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Figure 1. (a) Fe�mi LAT all-sky map reconstructed using data from observations above 100 MeV 

accumulated over 8 yearsǯȱǻbǼȱȃHardne��ȱmapȄ, in which the high-energy (E > 2 GeV) all-sky map was 

simply divided by the low-energy (E < 2 GeV) all-sky map, for the data accumulated over 8 years. The 

shape of the Fermi bubbles is clearly visible, suggesting that their spectrum is extremely hard 

compared to that of other foreground emissions. 

quantitative information on the morphology and spectra of the Fermi bubbles, it clearly highlights 

the nature of the bubbles without any ambiguity in any chosen diffuse foreground model. Moreover, 

we can see a significant enhancement of gamma-ray emission in the southeastern part of the bubbles, 

which was one of the major discoveries reported in Ackemann et al. [19]. In contrast, there are no 

signs of diffuse structure associated with Loop I, at least in this hardness map. Therefore, if the 

gamma-ray spectrum of Loop I exists, it may be much softer than that of the Fermi bubbles.  

However, as detailed by Ackermann et al. [19], reliable images and spectra of Fermi bubbles are 

obtained only after very careful analysis and reduction of Fermi LAT data. In summary, the hadronic, 

inverse Compton, bremsstrahlung, and isotropic extragalactic background radiation comprise the 

most important foreground emission components to consider in the analysis of large-scale diffuse 

gamma-ray structures such as Fermi bubbles. These emissions are carefully modeled using the 

GALPROP cosmic-ray (CR) propagation and interaction code (e.g., [36]), after which the residual 

emission maps are used to model the Fermi bubbles. Then, the energy spectra of the components are 

found by simultaneously fitting all the spatial templates to the data. In this process, it is important to 

estimate the systematic uncertainty in the spectrum of the Fermi bubbles, which is due to the 

uncertainty in the modeling of the diffuse foreground emissions and the bubbles. From the results, 

Ackermann et al. concluded that the Fermi bubbles indeed have a very hard spectrum. The power 

law with an exponential cutoff has a power-law index *� = 1.9 ± 0.2, with cutoff energy Ecut = 110 ± 

50 GeV. Figure 2 shows the soft and hard residual emission maps for between 700 MeV and 10 GeV 

[19]. As expected from the hardness map, hard residual emission is mostly dominated by the Fermi 

bubbles. In contrast, soft residual emission is dominated by the diffuse emission aligned with Loop  

Fermi LAT images

Kataoka et al. 2018

‘Fermi 
bubbles’



HI4PI Collaboration: HI4PI: A full-sky H i survey based on EBHIS and GASS
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Fig. 2. HI4PI: all-sky column density map of H i gas from EBHIS and GASS data as integrated over the full velocity range �600  3lsr 
600 km s�1. The map is in Galactic coordinates using Mollweide projection.

overlap there are mild di↵erences between EBHIS and GASS.
Thus, a mere concatenation of the two surveys (e.g., at � = 0�)
could lead to discontinuities in the H i distribution. A sim-
ple linear interpolation between EBHIS and GASS, however,
is su�cient to mitigate these di↵erences. In the overlap area
(limited by �lo and �hi) we calculate the merged brightness
temperature as

T HI4PI
B (↵, �) =

� � �lo
�hi � �lo

T EBHIS
B (↵, �)+

�hi � �
�hi � �lo

T GASS
B (↵, �) , (1)

and we choose �lo = �5� and �hi = 0� as the declination range in
which the interpolation is to be applied.

3. Moment maps

3.1. NHI map

By integrating spectroscopic data in velocity, one can infer the
NH i column densities,

NH i
h
cm�2

i
= 1.823 ⇥ 1018

Z
d3TB(3)

h
K km s�1

i
, (2)

where TB(3) is the brightness temperature profile of the H i
gas (e.g., Wilson et al. 2013). The resulting NH i map covers
the full sky (4⇡) and is presented in Fig. 2 on a logarithmic
intensity scale. In the figure one can see the warp and flaring
of the MW disk (Kalberla & Kerp 2009, and references therein).
Furthermore, because of integrating across HI4PI’s full veloc-
ity range (�600  3lsr  600 km s�1), the NH i map does not
only contain MW disk material but also features residing in
the MW halo: the intermediate- and high velocity clouds (IVC,

HVC) and cloud complexes, as well as extra-galactic objects
such as the Magellanic Clouds (LMC and SMC) and M 31. This
contamination usually needs to be considered when working
with the NH i data and is further discussed in Sect. 3.3. For com-
pleteness, Appendix B contains a version of the NH i map using
a linear intensity scale (Fig. B.1).

We note that Eq. (2) is only correct in the optically thin limit.
For regions of high H i volume density (usually cold gas, having
low spin temperatures), mainly at low Galactic latitudes, self-
absorption occurs, such that Eq. (2) provides only a lower limit
on NH i (e.g., Radhakrishnan 1960; Gibson et al. 2005; Braun
et al. 2009; Martin et al. 2015). H i absorption spectroscopy can
in principle be used to overcome this shortcoming. For example,
in the framework of the on-going THOR survey (The H i, OH,
Recombination line survey of the Milky Way), Bihr et al. (2015)
calculate the optical depth toward the giant molecular cloud
W 43 to estimate the true H i column density. Using Galactic
continuum emitters for the H i absorption technique, however,
has the intrinsic issue that only the fraction of H i gas in front of
the continuum emitter can be accounted for. Another approach
is to study H i absorption features toward extra-galactic sources.
In both cases, however, one can only derive opacities for a rela-
tively small set of sight lines. Several studies were made to infer
a correction factor, f , from such samples (see e.g. Dickey et al.
2000; Lee et al. 2015, and references therein), where f is a func-
tion of the thin gas-approximated NH i value.

Although the aforementioned absorption studies provide
very interesting results, it is not yet feasible to perform a proper
opacity correction with the full HI4PI data set. Empirically in-
ferred correction factors show too much spread from region to
region, preventing application to the full MW disk. The situation
may change, once high-resolution absorption-line surveys of the
full MW disk are published.
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21cm neutral hydrogen column density map



Molecular gas (H2 traced by CO) 

ESA/Planck Collaboration; T. Dame et al., 2001

Taurus molecular cloud



ESA/Herschel/NASA/JPL-Caltech, CC BY-SA 3.0 IGO; 
Acknowledgement: R. Hurt (JPL-Caltech)

Taurus Molecular Cloud – Far-IR (Herschel)

Lynds 1544

water vapor!



Finkbeiner 2003

Ionized gas – H⍺



Dust emission – Millimeter wave (Planck)

ESA/Planck Collaboration; T. Dame et al., 2001



Dust emission – Millimeter wave (Planck)

ESA/Planck Collaboration; T. Dame et al., 2001



B68 – dust 
extinction at
optical 
wavelengths

~2 parsecs

ESO



Primary observational regimes
• Gamma rays - λ < 10-11 m = 0.1 Å
• X-rays - 0.1 Å ≤ λ ≤ 100 Å
• UV - 100 Å ≤ λ ≤3200 Å
• Visible (optical) - 3200 Å ≤ λ ≤ 10,000 Å = 1 µm
• Near-IR - 1 µm ≤ λ ≤ 3 µm (J, H, K bands)
• Mid-IR - 3 µm ≤ λ ≤ 40 µm
• Far-IR - 40 µm ≤ λ ≤ 300 µm
• Sub-mm - 300 µm ≤ λ ≤ 1 mm 
• mm - 1 mm ≤ λ ≤ 5 mm 
• Radio - > 5 mm



A
tm

os
ph

er
ic

 T
ra

ns
m

iss
io

n



Components of  the ISM

• Dust 
• Distribution of  grain sizes and varying composition
• Attenuates light in optical/UV
• Emits light at far-IR and mm wavelengths
• Often associated with cold, dense media but can survive in hotter environments
• Few x 108 M☉ in MW disk

• Gas
• 99% hydrogen and helium; the rest (Z > 2) ‘metals’
• Emits and absorbs light across electromagnetic spectrum 
• 7 x 109 M☉ in disk of  Galaxy (compare to 5 x 1010 M☉ in stars)
• Wide range in temperatures: few K to >107 K



Components of  the ISM

• Radiation 
• Very long wavelengths (e.g., Cosmic Microwave Background) to very high 

energies (e.g., emission from active galactic nuclei)
• Important role in heating and cooling of  medium
• Photoionization ubiquitous

• Cosmic rays
• Relativistic particles from shocks and AGN
• Can heat and ionize gas as well as dissociate molecules
• Possibly very important driver of  galactic winds
• Comparable or greater in energy density than thermal energy and radiation



Components of  the ISM

• Magnetic fields 
• Because ISM is ionized, flows of  plasma produce magnetic fields
• Important for cloud stability to collapse and cosmic ray transport
• Observed by polarization of  dust grains and, e.g., Zeeman effect in spectral lines
• Typical strength of  a microgauss



Phases of  ISM 

• Molecular clouds
• Typical T = 10-100 K and n = 102-106 cm-3

• Cold neutral medium
• T = 100 K; n = 10-1000 cm-3

• Warm neutral medium 
• T = 5000 K; n = 0.6 cm-3

• Warm ionized medium
• T = 104 K; n = 0.3 cm-3

• H II regions
• T = 104 K; n = 0.1-104 cm-3

• Hot, ionized medium 
• T > 3 x 105 K; n = 10-2-10-3 cm-3

Particle number
density

Notice: rough pressure equilibrium:
nT = 3000 K cm-3



Exercise: Mass of  the circumgalactic medium



The CGM is a major component of  a 
galaxy’s baryonic mass!

• 109 – 1011 M☉ in ‘cool’ phase (104 K) alone
• However, the CGM is multiphase!
• ‘Warm-hot’ (105-6 K) and ‘hot’ (>106 K) 

phases also significant
• Both in mass contribution and function

• Densities n = 10-5 - 10-2 cm-3

• Very diffuse gas
• Primarily observed in absorption

The Astrophysical Journal, 792:8 (21pp), 2014 September 1 Werk et al.

Figure 11. Baryonic budget (0.17 Mhalo) of the fiducial COS-Halos galaxy, at L ≈ L∗, represented as a bar chart showing the most massive baryonic components of
the galaxy. The solid filled bars are lower limits to the fraction each component will contribute, while the hatched area above the solid bars shows potential additional
contributions allowed by the data. The stars and gas in the disk of the galaxy (green) make up between 14% and 24% of the total budget, with the stellar contribution
determined from abundance matching (e.g., Behroozi et al. 2010) and the gas contribution (hatched region) estimated from H i surveys (Martin et al. 2010) and the
baryonic Tully–Fisher relation (McGaugh et al. 2010, McGaugh 2012). The cool CGM contribution of baryons ranges between 25% and 45%. We have taken the
preferred lower limit (solid blue, Section 4.2.2), and bounded it on the top end by adding a factor of three to the H i column densities of the sightlines that show
saturation. The warm-hot CGM, traced by O vi, is poorly constrained, with a contribution of at least of 5% (solid orange) from very conservative assumptions regarding
the ionization fraction of O vi (Peeples et al. 2014; Tumlinson et al. 2013) and assuming solar abundance, ranging up to 37% which allows for gas metallicities of
down to 0.1 Z#. We take the contribution from hot gas at T > 107 K from Anderson et al. (2013), which ranges from 2% to 6% (red bar), depending on the distance to
which the hot halo extends. The sum of these components is given by the black bar, illustrating that galaxies have anywhere between 45% and 100% of their baryons
relative to the cosmological fraction.
(A color version of this figure is available in the online journal.)

an L ≈ L∗ galaxy treating the COS-Halos sightlines as probes
of a single “fiducial” galaxy halo. This method leverages the
careful, unbiased sample selection of COS-Halos: galaxy-quasar
pairs were selected purely on the basis of galaxy properties with
no foreknowledge of absorption. Effectively, we have generated
the first statistical map of the CGM with 44 individual probes out
to 160 kpc that allow us to calculate the mass by exploiting our
knowledge of the gas surface density. This method requires no
assumptions about volume-filling factors and cloud sizes, and
relies only on measured column densities of low-ionization state
metal lines and H i, along with CLOUDY-derived ionization
parameters based on these quantities. In this sense, it is the
first unbiased estimate of the total baryonic budget of the
photoionized L ∼ L∗ CGM, and is independent of models of
halo gas density or dark-matter mass.

We make two estimates for the total mass of the CGM based
on the CLOUDY modeling: a strict lower limit, and a preferred
lower limit. We do so in order to account for the large systematic
errors associated with our analysis, discussed more fully in the
Appendix. Each calculation is described below, and relies upon
converting the total hydrogen column density distribution to a
gas surface density distribution by mass. For an additional mass
estimate, we calculate the mass of the CGM by estimating the
individual cloud sizes (NH/nH) and masses indicated by the
absorption along each line of sight, and populating a CGM with
these clouds to 300 kpc as is observed (Prochaska et al. 2011).

4.2.1. Strict Lower Limit

We base the strict lower limit to the baryonic mass of the
photoionized, cool CGM on three very conservative assump-
tions regarding our data: (1) the AODM H i column density we
measure from the COS spectra is the true H i column density,
regardless of whether it is saturated in the data or if adopting
this value requires assuming a super-solar gas metallicity; (2)
the lowest ionization parameter (i.e., highest neutral gas frac-
tion) allowed by the CLOUDY modeling is the true ionization
parameter of the gas; and (3) as our observations include sight-
lines that only lie up to 160 kpc (0.55 Rvir) in projection from
the massive host galaxy, we assume the gaseous CGM abruptly
“ends” beyond this value. We include the 11 non-detections in
this estimate as described in Section 4.1.

The mean total hydrogen column assuming these minimal
H i values and ionization parameters is log NH = 19 cm−2. The
best power-law fit for a gas surface density profile based on
these values, truncated to 160 kpc (0.55 R/Rvir), is given by
Equation (5). The corresponding gas surface density by mass
is 1.4 mpNH(r), abbreviated here as Σgas(r), where the factor of
1.4 corrects for the presence of helium (the other metals make
a negligible contribution to the baryonic mass). It then follows
that the total mass is

Mcool
CGM =

∫
2πRΣgas(R) dR. (8)
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Major heating and cooling processes
Heating
• Shocks 

• supernovae, supermassive black hole feedback, accretion shocks
• Photoelectrons 

• H/He atoms or dust grains are photoionized – excess energy goes to kinetic energy of  free 
electrons 

• Cosmic rays
Cooling
• Adiabatic expansion

• Gas loses internal (thermal energy) by ‘doing’ p-V work
• Line emission

• X-ray - UV - optical - IR – radio
• Continuum emission

• Thermal continuum, synchrotron, free-free (bremstrahllung)



Tying it all together (sort of)
10 CHAPTER 1

Figure 1.3 Flow of energy in the Milky Way.

ground, far-infrared (FIR) emission from dust, and starlight. It is a remarkable
fact that in the local ISM, today, these energy densities all fall within the range
0.2 − 2 eV cm−3 – see Table 1.5. This near-equipartition is partly coincidental –
the fact that the energy density in the CMB is similar to the other energy densities
is surely accidental – but the other six energy densities are in fact coupled: the
magnetic energy has been built up by fluid motions, so it is probably not a coin-
cidence that the magnetic energy density B2/8π and the turbulent energy density
(1/2)ρv2 are comparable in magnitude. Similarly, if the cosmic ray energy den-
sity were much larger, it would not be possible for the magnetized ISM to confine
the cosmic rays, and they would be able to escape freely from the Galaxy – this
negative feedback limits the cosmic ray energy density to approximate equiparti-
tion with the sum of the turbulent energy density and thermal pressure in the ISM.
The fact that the starlight energy density is comparable to the gas pressure may be
coincidental. However, if the starlight energy density were much larger (by a fac-
tor ∼102), radiation pressure acting on dust grains would be able to “levitate” the
ISM above and below the Galactic midplane, presumably suppressing star forma-
tion; this feedback loop may play a role in regulating the starlight energy density in
star-forming galaxies.

The ISM is far from thermodynamic equilibrium, and it is only able to maintain
this nonequilibrium state because of the input of “free energy,” primarily in the
form of ultraviolet radiation emitted by stars, but with a significant and important
contribution of kinetic energy from high-velocity gaseous ejecta from supernovae.
The overall flow of energy in the ISM is sketched in Figure 1.3. Ultimately, nearly
all of the energy injected into the ISM in the form of starlight and kinetic energy
of stellar ejecta is lost from the galaxy in the form of emitted photons, departing to
the cold extragalactic sky.

BLACK HOLES
accretion disks, jets

X-ray/UV
photons

mechanical 
power
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[simulation movies]


