cases:

τ � 1: In this case TB(v) = (TS − Tbg)τ(v) ≈ TSτ(v) = NHI(v)/C and the brightness
temperature is proportional to the column density.
τ � 1: In this case TB(v) = TS and the brightness is independent of the column density.

Reality is in between and TS generally not constant within a single velocity bin.
Almost all analysis assume a single TS for the entire Galaxy, often a very large value
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Observations of the 21-cm line

HI4PI observations (Bekhti, N. et al. 2016)

The most recent
full-sky dataset is the
HI4PI (GASS+EBHIS)
survey (Bekhti, N. et
al. 2016) with an
angular resolution of 16
arcmin and 1.4 km/s
velocity resolution.
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Other surveys

Outline of surveys (Kalberla & Kerp 2009)

ANRV385-AA47-02 ARI 15 July 2009 4:24
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Figure 1
Overview of the sky coverage of different surveys. The Leiden-Argentine-Bonn (LAB) survey merges the
Leiden-Dwingeloo Survey and Instituto Argentino de Radioastronomı́a surveys at δ = −27.5◦ ± 2.5◦ (red
line). The Galactic All-Sky Survey and Effelsberg-Bonn Hi Survey cover the northern and southern sky,
separated by the black line. The Arecibo Galactic ALFA survey coverage is −2◦ < δ < +38◦ (yellow lines).
The Galactic plane survey consists of Southern Galactic Plane Survey, Canadian Galactic Plane Survey, and
VLA Galactic Plane Survey. The background image displays the total volume density of the 21-cm line
emission from the LAB survey. This figure was kindly provided by B. Winkel.

both spatially and kinematically (−450 ! vl s r ! 400 km s−1). The sensitivity reaches the 70- to
90-mK level, and remaining baseline uncertainties are at a level of 20 to 40 mK. 3-D data cubes
are available at CDS, and an easy to use interface to access individual spectra and column densities
is provided by http://www.astro.uni-bonn.de/∼webrai/english/tools labsurvey.php.

2.1.2. Radio Interferometer Galactic Plane Surveys. The International Galactic Plane Survey
(IGPS) comprises many radio telescope surveys to map the ISM in the Galactic plane at various
wavelengths. Contributions at the 21-cm line are from the CGPS by Taylor et al. (2003), the SGPS
by McClure-Griffiths et al. (2005), and the VGPS by Stil et al. (2006b). These surveys provide
21-cm line data with an angular resolution of 1–3.3 arcmin. Unfortunately, the sensitivity is limited
(∼2 K). The IGPS is still an ongoing project; for data access and detailed information on all of
these surveys we refer to http://www.ras.ucalgary.ca/IGPS/.

2.1.3. Multifeed single-dish surveys. The LAB all-sky survey provides data with excellent sen-
sitivity; but for those parts of the Galactic sky without interferometric data, the angular resolution
is seriously limited. The IGPS, however, is rather restricted in Galactic latitude coverage and sen-
sitivity. With the advent of multifeed receivers, it became possible to use the world’s largest single-
dish telescopes to perform all-sky surveys in a very efficient way, providing data with improved
sensitivity and resolution; it was an important improvement over currently available single-dish
or interferometer surveys.

The Parkes telescope, equipped with 13 feeds, was used to map the Hi in the southern
sky with a sensitivity of 60 mK (McClure-Griffiths et al. 2009) and the angular resolution
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Several high resolution
surveys have been done
in the Galactic plane as
part of the
International Galactic
Plane Survey (IGPS)
http://www.ras.
ucalgary.ca/IGPS/

Arecibo also provides
high resolution surveys
along its field of view.
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Effects of TS

Density for various TS

All of the figures above have used the
optically thin assumption with TS � TB .
Accounting for finite values of TS results
in the equation

NHI(v) = −CTS log
(
1− TB

TS − Tbg

)
.

As TS → TB + Tbg we have NHI(v)→∞.
Getting the value of TS correct can have a
significant impact on the derived column
density.

Gulli Johannesson HI & NORDITA
CR induced interstellar emissions



Effect of TS

Ratio map

The effect is not
uniform across the sky.
Map shows ratio
between NHI derived
for TS = 125 K and
optically thin
assumption.
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H i in absorption

Example on/off spectrum

Strasser et al. 2004.

We can re-write the radiative transport
equation as

TB(v) = (TS − Tbg )
(
1− e−τ(v)

)
+ Tbg

and observations are usually given as
TB(v)− Tbg .
If Tbg > TS we will see absorption of the
background emission rather than emission
from H i.

This can easily happen if there are bright
radio sources in the background.
Nearby observations can be used to
estimate the effect of the narrow source.
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H i in absorption, determining TS

Distribution of TS values

method and compared to the known input profiles. The
agreement between the two was consistently well within 1 !
for both the spin temperatures and optical-depth spectra. We
also compared spectra common to this study and Dickey et al.
(1983). In general, the agreement is good, but in noisy
channels they sometimes differ by several !.

3. RESULTS AND INTERPRETATION

Figures 2 and 3 show two representative spectra, illustrating
the quality of the data for two sources with very different
continuum brightness temperatures. We do not show all the
spectra in this paper because of their large number. All the
spectral data are available online,1 or by request from S.
Strasser. Some features are common to many spectra. We can
almost always identify the local (10 to !20 km s!1) and
Perseus arms (around !25 to !50 km s!1) as broad peaks in
emission, and in many cases also the outer arm (between !80
and !110 km s!1). In general, the absorption spectra show
more structure and narrower line widths than the emission
spectra. However, this difference is less pronounced than in
previous, lower angular-resolution studies. Some features
follow the ‘‘Ts-" relation’’ ( log " decreases linearly with in-
creasing log Ts) quite nicely. This is attributed to the differ-
ence in absorption versus emission line widths, as the former
is dominated by cool gas, and the latter by the warm com-
ponent. In many cases, however, the observed relation is more
in the shape of a loop, where the spin temperature for a given
optical depth on one side of the feature is systematically
higher or lower than on the other side. Several recent studies
confirm this relationship (see, e.g., Dickey et al. 2003).

3.1. The Spin Temperatures

The spin temperature (Ts) is the simplest temperature in-
dicator we can compute. Under the assumption of a single-
component medium in equilibrium, it is equal to the kinetic
temperature of the gas (e.g., Kulkarni & Heiles 1988). The
distribution of spin temperatures is given in Figure 4 for all

channels with S/N ðTon!oAÞ > 5 (6318 channels in total). The
median of the distribution is 120 K, and 90% of the values lie
between 60 and about 280 K. This is in rough agreement with
previous studies (Dickey et al. 1978; Mebold et al. 1982;
Payne, Salpeter, & Terzian 1982) and recent results for the
southern Galactic plane (Dickey et al. 2003).
However, it is generally believed that the neutral hydrogen

has at least two components, the cold neutral medium (CNM)
and the warm neutral medium (WNM). The spin temperature
measures a harmonic mean of the CNM and WNM, weighted
by the column density of each component. Therefore, it only
provides us with an upper limit to the true cold-component
temperature and a lower limit to the warm-component tem-
perature. This is confirmed by more recent analyses that fit the
CNM and WNM separately and find lower cold-component H i
temperatures than the associated spin temperatures. By fitting
profiles with Gaussian functions, Heiles & Troland (2003a,
2003b) find cold-component temperatures in the range from
about 10 to 75 K. Dickey et al. (2003) use a novel technique of
fitting the emission and absorption, and find a range for the

1 The spectral data can be seen at: http://www.ras.ucalgary.ca/CGPS/
products/.

Fig. 2.—Spectra for Maffei 2 (Tbg ¼ 32 K); 1 ! error bars are shown.

Fig. 3.—Spectra for 87GB 032246.6+572847 (Tbg ¼ 77 K)

Fig. 4.—Distribution of spin temperatures for all channels where Ton!oA
S=N > 5. The last bin contains all channels with Ts higher than 450 K.

STRASSER & TAYLOR562 Vol. 603

From Strasser & Taylor 2004.

Assuming that TS and τ varies slowly over
the Galaxy, we can use the on/off
technique to estimate τ and TS

TB,on(v)−TB,off (v) = (Tsource−Tbg )e−τ(v)

where we estimate Tsource and Tbg from
radio continuum emission.
Derived values of TS range from few 10s
K up to several thousand K.

In good agreement with the value of TS
being close to Tk for the cold neutral
medium.
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Example of nearby sightlines

Two nearby sightlines

The following plots shows TB
and TS for two sightlines with
less than half a degree
separation. (Data from Strasser
& Taylor 2004)
Clear and significant discrepancy
around -50 km/s and 0 km/s.
Global fixed value of TS not
appropriate and neither are
interpolation between
observations.
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Systematic study

NHI/N∗HI for isothermal TS and accurate

Ngyuen et al. (2019) ApJ 880

Comparing isothermal TS
correction and one using
accurate TS results in reasonable
estimates.

Better for low column density.
Requires specialized TS values
for each region.
Worse in regions near
molecular clouds.

Easily off by 50% or more for
individual sightlines.
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H i self absorption (HISA)

CR Propagation and DGEDec. 14th 2010 9

H I Self Absorption (HISA)

• Cold (and usually narrow) cloud in front of warmer (wider) 

cloud absorbs some of the warm cloud emission

– Not only can you not see part of the warm cloud, but the 

cold one is invisible too (double loss of column density)

– Accurate estimation of the warm cloud emission requires 

high resolution surveys

Warm

 Cold

Cold gas can absorb emission from warmer background causing a twofold effect
Emission from the warm background is reduced
Emission from the cold foreground is missing

Usually narrow features in velocity and space that are difficult to detect.
Affects about 5% of spectral bins in dedicated high-resolution surveys.
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Molecular hydrogen – observations of H2

No permanent dipole moment and lowest energy transitions with energy levels
E/k ≈ 500 K above ground.

No emission from could H2 gas, it can only be seen in absorption.
Need a tracer for H2 gas.

The CO molecule is the most favored tracer for several reasons:
Its J < 4 rotational transitions are low energy, being between 5 and 22 K above ground level.
In high density molecular regions, C is nearly depleted into CO molecules and the J = 1− 0
transition is optically thick.
CO forms and destructs under similar conditions as H2, although it requires more column
density before becoming fully molecular.

Other tracers, such as OH and C+ can also be used.
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Tracing H2 column density with CO

It has been observationally shown that integrated 12CO J = 1− 0 line intensity (or
brightness temperature) is approximately linearly related to H2 column density

NH2(v) = XCOWCO(v) = XCO

∫
dvTB,CO

This relationship has been confirmed with several observations:
Virial mass estimates.
Optically thin emission from 13CO and 18CO.
Comparison with dust extinction and emission.
Interstellar γ-ray emission.

XCO ∼ 2 · 1020 cm−2 (K km/s)−1 in the Milky Way.
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Why is the 12CO J = 1− 0 line a good tracer?

The molecular gas is optically thick to the 12CO J = 1− 0 line emission and observed
brightness is independent of column density.

Why then does the integrated line correlate with column density?
Bolatto, Wolfire & Leroy (2013) give a great overview; basically the line width of a
molecular cloud is correlated with its size which is again correlated with the mass.

This has to do with turbulence in the interstellar medium and how turbulence in molecular
clouds is related to its size.
The line width is determined by turbulence rather than thermal motion.

The result is that the column density is roughly linearly related to the integrated line
intensity.

Even in the best scenarios, XCO is dependent on both the density and temperature of the
molecular cloud.
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Why is the 12CO J = 1− 0 line a bad tracer?

While currently being the best we have, the 12CO J = 1− 0 line is not a perfect tracer for
H2 column density.
In medium density regions at the periphery of molecular clouds, H2/CO ratio varies rapidly
due to photo dissociation of CO.

This results in so-called dark neutral medium; regions where column density of H2 is
underestimated by CO observations.
More on that later.

The gas can become optically thin to the line emission in case of large turbulence or
otherwise large velocity dispersion.

In this case the XCO value is expected to be an order of magnitude smaller, about 2 · 1019
cm−2 (K km/s)−1
Tidal distortion of clouds near the Galactic center are a good example of this.
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Observations of CO

From Heyer & Dame (2015)

AA53CH15-Heyer ARI 27 July 2015 8:17
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Figure 3
An image of 12CO J = 1–0 emission constructed from the recent Center for Astrophysics campaign to examine the high-latitude sky
and the composite surveys of Dame et al. (2001) and Mizuno & Fukui (2004).

polarization anisotropies of the cosmic microwave background. The highest six of these bands are
observed with bolometers cooled to 0.1 K. Remarkably, these instruments are so sensitive that
the three lowest rotational transitions of CO are detectable even though the widths of these lines
are several orders of magnitude narrower than the bandwidth of the bolometers. Three different
extraction schemes were used to derive CO sky maps with different trade-offs in terms of angular
resolution, sensitivity, and systematics. The best angular resolution achieved was 5 arcmin and the
best sensitivity was shown to be comparable with that of the Magnani et al. (2000) high-latitude
survey. Although agreement with existing CO surveys is generally quite good, the Planck CO
maps still suffer from some level of contamination from dust, other CO lines (especially 13CO),
and the Sunyaev-Zel’dovich effect. More importantly, they lack the kinematic information that
is so important for interpreting the Galactic emission at many other wavelengths.

4. THE DISTRIBUTION OF MOLECULAR GAS IN THE GALAXY
I don’t believe any spiral arm until I see it in the l-v diagram. —R. Benjamin

The molecular phase of the ISM offers distinct advantages over the atomic phase for deter-
mining its Galactic distribution. Most of the Galactic H2 mass is contained in the large GMCs
(Section 5.1.3), which are generally far better defined than atomic clouds and can be detected and
resolved throughout the Galaxy even with a 1-m dish. These objects have a lower cloud-cloud
velocity dispersion than atomic clouds and, therefore, lower uncertainties on kinematic distances,
and they are associated with a wealth of Population I objects, which are useful in resolving the
kinematic distance ambiguity.

The main challenges for determining the molecular distribution are the kinematic distance
ambiguity within the solar circle, noncircular motions induced both locally by stellar winds
and supernovae and on a Galactic scale by density waves and the Galactic bar, and identifying,

594 Heyer · Dame
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The largest resolved
CO line emission is the
composite survey by
Dame et al. (2001)
which covers the entire
Galactic plane and
most high latitude
emission.
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Observations of CO

Planck observations

The Planck satellite
provides full sky
integrated CO
J = 1− 0 emission but
there is some
contamination from
other components
because they lack the
spectral resolution to
resolve the line.

Gulli Johannesson HI & NORDITA
CR induced interstellar emissions



XCO dependence on metallicity

Bolatto et al. (2013)

AA51CH06-Bolatto ARI 24 July 2013 10:45
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Figure 9
Conversion factor, estimated from dust-based approaches, as a function of gas-phase abundance. (a) Color points show estimates for
very nearby galaxies [from Israel (1997a), Madden et al. (1997, based on [CII]), Leroy et al. (2007, 2011), Gratier et al. (2010),
Roman-Duval et al. (2010), Bolatto et al. (2011), and Smith et al. (2012)]. Gray points show high-quality solutions from analysis of 22
nearby disk galaxies by Sandstrom et al. (2013), with typical uncertainties illustrated by the error bars near the bottom left corner.
Metallicities are from Israel (1997a), Bolatto et al. (2008), and Moustakas et al. (2010) and quoted relative to solar in the relevant system
[12 + log[O/H] = 8.7 for the first two, 12 + log[O/H] = 8.5 for the latter, which uses the metallicity calibration by Pilyugin & Thuan
(2005). Note that significant systematic uncertainty is associated with the x-axis. The color bands illustrate our recommended ranges in
αCO for the Milky Way and ULIRGs. (b) Colored lines indicate predictions for XCO as a function of metallicity from the references
indicated, normalized to XCO,20 = 2 at solar metallicity where necessary. For these predictions, we assume that giant molecular clouds
have ("GMC) = 100 M⊙ pc−2, which we translate to a mean extinction through the cloud using Equation 21. Dust-based
determinations find a sharp increase in XCO with decreasing metallicity below Z ∼ 1/3 − 1/2 Z⊙.

determined by Sandstrom et al. (2013) for a sample of 22 nearby disk galaxies. In Figure 9b, we
plot theoretical predictions for XCO as a function of metal abundance, assuming the dust-to-gas
ratio is linearly dependent on metallicity. For Wolfire, Hollenbach & McKee (2010), we plot the
equation

XCO(Z′)
XCO(Z′ = 1)

= exp
+4.0 #AV

Z′ AV,MW
exp

−4.0 #AV

AV,MW
, (28)

which is obtained from Equation 27 assuming that the dust-to-gas ratio tracks metallicity. Here
Z′ is the abundance of heavy elements and dust relative to solar, XCO(Z′ = 1) is the CO-to-H2

conversion factor at solar metallicity, and ĀV,MW is the mean extinction through a GMC at Milky
Way metallicity (ĀV,MW ≈ 5 for "GMC ≈ 100 M⊙ pc−2). The prediction for Glover & Mac Low
(2011) simply adapts their equation 16, which gives XCO as a function of AV . We assume that the
mean extinction through a cloud scales as the metal abundance, AV = Z′ AV,MW

XCO(Z′)
XCO(Z′ = 1)

=
{

1 for Z′ ĀV,MW > 3.5
(Z′ ĀV,MW)−3.5 for Z′ ĀV,MW < 3.5

(29)

In the full prediction of Narayanan et al. (2012), XCO depends on a combination of ICO and Z,
rather than metallicity alone. We cannot readily place their predictions in this plot. Instead, we
plot their equation 6, in which XCO depends on Z′ and "H2 . For each of these predictions, we
assume "H2 = 100 M⊙ pc−2, translating this to AV ,0 assuming RV = 3.1 and the dust-to-gas ratio
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H2/CO ratio should depend on the
metallicity of the molecular clouds.
There are several effects in play:

The ratio of C atoms obviously depends
on metallicity.
The dust properties that provide much of
the shielding for photo dissociation also
depend on metallicity.
Finally the properties of the stellar
distribution providing the UV radiation
field are metallicity dependent.
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Kinematic distances

VLSR in the Galactic Plane
Figure showing VLSR in the Galactic
plane for Θ(R) = Θ(R�).

Lines of sight with sin l ≈ 0 provide
no distance information.

A key benefit of line emission gas tracers over
others such as dust and γ-rays is the usage of
Doppler shift as distance estimation.
Under the assumption that the gas is in spherical
rotation around the Galactic center we can easily
turn velocity into distance

VLSR = sin l cos b
[

R�
R Θ(R)−Θ(R�)

]
where Θ(R) is the Galactic rotation curve, R� is the
radius of the sun and l and b are Galactic longitude
and latitude, respectively.
VLSR is the velocity measured with respect to the
local standard of rest that is moving in a circular
orbit around the Galactic center.
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The rotation curve

Several different methods used depending on the radius:
Inner Galaxy: The largest VLSR velocity is achieved at the tangent location where
R = R� sin l . This can be identified in the emission surveys as the emission at highest
velocities.

Turbulent and peculiar motion can make this point difficult to identify.
Around the Sun: parallax distances to H ii regions, planetary nebulae and stars are used to
measure the radius.

Affected by peculiar motions that can vary throughout the Galaxy
Outer Galaxy: Assume scale height of H i varies with radii only.

There is evidence (e.g. Levine et al. 2006) that the scale height is azimuth dependent.

All methods depend on assumption about location and velocity of the Sun.
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The rotation curve
Combination of several different approaches (Sofue et al. 2009)
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Annular distribution of CO

Ackermann et al. 2012

Using the rotation
curve of Clemens
(1985), the Dame et al.
(2001) CO survey and
the LAB H i survey can
be turned into annular
maps.
Figure from
Ackermann, M. et al.
2012, ApJ, 750, 3.
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Annular distribution of H i
Ackermann et al. 2012

Using the rotation
curve of Clemens
(1985), the Dame et al.
(2001) CO survey and
the LAB H i survey can
be turned into annular
maps.
Figure from
Ackermann, M. et al.
2012, ApJ, 750, 3.
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Results from GAIA
Katz et al. 2018, A&A, 616, 11

GAIA has measured parallax distances and
proper motions of millions of stars.
Can be used to reconstruct the velocity
field of the Galaxy around the Sun.
Clear deviations from cylindrical rotation
and considerable dispersion
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Accounting for thermal and turbulent motion

Abdo et al. 2018, ApJ, 710, 133

The line emission is
spread because of
thermal and turbulent
motion of gas in the
ISM.
Split the line emission
into components by
fitting it with a set of
Gaussian functions.
Assign gas according to
components rather
than bin-by-bin.
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Dust as an estimator of total gas column

From the internet

Depending on formation, dust should be well mixed with gas
Observations of dust column should therefore correlate with
gas column
Two methods for estimating dust: Emission (IR) and
absorption (Stars)

Emission has good and uniform coverage, but suffers from
temperature dependency
Absorption is nearly independent of temperature, but
coverage is less uniform

Absorption measurements can be used to extract distance
information.
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Dust in emission

Gray body
Intensity of the emission is strongly temperature dependent,
variation in dust temperatures from 16 K to 20 K give rise to
factor 5 difference in intensity for the same dust column.

We need to measure the dust temperature to get a good
handle on the dust column.

Dust is usually modelled as a gray body

I(ν) = Ad

(
ν

ν0

)βd+1 ehν0/(kTd ) − 1
ehν/(kTd ) − 1

where ν0 is fixed and Ad , Td , and βd are fit parameters.
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Dust observations

Data from Planck
Planck Collaboration: Di↵use component separation: Foreground maps
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Fig. 4. Spectral energy densities (SEDs) for the main astrophysical components included in the present analysis, in brightness
temperature. From left to right and top to bottom, panels show: (1) synchrotron emission; (2) free-free emission; (3) spinning dust
emission; (4) CO line emission; (5) thermal dust emission; and (6) the thermal Sunyaev-Zeldovich e↵ect. For each case, several
parameter combinations are shown to illustrate their e↵ect on the final observable spectrum. Vertical grey bands indicate the centre
frequencies of the observations listed in Table 1, but for clarity true bandwidths are suppressed. In each panel, the black dashed
line shows the CMB brightness temperature corresponding to a thermodynamic temperature of 70 µK, the CMB rms at 1� FWHM
angular scale.

observations suggest that the synchrotron spectrum is well ap-
proximated by a power law with an index of �s ⇡ �3 at fre-
quencies above 20 GHz, but with significant flattening at low
frequencies. In this paper we adopt a fixed spectral template
for the synchrotron spectrum. We use a spectrum extracted
from the GALPROP z10LMPD SUNfE synchrotron model from
Orlando & Strong (2013), as described in Planck Collaboration

XXV (2015). For brevity we will refer to this as the GALPROP
model from now on. A description of the GALPROP78 code can
be found in Moskalenko & Strong (1998); Strong et al. (2007);
Orlando & Strong (2013) and references therein. We allow this

7 http://galprop.stanford.edu/
8 https://sourceforge.net/projects/galprop

9

Planck satellite observes in 9-bands from 30
GHz to 857 GHz.
Several emission mechanism known in the
frequency range: synchrotron, free-free, CMB,
spinning dust, and CO emission lines.
Not as simple to analyse as line emission.

Requires fitting of components in each
direction.
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Extracting dust properties

Two methods can be used to convert the gray body model to dust column density:
Radiance:

∫
I(ν)dν ∝ Uσ̄Nd

Opacity: τν0 = I(ν0)/Bν(ν0) = σν0Nd
U is stellar emission and σ dust cross section

Assuming Nd ∝ NH gives us two estimates for the total column density of gas.
Adding information in shorter wavebands by IRAS improves the constraint and it is easier
to extract physical properties of the dust.
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Correlation with H i

Planck τ353

Gulli Johannesson HI & NORDITA
CR induced interstellar emissions



Correlation with H i

HI4PI + Dame
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Subtracting gas from dust

The dark neutral medium (DNM)

Linear fit of H i and CO
to E(B-V) dust map
from Schlegel et al.
1998.

E (B − V ) =∑
r

arNHI,r+∑
r

brWCO,r

The map shows the
residual emission
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Dust in absorption

Green et al. 2015, ApJ, 810, 25

only those stars that lie within 5 pc of the chosen plane. For
display purposes, we only display one out of every thousand
stars.

Just like Lallement et al. (2013), we find cavities in the dust
density in the directions of ℓ 70� n and 225n. The overall
morphology of the dust structure in the right planel of Figure 16
matches that of Figure 1 in Lallement et al. (2013).

The most obvious difference between our maps and those of
Lallement et al. (2013) is the different voxel shapes employed
in our work and theirs. Lallement et al. (2013) use small cubic
voxels, and assume a spatial correlation function that favors
similar dust densities in nearby voxels. This allows them to
densely sample the reddening distribution, with voxels that are
not directly constrained by stellar reddening measurements
being constrained by neighboring voxels. In contrast, we infer
the dust distribution in each line of sight separately, without
assuming spatial correlations in the dust density, as laid out in
Green et al. (2014). While our map has excellent angular

resolution, it has distance bins with a width of about 25%,
giving our voxels their pencil-beam shape.
Although we see roughly the same structures, such as

cavities in the reddening distribution centered on ℓ 70� n and
225n, the distances we derive for a number of clouds is greater
than the distances Lallement et al. (2013) find. In particular,
while Lallement et al. (2013) place the Cygnus rift between 500
and 600 pc, we place it at a distance of 800–1000 pc.

6. ACCESSING THE MAP

Our 3D dust map can be accessed at http://argonaut.
skymaps.info. The website provides an interface for querying
individual lines of sight, as well as the ability to download the
entire map and software to read it. We also provide an API
through the website, which allows users to query the map
remotely with a few lines of code, without the need to
download the entire data cube. The data is also accessible

Figure 13. Comparison of the median cumulative reddening out to increasing distances in the Marshall map (left panel) and our map (right panel). Regions beyond the
maximum reliable distance in our map are masked out in blue in the right panel. At large distances, the two maps agree qualitatively, with the masked regions in our
map corresponding to the most heavily obscured regions in the Marshall et al. (2006) map. The Marshall map has greater depth, but lower angular resolution, and
lower distance resolution in the nearest two to three kiloparsecs.

16

The Astrophysical Journal, 810:25 (23pp), 2015 September 1 Green et al.

Because absorption measurements only
measure dust columns between the
observer and source, we can also get
distance information.
By observing absorption from many stars
along closely aligned lines of sight we can
build an absorption profile and group the
stars in distance bins.
This results in a 3D map of dust
absorption.
Method starts to break down far away and
in highly absorbed regions.
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The Interstellar Radiation Field (ISRF)

Porter et al. 2008, ApJ 682

Three main components:
Stellar light.
Dust re-emission of stellar light.
The cosmic microwave background.

Only directly observable from our position
⇒ Need modeling codes to predict its
distribution.

Stellar distribution and properties.
Dust distribution and properties.
Radiative transport.
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The Interstellar Radiation Field (ISRF)

The interstellar medium is not transparent to stellar light
Requires calculating the radiative transport taking into account details of the Milky Way.

Spatial distribution of dust can be estimated from gas.
Dust composition also important as it affects absorption/emission properties.
Inverse Compton (IC) cross section is angle dependent so we need angular dependent
SEDs throughout the Galaxy.

A skymap of SEDs at each grid point.
Significant freedom in model properties, especially in the inner Galaxy.
Following examples calculated by means of full radiation transfer modelling using
FRaNKIE code.
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3D Interstellar radiation field (ISRF)

Porter et al. ApJ 846, 67 (2017)
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R12 includes
stellar disc, ring,
bulge, 4/2
major/minor arms
+ dust disc with
inner hole toward
GC.
F98 includes ’old’
and ’young’ stellar
discs that are
warped, spheroidal
bar, and warped
dust disc with
inner hole toward
GC.
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3D ISRF in the plane

Porter et al. ApJ 846, 67 (2017)
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Different integrated energy density distributions that reflect the stellar and dust
distributions.
In and about the inner Galaxy there is a factor ∼ 5 difference between the models.
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Estimating the CR flux – two main methods

Template method

Uses templates for the target properties
and determines the CR distribution from a
fit to γ-ray data
Does not depend on source properties and
propagation.
Fast method, no need to solve complex
propagation equations.
Generally gives a better representation of
data.

Propagation method

Assumes CR source properties and
propagation parameters to determine the
CR distribution solving the propagation
equation.
Not biased by unmodeled components.
Smoothly varying CR distribution.
Self-consistent IC emission.

Potential merger solution
Create templates using propagation codes and fit them to data. Feed fit results to propagation
code and iterate.
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High latitudes, local neighborhood

Casandjian, J. M. 2015, ApJ, 806,2
Several analysis have been performed using
the template method for nearby regions.

Most focused on nearby molecular clouds
H i template used to extract the emissivity
(Fcσc→γ) as a function of energy.
Most significant results

1 Emissivity spectrum compatible with
local observations of CR.

2 Nuclear enhancement factor is
important.

3 Significant contribution from the DNM
around molecular clouds.
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Outer Galaxy
Ackermann et al. 2010, ApJ, 726,2

Splitting the gas templates into radial bins allows the determination of the CR gradient.
Comparison with GALPROP models reveal more emission than predicted.
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Inner Galaxy

Acero et al. 2015, ApJS, 223,2

Evidence for CR spectral hardening
towards the inner Galaxy.
Depends on the underlying distribution of
the IC model

Ajello et al. 2016, ApJ, 819,1 shows that
the hardening depends on the details of
the templates.
Significant uncertainty in the spatial
distribution of the IC emission.

Selig et al. (2015, A&A, 581, 126) also
found hardening using non-templated
analysis.

Their method cannot separate gas from
IC, so difficult to assign one to the other.
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GALPROP code for CR transport and diffuse emission

Tool for modelling and interpreting CR and non-thermal emissions data for Milky Way and
other galaxies in a self consistent and realistic way.
GALPROP can be downloaded/installed locally, or run from a web-browser at the
GALPROP website: http://galprop.stanford.edu
Recently released v56 includes among other things

Spatial variation in diffusion coefficient and Alfvén speed (re-acceleration).
Generalized source distributions (2D and 3D) and spectral models.
3D gas and ISRF models.
Improved solvers for propagation – dramatic performance increase.
New integrators for non-thermal intensity map calculations.

A little warning

Note that there is no such thing as “the” GALPROP model.
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3D models for interstellar emission
Porter et al. 2017, Johannesson et al. 2018
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GALPROP v56 + 3D ISRF + 3D gas + 3D CR source density.
3 CR source density models: CR power injected according to ’Pulsars’ (2D), 50% Pulsars
+ 50% spiral arms, 100% spiral arms.
Propagation parameters adjusted for each to reproduce measurements of CRs near Earth.
Not tuned to γ-ray data.
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Interstellar Emission for SA100 + R12 + 2D gas
Fractional residual maps (model/2D reference - 1) at 10 MeV (left) and 1 GeV (right)

At 10.579315 MeV

−0.3 −0.2 −0.1 0.0 0.1 0.2 0.3

At 1184.057105 MeV

−0.3 −0.2 −0.1 0.0 0.1 0.2 0.3

Most of the enhancement in the IC component. Squared effect because spiral arms of CR
sources and ISRF align.
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Recent developments – Time dependent calculations

Porter et al. 2019, ApJ accepted arXiv/1909.02223

CRs are most likely generated in individual sources over short periods of time and not
continuously from a smooth distribution.
Transition from a smooth “sea” of old propagated CRs to distribution of freshly
accelerated sources caused by energy losses.
Most notable in IC emission at & 100 GeV energies.

Lots of photons collected by Fermi-LAT; HESS Galactic plane survey; HAWC; CTA in the
near future.
Very important to have a tool that can explore these features.

GALPROP now efficiently calculates full 3D interstellar emissions using time dependent
CR injection and/or propagation.
Implemented a discrete sampler that can use arbitray underlying source density. Number
of sources, their duration, and their size are user defined parameters.
Also allows for non-linear grid spacing to improve resolution where needed.
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Time dependent CR source distribution
Fractional residuals compared to steady state at 10, 100, and 1000 GeV

Electrons @ 12 GeV, 600 Myr
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Electrons @ 136 GeV, 600 Myr
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Electrons @ 1.6 TeV, 600 Myr
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SA50 source density, propagation parameters determined from calculations using smooth
distribution. Same average CR injected power.
Sources are 50 pc wide and are on with constant power for 100 kyr.
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Fractional Residual Movies – IC

Fracional residual skymaps compared to steady state at 4 different energies

IC emission — Time dependent - steady state / steady state.
Energy dependent effects – strongest at the highest energies, but non-negligible over
entire LAT energy range.
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Thank you

Questions?
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Higher resolution surveys
Spectrum at “identical” location

HI4PI replaces the
lower resolution LAB
survey. Observations
have changed in
overlapping regions.
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Higher resolution surveys

Galactic plane

Higher resolution also
enables better
identification and
removal of bright
background point
sources.
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Interstellar dust

Contains most of the heavy metals of the cold interstellar medium.
Sky distribution closely correlated with that of hydrogen column density.
Exact chemical composition and grain size distribution uncertain.

Graphite, silicate and polycyclic aromatic hydrocarbon (PAH) grains have been identified
Power-law size distribution with an index of ∼ −3 works well to explain observations.

Is not important as a target but is a crucial component in the dynamics of the interstellar
matter.

Efficiently scatters and absorbs radiation.
The breeding ground for molecules.

Identified through absorption of stellar light and thermal infrared emission with
temperature in the range of 15 to 20 K.
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CO longitude velocity diagram

Velocity information provides information on the large scale structure of the Galaxy.
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Fractional Residual Movies – π0-decay

π0-decay emission — Time dependent - steady state / steady state.
Effect not as large as for IC, but still significant.
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Time dependence – Summary

Even though source on time is a lot smaller than CR residence time, the resulting
calculations show a significant deviation from steady state calculations for both protons
and electrons.
Fluctutations in interstellar emission of the order of 10% at 1 GeV, up to 60% at 1 TeV for
IC emission.
Difficult to look for faint DM signal in all that noise.
Must know the CR source history to make accurate predictions – revert to statistics
otherwise.

Gulli Johannesson HI & NORDITA
CR induced interstellar emissions


