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Figure 1. Panels showing three different projections: first column shows the unrotated simulated galaxy, the second one shows an edge-on view, and the third shows
the galaxy face-on. The different rows show the H i column density map (first), velocity map (second), and the H i mass as a function of distance. Both the H i column
density and velocity maps have a cutoff of 1014 cm−2 in column density; lines of sight with lower column densities were masked in black. The H i mass distribution
in the third row is calculated using annuli of 1 kpc thickness.
(A color version of this figure is available in the online journal.)

bigger field of view at z = 0). The edge-on view depicts a
small warp to the right of the disk, which interestingly points in
the direction of stripped gas material that is located below the
disk. This is suggestive of the warp being caused by the satellite
as it approached the disk. The face-on projection shows that
many of these clouds were once part of coherent structures that
fragmented as they approached the disk.

The velocity maps presented in the second row use the line-
of-sight velocity for direct comparison with observations. We
only include velocity cells with an H i column density above
1014 cm−2 when making the map. We subtract the systemic
velocity of the galaxy and plot velocities between −400 and
400 km s−1. The kinematics of the clouds overall follow the
rotation of the disk. The big complex seen in the bottom right-

hand corner of the unrotated view is at the systemic velocity,
indicating that the gas is not moving significantly with respect
to the galaxy. The gas in the immediate vicinity of the disk
has velocities indicating infall. We also see the warp in the
kinematics of the edge-on view, but most of the H i gas in its
proximity is near the systemic velocity, not showing a direct
connection to the warp. The face-on projection does not show
any extreme behavior in the clouds’ velocity, since most of
the visible gas in that projection is near the systemic velocity.
Overall, the three viewing angles show that most of the cold
halo gas structures have velocities near the systemic velocity or
have velocities that indicate infall. This is consistent with the
appearance of gas motions in a movie made from multiple time
steps in the simulation, where we see gas accreting onto the disk.
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cool gas accretion	

onto Milky Way disk	


Casandjian & Grenier (2008) to include dark neutral medium
(DNM) gas (Grenier et al. 2005b; Ade et al. 2011, 2014b) and
to study the influence of the interstellar emission model on the
detection of γ-ray sources.

The Large Area Telescope (LAT; Atwood et al. 2009) is the
main γ-ray detector of the Fermi Gamma-ray Space Telescope
(Fermi) launched on 2008 June 11. Its pair-production towers
collect γ rays in the energy range from 20MeV to greater than
300 GeV. Fermi was operated in all-sky survey mode for most
of its first four years of operation, allowing the LAT, with its
wide field of view of about 2.4 sr, to image the entire sky every
two orbits (or three hours). The survey mode, together with an
on-axis effective area of ∼8000 cm2 and a 68% containment of
the point-spread function (PSF) of 0°.8 at 1 GeV, make the LAT
data well suited for studies of interstellar emission and large-
scale structures.

Figure 1 shows four years of LAT data together with
observations65 from SAS-2, COS-B, and EGRET. At LAT
energies, the diffuse γ-ray emission of the Milky Way
dominates the sky. It contributes five times more photons
above 50MeV than point sources, half of them originating
from within 6° of the Galactic midplane. The diffuse emission
is bright and structured, especially at low Galactic latitudes,
and is a celestial background/foreground for detecting and
characterizing γ-ray point sources. Standard LAT analyses
based on model-fitting techniques to study discrete sources of γ
rays require an accurate spatial and spectral model for the

Galactic diffuse emission. The LAT Collaboration has
previously released two Galactic Interstellar Emission Model
(GIEM) versions based on the template approach correspond-
ing to gll_iem_v02.fit66 and gal_2yearp7v6_v0.fits67 tuned,
respectively, to 10 months and 24 months of observations. The
template method was also applied to LAT observations for
studying the interstellar emission in several dedicated regions
(Abdo et al. 2010a; Ackermann et al. 2011b, 2012c, 2012a;
Ade et al. 2014b, 2014b). This paper describes the GIEM
recommended for point-source analyses of the LAT Pass 7
reprocessed data (P7REP) where events have been recon-
structed using updated calibrations for the subsystems of the
LAT (Bregeon & Charles 2013).
An alternative method for modeling interstellar emission

consists of a priori calculations of the CR density and folding
this density with γ-ray production cross-sections. This method
was used to derive the official EGRET interstellar model
(Bertsch et al. 1993). The model was based on the assumption
that the CR density distribution follows the density of matter
convolved with a two-dimensional Gaussian distribution whose
width, representing the matter and CR coupling scale, was left
as an adjustable parameter in a fitting procedure applied to
EGRET observations. In this model, the molecular-hydrogen-
to-CO conversion factor (XCO) was also left free to vary.
Hunter et al. (1997) found good agreement between the model
and EGRET observations, except for an excess of γ rays

Figure 1.Mollweide projection in Galactic coordinates of accumulated counts maps for SAS-2, COS-B, EGRET (above 50 MeV), and Fermi-LAT (above 360 MeV, 4
years, Clean class events). Regions with enhanced numbers of counts due to a non-uniform exposure time in observations with pointed observations are apparent in
panels corresponding to SAS-2, COS-B, and EGRET.

65 ftp://heasarc.gsfc.nasa.gov

66 http://fermi.gsfc.nasa.gov/ssc/data/access/lat/ring_for_FSSC_final4.pdf
67 http://fermi.gsfc.nasa.gov/ssc/data/access/lat/Model_details/
Pass7_galactic.html
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Fig. 7.— Left: The standard view – gas shocks at Rvir, becomes pressure-supported, then cools

down and settles in a disk; Right: The new paradigm – some of the gas shocks, but the majority

enters the DM halo in the cold phase along the filaments feeding the disk growth.

filaments and penetrating deeply – this radical shift in understanding has led to a new
paradigm (Fig. 7).

5.2. Accretion shock?

Birnboim & Dekel (2003) have performed an idealised analytical study of gas accretion

on a spherical DM halo, assuming two alternatives: an adiabatic equation of state and
radiative cooling. The solution has been tested with a 1-D hydrodynamic code. The incoming

gas is not virialised and therefore its motion is supersonic, creating favourable conditions
for the virial shock – its existence and stability have been analysed. The crucial support for
this shock comes from the post-shock gas. If the virialised gas is adiabatic or its cooling is

inefficient, the shock-heated gas becomes subsonic (with respect to the shock) and its support
for the shock remains stable, with the shock positioned at ∼Rvir. This is always the case for

the adiabatic gas, which is also stable against gravitational collapse (i.e., Jeans instability)
if the adiabatic index γ> 4/3. Gravitationally unstable gas will collapse to the centre, thus

removing support from the shock, which will rapidly move inwards. The gas can be treated
as adiabatic when the radiative cooling timescale is longer than the collapse timescale. The
gravitational stability condition is slightly modified for gas with radiative cooling to an

effective adiabatic index which includes the time derivatives, γeff ≡ (d lnP/dt)/(d ln ρ/dt).
Its critical value, γeff > γcrit≡ 2γ/(γ + 2/3)=10/7, is close to the adiabatic case. Here P

and ρ are thermal pressure and density in the gas. For a monatomic gas with γ=5/3, this
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Figure 1. Comparison of the median accretion rates through the virial shell for the different wind prescriptions. Solid curves: no winds. Dashed: constant-
velocity winds with vw = 342 km s−1 and mass loading η = 1 (winds). Dotted: constant-velocity winds with vw = 342 km s−1 and mass loading η = 2
(swinds). Dash–dotted: constant-velocity winds with vw = 684 km s−1 and mass loading η = 2 (fwinds). The thick grey lines show the fit of FMB10 to the
DM growth rate, scaled by ("m − "b)/"m since these authors studied a DM-only simulation.

nuclei (AGN), not included here, is probably responsible for sup-
pressing the galaxy mass function in this mass regime (e.g. Croton
et al. 2006; Hopkins et al. 2008; Somerville et al. 2008).

Comparing the net and pure infall baryonic accretion rates is
useful for assessing whether the net influx is affected by galactic
winds solely because of the negative contribution from outflowing
material, or whether infalling material can also be effectively kept
out of haloes via interactions with the outflows. If galactic winds
simply eject material from the haloes but do not significantly dis-
rupt infalling baryonic structures, then the pure infall rates should
be insensitive to the wind prescription, even if the net accretion
rates depend strongly on it. This comparison is particularly instruc-
tive for the cold gas component, as it is predicted to provide most
of the fuel for star formation (e.g. Kereš et al. 2005, 2009a). As
Fig. 2 shows, the pure infall Ṁ in

cold rates are indeed less sensitive to
the wind prescription than the net rates (cf. Fig. 1), and relatively
weakly dependent on it for the winds and swinds simulations, with
vw = 342 km s−1. For our more extreme swinds simulation with
vw = 684 km s−1 and η = 2, however, even the pure infall cold gas
accretion rates are substantially affected at most redshifts, indicat-
ing that the outflows can in fact affect the infalling cold filaments.
This is consistent with the inference of Oppenheimer et al. (2010)
based on the suppression of the star formation rates by outflows (see
also Section 3.2.2), but is for the first time directly shown here.

In Fig. 3, we show how the net cold gas accretion rate varies with
redshift and halo mass, for the no-wind simulations, but through
shells of radii Rs = Rvir, 0.5Rvir and 0.2Rvir (#Rs = 0.2Rvir, 0.2Rvir

and 0.1Rvir). This illustrates how deep the cold gas penetrates into
haloes in different regimes. While at z ≥ 2 the cold gas accretion

rate is significant down to 0.2Rvir even in haloes of mass Mh !
1011.5 M# that are dominated by hot gas (Section 3.3), the cold gas
accretion rate at small radii is markedly suppressed in those haloes
at z ≤ 1. This confirms the persistence of cold streams into massive
haloes at high redshift (Kereš et al. 2005, 2009a; Ocvirk et al. 2008),
arising from the short cooling times in the dense gas brought in along
the DM filaments into rare haloes (Dekel & Birnboim 2006). This
phenomenon operates increasingly less efficiently at z < 2 as the
densities become lower, the cooling times correspondingly longer,
and haloes of a given mass become more abundant and tend to
reside inside large DM filaments, rather than at their intersection
(Katz et al. 2003). In addition to shocking, the decreasing cold gas
accretion rates with decreasing radius are caused by accretion by
satellite galaxies on the way down to the centre of the main halo
(e.g. Kereš et al. 2009a; Simha et al. 2009).

In some regimes, particularly in high-mass haloes, the hot gas
accretion rates are found to be insensitive to the outflow prescription
(see also van de Voort et al. 2011). This indicates that outflows
have a small impact on gas shocking at the virial radius. However,
this does not hold universally and Fig. 1 shows significant outflow
dependences at lower masses, where winds can reach the virial
radius with significant velocities.

3.2 Validity of simple scaling relations

One motivation for quantifying the baryonic accretion rates on to
haloes is to provide more realistic ingredients for galaxy formation
models, i.e. to extend the standard framework based on DM-only
results that has been the backbone of most theoretical models so far.

C© 2011 The Authors, MNRAS 417, 2982–2999
Monthly Notices of the Royal Astronomical Society C© 2011 RAS
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cold rates are indeed less sensitive to
the wind prescription than the net rates (cf. Fig. 1), and relatively
weakly dependent on it for the winds and swinds simulations, with
vw = 342 km s−1. For our more extreme swinds simulation with
vw = 684 km s−1 and η = 2, however, even the pure infall cold gas
accretion rates are substantially affected at most redshifts, indicat-
ing that the outflows can in fact affect the infalling cold filaments.
This is consistent with the inference of Oppenheimer et al. (2010)
based on the suppression of the star formation rates by outflows (see
also Section 3.2.2), but is for the first time directly shown here.

In Fig. 3, we show how the net cold gas accretion rate varies with
redshift and halo mass, for the no-wind simulations, but through
shells of radii Rs = Rvir, 0.5Rvir and 0.2Rvir (#Rs = 0.2Rvir, 0.2Rvir

and 0.1Rvir). This illustrates how deep the cold gas penetrates into
haloes in different regimes. While at z ≥ 2 the cold gas accretion

rate is significant down to 0.2Rvir even in haloes of mass Mh !
1011.5 M# that are dominated by hot gas (Section 3.3), the cold gas
accretion rate at small radii is markedly suppressed in those haloes
at z ≤ 1. This confirms the persistence of cold streams into massive
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velocity winds with vw = 342 km s−1 and mass loading η = 1 (winds). Dotted: constant-velocity winds with vw = 342 km s−1 and mass loading η = 2
(swinds). Dash–dotted: constant-velocity winds with vw = 684 km s−1 and mass loading η = 2 (fwinds). The thick grey lines show the fit of FMB10 to the
DM growth rate, scaled by ("m − "b)/"m since these authors studied a DM-only simulation.

nuclei (AGN), not included here, is probably responsible for sup-
pressing the galaxy mass function in this mass regime (e.g. Croton
et al. 2006; Hopkins et al. 2008; Somerville et al. 2008).

Comparing the net and pure infall baryonic accretion rates is
useful for assessing whether the net influx is affected by galactic
winds solely because of the negative contribution from outflowing
material, or whether infalling material can also be effectively kept
out of haloes via interactions with the outflows. If galactic winds
simply eject material from the haloes but do not significantly dis-
rupt infalling baryonic structures, then the pure infall rates should
be insensitive to the wind prescription, even if the net accretion
rates depend strongly on it. This comparison is particularly instruc-
tive for the cold gas component, as it is predicted to provide most
of the fuel for star formation (e.g. Kereš et al. 2005, 2009a). As
Fig. 2 shows, the pure infall Ṁ in

cold rates are indeed less sensitive to
the wind prescription than the net rates (cf. Fig. 1), and relatively
weakly dependent on it for the winds and swinds simulations, with
vw = 342 km s−1. For our more extreme swinds simulation with
vw = 684 km s−1 and η = 2, however, even the pure infall cold gas
accretion rates are substantially affected at most redshifts, indicat-
ing that the outflows can in fact affect the infalling cold filaments.
This is consistent with the inference of Oppenheimer et al. (2010)
based on the suppression of the star formation rates by outflows (see
also Section 3.2.2), but is for the first time directly shown here.

In Fig. 3, we show how the net cold gas accretion rate varies with
redshift and halo mass, for the no-wind simulations, but through
shells of radii Rs = Rvir, 0.5Rvir and 0.2Rvir (#Rs = 0.2Rvir, 0.2Rvir

and 0.1Rvir). This illustrates how deep the cold gas penetrates into
haloes in different regimes. While at z ≥ 2 the cold gas accretion

rate is significant down to 0.2Rvir even in haloes of mass Mh !
1011.5 M# that are dominated by hot gas (Section 3.3), the cold gas
accretion rate at small radii is markedly suppressed in those haloes
at z ≤ 1. This confirms the persistence of cold streams into massive
haloes at high redshift (Kereš et al. 2005, 2009a; Ocvirk et al. 2008),
arising from the short cooling times in the dense gas brought in along
the DM filaments into rare haloes (Dekel & Birnboim 2006). This
phenomenon operates increasingly less efficiently at z < 2 as the
densities become lower, the cooling times correspondingly longer,
and haloes of a given mass become more abundant and tend to
reside inside large DM filaments, rather than at their intersection
(Katz et al. 2003). In addition to shocking, the decreasing cold gas
accretion rates with decreasing radius are caused by accretion by
satellite galaxies on the way down to the centre of the main halo
(e.g. Kereš et al. 2009a; Simha et al. 2009).

In some regimes, particularly in high-mass haloes, the hot gas
accretion rates are found to be insensitive to the outflow prescription
(see also van de Voort et al. 2011). This indicates that outflows
have a small impact on gas shocking at the virial radius. However,
this does not hold universally and Fig. 1 shows significant outflow
dependences at lower masses, where winds can reach the virial
radius with significant velocities.

3.2 Validity of simple scaling relations

One motivation for quantifying the baryonic accretion rates on to
haloes is to provide more realistic ingredients for galaxy formation
models, i.e. to extend the standard framework based on DM-only
results that has been the backbone of most theoretical models so far.
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DM growth rate, scaled by ("m − "b)/"m since these authors studied a DM-only simulation.

nuclei (AGN), not included here, is probably responsible for sup-
pressing the galaxy mass function in this mass regime (e.g. Croton
et al. 2006; Hopkins et al. 2008; Somerville et al. 2008).

Comparing the net and pure infall baryonic accretion rates is
useful for assessing whether the net influx is affected by galactic
winds solely because of the negative contribution from outflowing
material, or whether infalling material can also be effectively kept
out of haloes via interactions with the outflows. If galactic winds
simply eject material from the haloes but do not significantly dis-
rupt infalling baryonic structures, then the pure infall rates should
be insensitive to the wind prescription, even if the net accretion
rates depend strongly on it. This comparison is particularly instruc-
tive for the cold gas component, as it is predicted to provide most
of the fuel for star formation (e.g. Kereš et al. 2005, 2009a). As
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and haloes of a given mass become more abundant and tend to
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(see also van de Voort et al. 2011). This indicates that outflows
have a small impact on gas shocking at the virial radius. However,
this does not hold universally and Fig. 1 shows significant outflow
dependences at lower masses, where winds can reach the virial
radius with significant velocities.
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Figure 1. Panels showing three different projections: first column shows the unrotated simulated galaxy, the second one shows an edge-on view, and the third shows
the galaxy face-on. The different rows show the H i column density map (first), velocity map (second), and the H i mass as a function of distance. Both the H i column
density and velocity maps have a cutoff of 1014 cm−2 in column density; lines of sight with lower column densities were masked in black. The H i mass distribution
in the third row is calculated using annuli of 1 kpc thickness.
(A color version of this figure is available in the online journal.)

bigger field of view at z = 0). The edge-on view depicts a
small warp to the right of the disk, which interestingly points in
the direction of stripped gas material that is located below the
disk. This is suggestive of the warp being caused by the satellite
as it approached the disk. The face-on projection shows that
many of these clouds were once part of coherent structures that
fragmented as they approached the disk.

The velocity maps presented in the second row use the line-
of-sight velocity for direct comparison with observations. We
only include velocity cells with an H i column density above
1014 cm−2 when making the map. We subtract the systemic
velocity of the galaxy and plot velocities between −400 and
400 km s−1. The kinematics of the clouds overall follow the
rotation of the disk. The big complex seen in the bottom right-

hand corner of the unrotated view is at the systemic velocity,
indicating that the gas is not moving significantly with respect
to the galaxy. The gas in the immediate vicinity of the disk
has velocities indicating infall. We also see the warp in the
kinematics of the edge-on view, but most of the H i gas in its
proximity is near the systemic velocity, not showing a direct
connection to the warp. The face-on projection does not show
any extreme behavior in the clouds’ velocity, since most of
the visible gas in that projection is near the systemic velocity.
Overall, the three viewing angles show that most of the cold
halo gas structures have velocities near the systemic velocity or
have velocities that indicate infall. This is consistent with the
appearance of gas motions in a movie made from multiple time
steps in the simulation, where we see gas accreting onto the disk.
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Gas Accretion via Condensation and Fountains 23

tain clouds, where coronal condensation occurs. The properties of the intermediate-
temperature material with respect to the HI (velocity lag and relative density) were
derived from hydrodynamical simulations like those in §4. Figure 11b shows the
areas in the longitude-velocity space where the fountain model predicts the pres-
ence of intermediate-temperature gas compared to the data (points, Lehner et al.,
2012). A statistical test shows that 94% of the detected low-ionization absorbers
are consistent with being produced in fountain wakes. The model also predicts the
observed number of features along a typical line of sight and explains the large line
broadening as due to turbulence in the wake. We stress that to obtain these results,
the parameters of the fountain accretion model were not fit to the COS data but kept
fixed to those (see Table 2) that reproduce the kinematics of the HI (Fig. 9).

Fig. 11 a) A sketch of a fountain cloud, ejected from the disc by supernova feedback and interact-
ing with the hot gas in the corona. In the turbulent wake, coronal gas mixes with high-metallicity
disc material triggering the condensation of a fraction of the corona, which is then accreted onto
the disc. An observer looking toward a background source intercepting the wake detects absorp-
tion lines from the ionized intermediate-temperature material. An observer looking toward the cold
front detects HI emission at velocities typical of IVCs and, occasionally, HVCs. b) Predicted loca-
tions (darker shades show higher probability regions) in longitude and velocity of the intermediate-
temperature material based on the fountain accretion model. The points show the HST/COS ab-
sorption features detected in the temperature range 4.3< log(T/K)< 5.3. The vast majority (94%)
of this ionized gas is consistent with being generated in wakes of fountain clouds.

We now turn to the Galactic HVCs (Wakker & van Woerden, 1997), whose ori-
gin has been debated since their discovery with the two competing scenarios being
either gas accreting from the intergalactic medium into the Milky Way (Oort, 1970)
or galactic fountain material (Bregman, 1980). The estimate of a low metallicity for
the prototypical cloud complex C (Wakker et al., 1999) pointed strongly at an exter-
nal origin but the source of the accretion remained unknown. With the exclusion of
spontaneous thermal instabilities in the corona (Binney et al., 2009), others possibil-
ities are gas from satellites (Olano, 2008) or accretion from cosmological filaments
(Fernández et al., 2012). Fraternali et al. (2015) investigated whether complex C
could have originated by the blowout of a powerful superbubble in the disc of the
Milky Way that seeded the condensation of a large fraction of the lower corona.

Fraternali 17	
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Figure 1
The distribution of HI (shaded clouds and plus symbols) and ionized high-velocity gas (circles and diamonds) on the sky with color denoting
the local-standard-of-rest (LSR) velocity of the detection. The HI map was created with LAB data by Westmeier (2007) by removing
the HI model of the Milky Way from Kalberla & Kerp (2009). The plus symbols represent the small HI compact high-velocity clouds
(CHVCs) detected with other datasets (de Heij, Braun & Burton 2002; Putman et al. 2002), open circles are the OVI absorption line
detections (Sembach et al. 2003), solid circles are the Si absorption line detections (Shull et al. 2009), and diamonds are the ionized
HVCs (IHVCS) at !15 kpc (Lehner & Howk 2011). Multiple colors for a symbol indicate multiple absorbers along the line of sight.
The positions of the major HI HVC complexes (with S to indicate the Smith cloud) and the Large Magellanic Cloud (LMC), Small
Magellanic Cloud (SMC), M31, and M33 galaxies are noted. The AC Shell appears in this map, but is considered an intermediate
velocity cloud.

Clouds of all sizes can be grouped into complexes of most likely related clouds on the basis of
their spatial and kinematic proximity as labeled in Figures 1 and 2. In the Southern Hemisphere,
the HVCs that dominate in sky coverage and mass are associated with the Magellanic System.
In particular, the complexes labeled MS and LA are the trailing Magellanic Stream and Leading
Arm, respectively (recent references include Putman et al. 1998, 2003b; Stanimirović et al. 2002,
2008; Putman 2004; Brüns et al. 2005; Westmeier & Koribalski 2008; Nidever et al. 2010). These
complexes were created from the interaction of the Large and Small Magellanic Clouds (LMC
and SMC) with each other and with the Milky Way. The MS is a long, continuous structure
with a well-defined velocity and column density gradient, whereas the LA is a collection of clouds
throughout the region leading the Magellanic Clouds. In the Northern Hemisphere there are a
number of complexes of similar spatial size, but Complex C is the largest. The best way to view
the HI component of the complexes at their approximate distances (see Section 2.2) is through
the three-dimensional Figure 3. In both hemispheres there are a number of small clouds called
compact HVCs (CHVCs), which have been claimed to be at large distance due to their size (<2◦ in
diameter) and relative isolation (Braun & Burton 1999; de Heij, Braun & Burton 2002). CHVCs
can largely be associated with known HVC complexes in position-velocity space as shown by
the plus symbols in Figures 1 and 2 and therefore unlikely to be at greater distance. Even the
ultracompact HVCs (!20 arcmin) have been shown to be related to HVC complexes (Saul et al.
2012). None of the CHVCs or HVC complexes have a clear association with stellar features in
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high velocity clouds in the Milky Way	

- HI emission (and/or absorption, T~<104 K), NHI ~ 1017-1020 cm-2	


- large deviations from Galactic rot. |VLSR|>90 km/s, v3D~few 100 km/s	

- HVC complexes: D~2-15 kpc, MHI~105-5×106 M

☉

, Z~0.1-0.5 Z
☉	


- Magellanic Stream: D>~55 kpc, MHI~3×108 M
☉

D55kpc
2, Z~0.1-0.3 Z

☉	

- compact HVCs: θ~<2°	

- associated warm ionized gas (T~104-105 K), likely dominant in mass	


n ~0.1 cm-3 NHI,20 θdeg
-1 D10kpc

-1	
Putman+ 12 �

net inflow Ṁacc,HI~0.2-0.7 M
☉

/yr	

also seen in M31, M33, etc.	
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Figure 3
The warped Galactic plane; average midplane positions as derived from the Leiden-Argentine-Bonn 21-cm
line survey by fitting three basic modes. Isophotes are from z0 = −2 to 5.5 kpc in steps of 0.5 kpc. The z =
0 plane is inclined by 60◦ and viewed from φ = 15◦. The location of the Sun is indicated by the yellow dot.
The blue dashed lines mark quadrants in azimuth and distances R = 10, 20, 30, and 40 kpc, respectively.

Unfortunately, the straightforward solution of Equation 1 yields large north/south asymmetries
in the column density distribution of the outer disk, which leads to vital debates on their origins
(e.g., Kerr 1962, Blitz & Spergel 1991, Kuijken & Tremaine 1994). Levine, Blitz & Heiles (2006a)
solved the asymmetries by assuming elliptical gas orbits. Large-scale mass asymmetries are found
to be consistent with this empirical approach (Kalberla et al. 2007); deviations can amount to
∼15 km s−1 at R ∼ 25 kpc.

3.1.2. The warp. For a description of the global properties of the Hi distribution in the Milky
Way it is necessary to consider the bending of the Galactic plane (Henderson, Jackson & Kerr
1982), noticeable at R ! 9 kpc in Hi but also in CO clouds, in stars, in Hii regions, and in
other tracers (Wouterloot et al. 1990). The reliability of the LAB database makes it possible to
extend the determination of the Hi warp parameters out to large Galactocentric radii, where
the Hi emission lines show up as faint profile wings at large velocities. Levine, Blitz & Heiles
(2006a) identified three basic warp modes for R " 30 kpc. Kalberla et al. (2007) extended their
analyses and found that these warp modes remain surprisingly well defined even out to R ∼ 40 kpc.
Figure 3 displays a perspective view of the warped plane z0(R, φ) looking approximately across
the center in a direction toward the Sun.

3.1.3. Midplane and surface density distribution. Taking the warp into account it is possible
to derive the average Hi volume density n0(R) at midplane (Figure 4). The radial distribution is
approximately exponential for 7 " R " 35 kpc; n(R, z0) ∼ n0 · e−(R−R#)/Rn with n0 = 0.9 cm−3

and Rn = 3.15 kpc. There are systematic differences between the northern and southern parts of
the disk in the azimuth ranges of 0◦ < φ < 180◦ and 180◦ < φ < 360◦, which has been known
for a long time (e.g., Kerr 1962). For radii in excess of R = 15 kpc, the dominant fraction of the
neutral gas is located in the Southern Hemisphere. A similar trend n(R) ≈ e−0.3R was found by
Strasser & Taylor (2004) from CGPS data with R " 20 kpc.
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high velocity clouds: fuel for star formation?	

accretion rate Ṁacc inc. both cold+warm	

- no MS, low warm: 0.1-0.4 M

☉

/yr -> too low for SF?   Putman+ 12	

- no MS, high warm: 0.45-1.40 M

☉

/yr -> just right?   Lehner & Howk 11	

- inc. MS: >5 M

☉

/yr -> more than enough?   Richter 17	
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Figure 5. Specific entropy distribution in two of our models with the initial cloud height of 8 kpc. Each column corresponds to a time slice at (from left to right)
t = 0, 18, 25, 35, and 65 Myr. (a) With an initial overdensity of 4, the cloud does not have sufficient time to cool before being disrupted via KHI. (b) With an initial
overdensity of 10, the cloud cools and condenses, lowering the specific entropy of the cloud (see the third column). Afterward, again due to KHI, the cloud mixes with
the surrounding hotter gas (last column). The color bar shown at the bottom applies to both models.
(A color version of this figure is available in the online journal.)

Figure 6. Time evolution of maximum density (dotted), minimum temperature (dashed), and minimum specific entropy (solid) in the two models presented in Figure 5,
showing the fractional change from their respective initial values. (Note that the vertical ranges are different in the two plots.) Unlike in the δ = 10 model (right), the
δ = 4 model (left) does not cool significantly before disruption at t ≈ 60 Myr. The density increase due to compression leads to adiabatic heating of the cloud (note
that the specific entropy is nearly constant in time in the left column), which slows cooling. For these figures, cells with the minimum 3% in terms of specific entropy
were used, with averages weighted by mass.

for clouds which clearly cooled (entropy drop larger than 50%),
while a triangle is used for intermediate cases (entropy decrease
between 20% and 50%).

The results define a clear separation between clouds that can
cool and those that cannot, based on the ratio tcool/taccel ≈ 1.0
(or equivalently, tcool/tBV = 0.12). For ratios lower than this
critical value, the cloud can cool (at least somewhat), while
above it, it is disrupted before significant cooling can occur.
This holds true for a wide variety of cloud overdensities and
initial heights, and is the primary result of this paper.

We have assumed the gas to have a metallicity of 0.3 Z",
but the metallicity of the hot halo, or inflowing clouds, is
actually uncertain. High metallicity gas will have shorter cooling
times and hence will be more likely to condense out than low-
metallicity gas, while low metallicity has the opposite effect.

To explore this, we have repeated all runs with primordial
metallicity (shown as black symbols in Figure 7), and in
addition have carried out a run with Z = 0.1 Z" and one with
Z = 0.5 Z" (see Table 1 for results). The change in metallicity
affects the cooling rate but we see that these models are still
consistent with the relation defined above (i.e., the ratio of
tcool/taccel).

We have also explored the use of the ratio tcool/tdyn, employing
tdyn = (2h/g)1/2 instead of taccel as the disruption timescale.
This ratio is quite good at predicting whether a given cloud
will be able to cool before disruption, but does not seem to be
as sensitive as tcool/taccel for borderline cases. This may not be
surprising, as the dynamical time is a measure of the time to
reach the midplane, while the cloud is sensitive to disruption
due to large velocities.
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integrated intensity map (Figure 1), GS040 appears as a complete
circular ring of radius _ n1 .3 with complicated structures inside.
More detailed structures can be seen in Figure 2, which presents
velocity-channel maps. At the most negative velocities
(_�120 km s−1), we see diffuse emission with embedded knotty
filaments near the center and an extended filament in the south.8

The features are observable at even more negative velocities
(−150 km s−1 � � �v 120LSR km s−1), but they are extremely
weak and hard to detect in velocity-channel maps. As the velocity
increases ( 2 �v 90LSR km s−1), the nebulosity fades out, and a
larger (_ n2 .6) ring structure appears that resembles a cartwheel
with a bright central “hub” and several “spokes” (see also
Figure 1). The size of the ring increases slightly with velocity,
indicating that the ring structure is an approaching portion of an
expanding shell. At velocities greater than about −70 km s−1, the
Galactic background H I emission becomes dominant, and the
emission associated with GS040 is less clear.

At the very center of GS040 is the HVC CHVC040. The
positional coincidence of CHVC040 with the GS040ʼs central
hub is striking, as can be seen in Figure 3, which is the
position–velocity map crossing the center of GS040. The
morphological agreement between the two is also noticeable.
Our high-resolution Arecibo H I image reveals that CHVC040
has a blunt cone shape with a steep southwestern boundary and
a faint envelope flaring out northeast (Figure 4). This
morphology of CHVC040 matches well with that of the
central hub of GS040, e.g., see Figure 1 and also the channel
map at −88 km s−1 in Figure 2.

Figure 4 shows the detailed spatial and velocity structures of
CHVC040. The integrated intensity map in the left frame
shows that CHVC040 has a bright _ a q a12 15 -sized “core”
elongated along the northeast–southwest direction. The core
appears to be composed of several clumps with a sharp
boundary at southwest, whereas the diffuse envelope appears to
be slightly more extended toward southeast. The mean H I
column density, assuming that the emission is optically thin, is

q �1.5 10 cm19 2, while the peak H I column density is about

two times higher. The velocity centroid map in the middle
frame shows that systemic velocity attains its most negative
value (1�290 km s−1) at the southwestern boundary and most
positive value (_�260 km s−1) along the southeastern bound-
ary and also in the middle of the northwestern boundary. The
mean systematic velocity is −282 km s−1. If the most positive
feature in the northwestern boundary were not present, the
velocity structure could have been suggestive of a rotation with
respect to the northeast–southwest symmetry axis at speed of
120 km s−1. The velocity width (FWHM) ranges
25–45 km s−1 over most parts of the cloud with a median of
36 km s−1. The southwesternmost thin layer has relatively
narrow width (∼19–28 km s−1) while parts of the northern area
has width 2 50 km s−1. The region with the narrowest line
width is very thin (_ a3 ), and therefore Westmeier et al. (2005)
could not spatially resolve it.
Some representative line profiles are shown in Figure 5

together with the average line profile of the cloud. Most profiles
are well described using a single Gaussian component, while
some profiles, e.g., c and e–g, show clear double peaks or a
narrow component superposed on a broad component. The
velocity width of the mean profile is 45 km s−1, which is
considerably larger than the median value (36 km s−1) of
individual profiles, presumably due to the dispersion of central
velocities. The median width corresponds to a kinetic
temperature of q2.8 104 K. At several positions, narrow
velocity components are detected, but still their widths are
.10 km s−1, which implies a kinetic temperature �2000 K.
This indicates that CHVC040 is mostly composed of warm
neutral gas, which is not unusual for CHVCs (Winkel
et al. 2011; Faridani et al. 2014). However, it is different from
those head-tail HVCs with a narrow-line head of undisturbed
cold H I gas and a wide-line tail of disturbed warm H I gas (e.g.,
HVC125+41-207; Brüns et al. 2001).

3. DISCUSSION

3.1. Formation of GS040 by the Collision of CHVC040

The location of CHVC040 at the geometrical center of
GS040 suggests that their physical association is very likely.

Figure 1. H I integrated intensity maps of the overall picture of the supershell GS040 (left) and a close-up view inside its ring structure (right). The maps are obtained
by integrating the emission between � �v 141LSR and −66 km s−1. The features described in Section 2 are labeled in the left image. The overlaid contours in the right
image show the overall appearance of the high-velocity cloud CHVC040 in integrated H I emission (see Figure 4). The position–velocity diagram in Figure 3 was
obtained along the dashed red line.

8 Directions in this paper are all in reference to Galactic coordinates, not
J2000 Equatorial coordinates.
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  -> kpc-scale supershell + CHVC at center �
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�

forbidden velocity wings (FVWs)	


HVC 040+01-282	
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common origin (Winkel et al. 2011). Note that the geometrical
center of GS040 is well below the Galactic plane (_ d420 20 pc
where wd d 20 kpc20 ), i.e., at � � nb 0 .6 while the midplane
there is at _ � nb 1 .8 because the Galactic plane is warped in
the outer Galaxy (Levine et al. 2006). It is difficult to imagine
the SN origin for a supershell at such height, and CHVC040 is
most likely the energy/momentum source for GS040.
The total energy deposited (EE) in the Galactic disk by

CHVC040 can be inferred from the parameters of the GS040
supershell. The radius of GS040 is d450 20 pc, while its mass at

- �v 75LSR km s−1 is q d1.6 105
20
2

:M including the cosmic
abundance of helium. If we account for the mass unobservable
due to Galactic background H I emission, the total mass of GS040
would be considerably greater. Adopting _v 30s km s−1 as the
expansion speed of the shell, its kinetic energy is

2 qE d1.4 10K
51

20
2 erg. The collision should have occurred

_ _ qR v d1 3 5 10s s
6

20( ) years ago, where the numerical
factor 1/3 accounts for the deceleration of the shell. Note that EK
is a small fraction of the total energy deposited (EE), most of
which should have been radiated away. If GS040 was produced
by multiple SNe, then, assuming instantaneous energy injection
(Heiles 1979), _ qE n5.3 10E

43
0
1.12 _ qR v 1.2 10s s

3.12 1.4 53

�n 0.1 cm0
3( ) erg, where n0 is ambient hydrogen density. At the

position of GS040, the mean H I density in the midplane is
_ �0.1 cm 3, and the H I scale height is about 720pc (Levine
et al. 2006). So _ �n 0.06 cm0

3, and we have _ qE 7 10E
52

erg. For comparison, the total extent of CHVC040 is
qd d210 320 pc20 20

2 while its H I mass is �MCHVC

d5800 20
2

:M . The area used to derive this mass has a geometrical
mean radius of 150pc, so that the mean hydrogen density of
CHVC040 is 0.017cm−3. If CHVC040 collided with the
rotating disk with the mean “deviation” speed (absolute
difference in velocity from the disk gas there) of HVCs,
i.e., ∼240 km s−1(Wakker 2004), the kinetic energy and
momentum would be q d4.7 1051

20
2 erg and q d2.0 106

20
2

Figure 3. Position–velocity map of H I emission of GS040 and CHVC040.
This diagram is drawn along a line crossing the center of GS040 at position
angle of about 35° (Figure 1). The lower and upper x-axis indicate ℓ and b
coordinates of the position, respectively. The y-axis indicates the LSR velocity.
The contour levels are 0.2, 0.5, 1, and 2 K in brightness temperature. The
dotted vertical line is toward the center of GS040.

Figure 4. Spatial and velocity structures of the high-velocity cloud CHVC040. Left: H I intensity map integrated over LSR velocities from −330 to −230 km s−1.
Contours are drawn at 5, 8, 12, and 16K km s−1. If the emission is optically thin, 1K km s−1 corresponds to hydrogen columns of q1.82 1018 cm−2. Middle and
Right: central velocity and velocity width maps derived by fitting single Gaussian curve to each line profile. The fit is limited to positions with integrated intensity
greater than 5K km s−1, i.e., within the white contour. The pixels where the emission is weak and a reasonable fit cannot be obtained are also blanked out. To aid
comparison to literature studies in Equatorial coordinates, arrows are shown in the left panel indicating R.A. and decl. (J2000) coordinate directions.
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Galactic gamma-ray sources: HESS	
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Galactic gamma-ray sources: HESS	
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H.E.S.S. Collaboration: The H.E.S.S. Galactic plane survey

Fig. 9. Source identification summary pie chart. See Table 3 and
Sect. 5.1.3.

the method described in Sect. 4, with the previously-published1384

results of those sources.1385

5.2.1. General agreement1386

In total, we re-analyzed 44 VHE �-ray sources that were the1387

subject of past H.E.S.S. publications. For the vast majority of1388

these, we find that there is good agreement between the HGPS-1389

derived position, morphology, and spectrum within the statistical1390

and systematic uncertainties.1391

Position1392

On average, the HGPS source positions agree well with the posi-1393

tions found in previous analyses. For 68% of the sources, we find1394

that the separation between the HGPS-derived position and the1395

previously-published position was less than 0.06�. This agrees1396

well with the expected scatter considering the statistical and sys-1397

tematic uncertainties.1398

As an additional check, we also verified the positions of1399

the identified �-ray binaries (known point sources), LS 50391400

(HESS J1826�148) and PSR B1259�63 (HESS J1302�638) and1401

found a very good agreement: less than 4000 w.r.t. the reference1402

position (Simbad database).1403

Size1404

Comparing the sizes of the sources we found a median value for1405

the relative deviation of ⇠30%, indicating that with the current1406

analysis we measured larger sizes of the sources in general.1407

All sources that have been claimed as point-like in a previous 1408

analysis have been found again point-like with the HGPS anal- 1409

ysis. Additionally, we identified three cases that are compatible 1410

with a point-like source according to Eq. 19, which have been 1411

found extended before: 1412

1. For HESS J1427�608 we measured a size of 0.048±0.009�, 1413

compared to 0.063±0.010� in Aharonian et al. (2008a). This 1414

source is an edge case which just meets our criterion for a 1415

point-like source. 1416

2. For HESS J1714�385 we found a size of 0.034±0.011� com- 1417

pared to 0.067±0.017� in Aharonian et al. (2008c). With the 1418

current analysis, a smaller size was found because underly- 1419

ing emission was modeled by separate emission components 1420

(see Fig. 5). 1421

3. HESS J1808�204 was found with an extension of 0.058 ± 1422

0.014�, compared to 0.095 ± 0.015�in Abdalla et al. (2016). 1423

This discrepancy is caused by the large-scale emission com- 1424

ponent, which models parts of the source tail. 1425

Flux 1426

A fair comparison between flux values obtained with the cur- 1427

rent method and earlier analyses proved to be di�cult because of 1428

fundamental di↵erences between the methods used. In previous 1429

publications, aperture photometry was mostly used, while in this 1430

analysis the main flux measurement was based on a model fit, 1431

taking PSF, morphology of the source and large-scale emission 1432

into account. Flux estimate di↵erences with these two methods 1433

are shown in Fig. 32 (both measures from the HGPS analysis, 1434

not with respect to previous publications). Many of the di↵er- 1435

ences in spectra and fluxes measured in the HGPS analysis and 1436

previous publications are the result of changes in the spectral 1437

extraction region (position and size). 1438

For 68% of the sources, the deviation from the previously 1439

measured value was less than 55%. This indicates that we could 1440

not find a global e↵ect of the large-scale emission on the flux, 1441

containment and contamination correction on the flux measure- 1442

ment but still observed a significant influence on the flux mea- 1443

surement of individual sources. 1444

Spectral index 1445

For 68% of the sources, the di↵erence in spectral index was less 1446

than 0.28, roughly compatible with the expected scatter when 1447

statistical and systematic uncertainties of the measured spectral 1448

indices are taken into account. 1449

5.2.2. Missing sources 1450

In total, there are 4 known VHE �-ray sources not re-detected 1451

with the current HGPS analysis. All of these “missed” detections 1452

are rather faint sources with significances close to the detection 1453

25

Source Types

78 sources discovered in total 

Most do not have strong strong associations 
with known MWL sources 

Of the known sources PWN are the most 
numerous class

May have multiple 
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for R ! 12.5 kpc. The surface densities saturate at approximately !inner ∼ 10M" pc−2. To
overcome this limitation, it is common to use the value ! = 5M" pc−2 (Dickey & Lockman
1990). The average surface densities according to Binney & Merrifield (1998, figure 9.19) are
even lower but may be affected by a systematic bias (Lockman 2002a). Wolfire et al. (2003) used
a slightly larger estimate with a local maximum at R ∼ 13 kpc. For comparison, we show these
surface densities in Figure 5.

3.1.4. HI scale height. The average scale height hz(R) of the Hi disk depends on the balance be-
tween gravitational forces and the pressure constituents. Analogous to planetary atmospheres, one
may approximate this situation as a “Galactic atmosphere” by a hydrostatic equilibrium approach.
This, however, implies a very global approach because on scales up to at least hundreds of parsecs
the pressure and density of the ISM may be highly variable and far from equilibrium. Dynamical
aspects, turbulence, and phase transitions are discussed later. Here we assume that the global Hi
distribution in the Milky Way disk can be considered on these large scales as in a steady state. The
average thickness hz(R) (half width at half maximum, HWHM) of the Hi disk shows a pronounced
flaring (Figure 6) that can be approximated by an exponential relation hR = h0 e (R−R")/R0 kpc with
h0 = 0.15 kpc and R0 = 9.8 kpc for 5 ! R ! 35 kpc.

Flaring may be induced by changes of the gravitational potential in the z direction or by
variations in the heating/cooling balance of the Hi gas. Observing the Hi gas in our own Galaxy has
the advantage that we are able to resolve the emission lines of individual regions. The situation in
our own Galaxy is luckily very different from that in external systems, because only for our Galaxy
do we really know the viewing inclination and the position of the line of nodes. For external
systems, the observational data are highly distorted, implying that the Milky Way is the prime
example for such an analysis. There are no indications that turbulence or multiphase properties
of the Hi gas depend significantly on radial distance R. The flaring may therefore be used to
probe DM models (e.g., Narayan, Saha & Jog 2005; Sánchez-Salcedo, Saha & Narayan 2008). A
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Figure 6
Average flaring of the Hi gas layer as a function of R (from Kalberla & Dedes 2008). The observations can be
approximated very well by an exponential relation (black dashed line) or by fitting a mass model to an
isothermal Hi gas distribution (Kalberla et al. 2007).
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Figure 4
Average midplane volume densities as a function of R. The red line marks the total average, the dotted blue
line the northern, and the purple dashed line the southern part separately. The black line shows the
exponential fit with a scale length Rn = 3.15 kpc (from Kalberla & Dedes 2008).
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Figure 5
Average surface density distribution as a function of R. The red line marks the total average, the dotted blue
line the northern, and the purple dashed line the southern part separately. The black line shows the
exponential fit with a scale length Rs = 3.75 kpc (Kalberla & Dedes 2008). The dotted gray line reproduces
the distribution published by Wouterloot et al. (1990, W90), the thick yellow line reproduces data used by
Wolfire et al. (2003), and the dashed yellow line reproduces the distribution published by Binney &
Merrifield (1998, figure 9.19, BM98).

The average surface density distribution is plotted in Figure 5 and can be approximated by
!(R) ∼ s0 · e−(R−R#)/Rs with s0 = 30 M# pc−2 and Rs = 3.75 kpc. There are similar systematic
differences between the northern and southern sky as there are for the midplane densities (see
Figure 4). For large radial distances the derived distribution is in good agreement with previous
investigations (e.g., Wouterloot et al. 1990, Diplas & Savage 1991), but there are some degradations
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Figure 16
Galactic rotation curve. Sources for data points are: maser proper motions (PMs) and radial velocities (RVs) associated with high-mass
disk stars (Reid et al. 2014, blue), inner Galaxy terminal velocities and outer disk velocities collected by Sofue et al. [2009, black
(5 kpc < R < R0) and gray (elsewhere)], PMs of disk red clump giants (RCGs) from López-Corredoira (2014, red), Jeans-equation
converted RV data for blue horizontal branch (BHB) stars (Kafle et al. 2012, green), and stream modeling for GD-1 and Pal-5 (Koposov
et al. 2010 and Küpper et al. 2015, black stars). All data were approximately converted to (R0 = 8.2 kpc, !0 = 238 km s−1). The colored
bands show azimuthally averaged circular velocities for illustrative dynamical models with bulge, long bar, disk, and dark halo (Portail
et al. 2016). In the bulge region, these models are based on stellar kinematic data (Portail et al. 2015b) and thus are more reliable than
the (misleading) terminal velocities. The bulge and long bar stellar mass in these models corresponds to a Kroupa IMF ±10%, whereas
the disk has fixed local stellar surface density 38 M" pc−2 and scale length Rd = (2.15, 2.6, 3.0) kpc (blue, red, green, respectively) and
includes a gas disk with surface density 13 M" pc−2 and twice the stellar scale length. In each case, the lower band shows the rotation
curve from the baryonic component, the dotted line shows the median dark halo profile, and the upper band shows the total rotation
curve. In these models, the baryonic component provides (86%, 73%, 65%) of the circular velocity at 2.2Rd. The outer dotted and full
lines show the rotation curves for a Navarro, Frenk & White (NFW) halo with virial mass M vir = 1.3 × 1012 M" (Section 6.3) and
concentration c = 16, which matches with the inner halo at R$12 kpc, and for this NFW halo combined with the Rd = 2.6 kpc disk.

Traditionally, Oort’s constants A and B were defined for the local disk as a means to estimate
the circular velocity !0(R0) and its gradient from RV and PM data for nearby stellar populations,
viz., A − B = !0/R0; A + B = −(∂!0/∂ R)R0 . The quantity A − B has been measured by many
authors for different stellar populations (Feast & Whitelock 1997, Uemura et al. 2000, Elias
et al. 2006) with values in the range of 27–32 km s−1 kpc−1. For the rotation gradient −(A +
B), different authors find positive, zero, and negative values. Catena & Ullio (2010) argue for
A + B = 0.18 ± 0.47 km s−1 kpc−1 from an SDSS study of M stars (Fuchs et al. 2009).

6.4.3. Rotation curve. Figure 16 assembles rotation velocity measurements from various sources
as explained in the caption. The data indicate a nearly flat rotation curve in the range R = 5–13 kpc
(Reid et al. 2014) with a slight decrease at larger radii (Kafle et al. 2012, Küpper et al. 2015). PM
data from Gaia will clarify this. The rotation velocities determined by Sofue et al. (2009, see also
original references therein) from terminal velocities and a circular rotation model are unreliable
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Figure 3. Left panel: the random field in the disk. Right panel: the disk component of the JF12 coherent field model for comparison; it is clockwise in rings 3–6 and
counterclockwise in 1, 2, 7, and 8.
(A color version of this figure is available in the online journal.)

Table 1
Best-fit Parameters of the Random Field, with 1σ Intervals

Field Best-fit Parameters Description

Disk b1 = 10.81 ± 2.33 µG Field strengths at r = 5 kpc
component b2 = 6.96 ± 1.58 µG

b3 = 9.59 ± 1.10 µG
b4 = 6.96 ± 0.87 µG
b5 = 1.96 ± 1.32 µG
b6 = 16.34 ± 2.53 µG
b7 = 37.29 ± 2.39 µG
b8 = 10.35 ± 4.43 µG
bint = 7.63 ± 1.39 µG Field strength at r < 5 kpc
zdisk

0 = 0.61 ± 0.04 kpc Gaussian scale height of disk

Halo B0 = 4.68 ± 1.39 µG Field strength
component r0 = 10.97 ± 3.80 kpc Exponential scale length

z0 = 2.84 ± 1.30 kpc Gaussian scale height

Striation β = 1.36 ± 0.36 Striated field B2
stri ≡ βB2

reg

left panel of the second row, where the total intensity is shown
in a logarithmic scale.

The 13-parameter form of the GRF adopted here proves to be
sufficiently general to give a very good accounting of the data.
In combination with the JF12 coherent field and the striated
random field, it provides an excellent fit to the total intensity,
I, with a reduced χ2 (χ2 per degree of freedom, χ2

dof) after the
second optimization of 1.064 with 2957 degrees of freedom.
(One should not attach too much significance to the exact value
of χ2

dof for the GRF model, since it depends on the arbitrary cut
used to remove pixels with large “individualistic” contributions;
as evident from the map of residuals in Figure 1, additional pixels
could be placed in this category which would decrease χ2

dof .) As
noted, the fit to I breaks the degeneracy between rescaling ncre
and the presence of a striated random field.

The left panel of Figure 3 shows the disk component of the
random field, with the magnitude of the coherent disk field from
JF12 in the right panel for comparison. The average rms strength
of the disk component of the random field at the solar circle is
6.6 µG, but it varies strongly from arm to arm. The spiral-arm
model itself should not be taken too literally—it is presumably
no more than a simplified encoding of some important features
of the structure.

Due to the large value of the random and striated fields com-
pared to the coherent field, we cannot predict the value of the

field at a particular position since the fluctuations dominate
the mean value. Nonetheless, we should check whether the pre-
dicted range of values for the total field in the solar neighborhood
is consistent with observations—keeping in mind that the rms
component has O(1) variance locally, so the actual local field
at any particular position can be expected to differ significantly
from the result of combining the local coherent, striated, and
random components in quadrature. The estimate is additionally
uncertain due to our position near the boundary between the
4th and 5th arms, since the simple arm geometry assumed in
the present models is only expected to be valid in some average
sense and may be locally modified, and the parameters spec-
ifying the geometry of the arms in JF12 were taken from the
NE2001 model of ne rather than being free parameters of the
GMF model. With those caveats, the vertical component of
the local coherent field is 0.2 µG and the horizontal component
is 0.5–1.2 µG in the 4th and 5th arms. Combining the coherent,
striated, and random components in quadrature gives an estimate
of the magnitude of the local field of 3–5 µG, with the range
reflecting the values obtained for the 5th and 4th arms. Given the
O(1) variance from the random field, this estimated local GMF
value is consistent with the 6 µG value commonly cited (Beck
2008). The more recent studies of Taylor et al. (2009) and Mao
et al. (2010) are complementary, with the former having larger
sky coverage and the latter a higher density of well-measured
extragalactic sources but restricted to the polar caps. Our results
are consistent with both, within the observational uncertainties
and predicted fluctuations. For instance, Mao et al. (2010) find
that the local random field is larger than the local coherent field,
as we do, and estimate the halo random field above the solar
system based on the variance in RMs in the polar caps to be
≈1 µG in some average sense, consistent with our fit which de-
creases slowly from ≈2 µG in the Galactic plane, and is 1 µG
about 3 kpc above the plane.

5. SUMMARY

We have presented here a 13-parameter model of the random
component of the GMF, to complete our characterization of
the GMF. Taken together, our comprehensive GMF model fit
utilizes 36 parameters, including the 21-parameter JF12 model
for the coherent field, the strength of a striated random field
proportional to and aligned with the local coherent field, and
an overall rescaling of the GALPROP cosmic-ray electron
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random field, it provides an excellent fit to the total intensity,
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dof) after the
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dof for the GRF model, since it depends on the arbitrary cut
used to remove pixels with large “individualistic” contributions;
as evident from the map of residuals in Figure 1, additional pixels
could be placed in this category which would decrease χ2
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noted, the fit to I breaks the degeneracy between rescaling ncre
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The left panel of Figure 3 shows the disk component of the
random field, with the magnitude of the coherent disk field from
JF12 in the right panel for comparison. The average rms strength
of the disk component of the random field at the solar circle is
6.6 µG, but it varies strongly from arm to arm. The spiral-arm
model itself should not be taken too literally—it is presumably
no more than a simplified encoding of some important features
of the structure.

Due to the large value of the random and striated fields com-
pared to the coherent field, we cannot predict the value of the

field at a particular position since the fluctuations dominate
the mean value. Nonetheless, we should check whether the pre-
dicted range of values for the total field in the solar neighborhood
is consistent with observations—keeping in mind that the rms
component has O(1) variance locally, so the actual local field
at any particular position can be expected to differ significantly
from the result of combining the local coherent, striated, and
random components in quadrature. The estimate is additionally
uncertain due to our position near the boundary between the
4th and 5th arms, since the simple arm geometry assumed in
the present models is only expected to be valid in some average
sense and may be locally modified, and the parameters spec-
ifying the geometry of the arms in JF12 were taken from the
NE2001 model of ne rather than being free parameters of the
GMF model. With those caveats, the vertical component of
the local coherent field is 0.2 µG and the horizontal component
is 0.5–1.2 µG in the 4th and 5th arms. Combining the coherent,
striated, and random components in quadrature gives an estimate
of the magnitude of the local field of 3–5 µG, with the range
reflecting the values obtained for the 5th and 4th arms. Given the
O(1) variance from the random field, this estimated local GMF
value is consistent with the 6 µG value commonly cited (Beck
2008). The more recent studies of Taylor et al. (2009) and Mao
et al. (2010) are complementary, with the former having larger
sky coverage and the latter a higher density of well-measured
extragalactic sources but restricted to the polar caps. Our results
are consistent with both, within the observational uncertainties
and predicted fluctuations. For instance, Mao et al. (2010) find
that the local random field is larger than the local coherent field,
as we do, and estimate the halo random field above the solar
system based on the variance in RMs in the polar caps to be
≈1 µG in some average sense, consistent with our fit which de-
creases slowly from ≈2 µG in the Galactic plane, and is 1 µG
about 3 kpc above the plane.

5. SUMMARY

We have presented here a 13-parameter model of the random
component of the GMF, to complete our characterization of
the GMF. Taken together, our comprehensive GMF model fit
utilizes 36 parameters, including the 21-parameter JF12 model
for the coherent field, the strength of a striated random field
proportional to and aligned with the local coherent field, and
an overall rescaling of the GALPROP cosmic-ray electron

4

B field	

B~ 0.3-5µG	

@15kpc	


Henry &	

Worthey 99	


Jansson &	

Farrar 12	


fiducial location R=15 kpc �

A new estimate of the Galactic interstellar radiation field between 0.1 µm and 1000 µm 3

by adopting symmetry about the Galactic plane and in azimuth. The maximum radial extent of the
Galactic volume is taken to be Rmax = 20 kpc, and the maximum height above the plane zmax is set
equal to 5 kpc. We divide the total Galactic volume into elements Vi of approximately equal size. For
each Vi, the radiation field, u(λ), with full angular distribution, is calculated as we describe below.

The optical radiation field is obtained following the method of Kylafis & Bahcall (1987). We first
calculate the optical radiation field for absorption only (no scattering). This radiation field is then
used as input to calculate the amount of light scattered only once. The ‘once-scattered’ radiation
field is used as input to calculate the amount of light scattered twice, and so forth for the desired
number of scatterings in the calculation. We have found absorption with the contribution by once-
and twice-scattered light is sufficient to adequately calculate the optical radiation field. The total
optical radiation field is obtained by summing these contributions.

The infra-red radiation field is obtained by using the total optical radiation field for each volume
element to calculate the emissivity for transient and equilibrium heating. Then, for each Vi, we
integrate over all volume elements to obtain the infra-red radiation field. Subsequently, the infra-red
radiation field for each volume element is used to calculate the re-absorbed infra-red emissivity, as
the optical was used for the infra-red emissivity calculation. Another volume integration is again
performed for each Vi to obtain the re-absorbed infra-red radiation field. The total infra-red radiation
field is the sum of these two components.

Figure 1 shows our calculated local radiation field, including the contribution by the cosmic microwave
background (CMBR). Also shown in the figure are observations by Apollo (Henry, Anderson, & Fastie
1980), DIRBE (Arendt et al. 1998), and FIRAS (Finkbeiner et al. 1999). The agreement with the
observations is generally good. The scattered component of the optical radiation field is ∼ 10 − 20%
of the total optical radiation field between ∼ 0.2 − 2 µm - in good agreement with observations of
the DGL (Leinert et al. 1998). We note that our calculation falls significantly below the measured
radiation field in the ultraviolet regime, which may indicate a requirement to include further source
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where θ is the angle of impact with respect to the disk normal.
The post-shock gas temperature for a strong shock is

Ts =
2(γ − 1)µv2

s

(γ + 1)2kB
! 1.3×106 K

( vs

300 km s−1

)2
. (5)

The thermal emission peaking in the far UV to soft X-ray
range could be challenging to observe due to strong pho-
toelectric absorption by the foreground interstellar medium
(ISM; §6.4). For gas in collisional ionization equilibrium at
constant density n, 105 < T < 106.5 K and 0.1 < Z/Z! < 1,
the radiative cooling time can be approximated by τg,rad ∼
1.3 × 105 yr (n/1 cm−3)−1 (Z/Z!)−0.8(T/106 K)1.7 (Draine
2011). The radiative cooling time of the post-shock gas is

τg,rad ! 1.8×106 yr

×
( rcn0

0.4 cm−3

)−1
(

Z
0.2 Z!

)−0.8 ( vs

300 km s−1

)3.4
, (6)

where n0 denotes the pre-shock gas density. Note that Z/Z! ∼
0.1 − 0.3 is the typical observed metallicity of HVC gas (Put-
man et al. 2012; Richter 2017), while Z/Z! ∼ 0.2−0.3 for the
disk at R ∼ 15 kpc (Henry & Worthey 1999; Matteucci 2014
and references therein).

The duration of the phase during which the shocks traverse
the medium at roughly constant velocity before beginning to
decelerate can be estimated by τs ∼ min[τdisk,τHVC,τg,rad]. If
τHVC < τdisk < τg,rad, the entire HVC is shocked and deceler-
ated by the adiabatic RS before the FS crosses the disk, af-
ter which the RS decays and the FS decelerates. If τdisk <
τHVC < τg,rad, the adiabatic FS driven by the HVC emerges
from the opposite side of the disk before the cloud is com-
pletely shocked, after which the FS decays and the RS de-
celerates. When τg,rad is shortest timescale, both FS and RS
become radiative and start to decelerate before crossing the
disk and cloud, respectively. Note that for given vacc, vs, f and
vs,r differ by a numerical factor that depends on nHVC/ndisk
(Tenorio-Tagle 1980, 1981), so strictly speaking, τHVC and
τdisk should not be evaluated simultaneously with the same
value of vs. This pre-deceleration phase at constant velocity
will be our main focus, even though the ensuing deceleration
phase may also be of some interest for particle acceleration
(§3.4).

The timescales τdisk, τHVC, and τg,rad are plotted as functions
of vs in Fig. 1, showing that unless vs ! 300 km s−1 for our
fiducial case of rcn0 = 0.4 cm−3, both RS and FS become ra-
diative before crossing their respective media, where particle
acceleration is likely less efficient (§3.4). If rcn0 = 4 cm−3,
this is unavoidable up to vs ∼ 500 km s−1.

2.3. Energetics and number
The kinetic energy of a HVC is

EHVC =
1
2

MHVCv2
HVC

! 9.0×1052 erg
(

MHVC

105 M!

)( vHVC

300 km s−1

)2
, (7)

which could be up to EHVC ∼ 5× 1054(vs/300 km s−1)2 erg
for the most massive HVCs. Their significantly larger en-
ergy compared to typical SN explosions led them to be rec-
ognized as promising energy sources for creating supershells
and other large HI structures (Tenorio-Tagle & Bodenheimer
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FIG. 1.— Characteristic timescales versus shock velocity vs. Plotted are
the crossing time of the Galactic disk by the forward shock, τdisk (Eq. 4;
upper red line), the crossing time of the high velocity cloud by the reverse
shock, τHVC (Eq. 3; lower red line), and the radiative cooling time of the
post-shock gas, τg,rad, with density rcn0 = 0.4 and 4 cm−3 (Eq. 6; upper and
lower blue lines, respectively). Overlayed are the timescales for diffusive
shock acceleration, τDSA, of protons up to energy E = 100 TeV with post-
shock magnetic field Bs = 0.3, 1, 3 and 10 µG (Eq. 12 with q = 1; green
dashed lines, from top to bottom). The age of t = 106 yr considered for our
models in §5 is also denoted (black long-dashed line).

1988). The rate at which this kinetic energy flows into a shock
with surface area As = πr2

s ∼ πr2
HVC is

Lk,HVC ≈ 1
2

mpn0v3
s As ! 3.1×1039 erg s−1

×
( n0

0.1 cm−3

)( nHVC

0.1 cm−3

)−2/3
(

MHVC

105M!

)2/3 ( vs

300 kms−1

)3
,

(8)

where n0 = nHVC for the RS and n0 = ndisk for the FS, and Eq.
2 has been used. For n0 = nHVC, the expression reduces to
Lk,HVC ≈ (3/2)(EHVC/τHVC)(vs/vHVC)2.

The total power due to all accreting HVCs in the Galaxy
with vacc, i.e. the rate at which their kinetic energy is dissi-
pated in the disk, can be estimated as

Lacc,HVC ≈ 1
2

faccṀacc,HVCv2
acc

! 2.9×1040 erg s−1 facc

(
Ṁacc,HVC

1 M! yr−1

)( vacc

300 km s−1

)2
,

(9)

Some or possibly most of this reflects accretion onto the outer
regions of the disk (§1.2, §6.1). The factor facc accounts for
a number of effects. First, as there must be a distribution in
vacc, only a part of Ṁacc,HVC corresponds to direct accretion
onto the disk with vacc ∼ 300 km s−1. Second, some HVCs
may penetrate the disk while dissipating only a fraction of
their kinetic energy (Tenorio-Tagle et al. 1986, 1987; Baek
et al. 2008). A realistic value of facc is difficult to estimate,
but facc % 1 is possible if much of the accretion turns out to
proceed quietly with low vacc (e.g. Fraternali 2017). On the
other hand, the total power from SNe with kinetic energy ESN

shock lifetime (adiabatic, constant vs phase) �

Tenorio-Tagle 80 �
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Ms ! 20.1
( vs

300 km s−1

)(
T0

104 K

)−1/2

, (26)

Ts ! 1.3×106 K
( vs

300 km s−1

)2
. (27)

τHVC ≈ 2rHVC

vs,r
! 1.4×106 yr

(
nHVC

0.1 cm−3
MHVC

105 M!

)1/3 ( vs

300 km s−1

)−1
,

(28)
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Aleksić, J., Ansoldi, S., Antonelli, L. A., et al. 2014, A&A, 571, A96
Anderson, G. E., Gaensler, B. M., Kaplan, D. L., et al. 2014, ApJS, 212, 13
Armillotta, L., Fraternali, F., Werk, J. K., Prochaska, J. X., & Marinacci, F.

2017, MNRAS, 470, 114
Atoyan, A., Buckley, J., & Krawczynski, H. 2006, ApJ, 642, L153
Baek, C. H., Kudoh, T., & Tomisaka, K. 2008, ApJ, 682, 434
Bartoli, B., Bernardini, P., Bi, X. J., et al. 2013, ApJ, 779, 27
Beck, M. C., Beck, A. M., Beck, R., Dolag, K., Strong, A. W., & Nielaba, P.

2016, JCAP, 5, 056
Beck, R. 2016, A&A Rev., 24, 4
Bell, A. R. 1978, MNRAS, 182, 147
—. 2004, MNRAS, 353, 550
Binney, J. 1977, ApJ, 215, 483
Birnboim, Y. & Dekel, A. 2003, MNRAS, 345, 349
Bland-Hawthorn, J. & Gerhard, O. 2016, ARA&A, 54, 529
Blandford, R. & Eichler, D. 1987, Phys. Rep., 154, 1
Blandford, R. D. & Ostriker, J. P. 1978, ApJ, 221, L29
Blasi, P. 2013, A&A Rev., 21, 70
Blumenthal, G. R., Faber, S. M., Primack, J. R., & Rees, M. J. 1984, Nature,

311, 517
Brooks, A. M., Governato, F., Quinn, T., Brook, C. B., & Wadsley, J. 2009,

ApJ, 694, 396
Bykov, A. M., Chevalier, R. A., Ellison, D. C., & Uvarov, Y. A. 2000, ApJ,

538, 203
Caprioli, D. 2015, in International Cosmic Ray Conference, Vol. 34, 34th

International Cosmic Ray Conference (ICRC2015), ed. A. S. Borisov,
V. G. Denisova, Z. M. Guseva, et al., 8

Christensen, C. R., Davé, R., Governato, F., Pontzen, A., Brooks, A.,
Munshi, F., Quinn, T., & Wadsley, J. 2016, ApJ, 824, 57

Combes, F. 2014, in Astronomical Society of the Pacific Conference Series,
Vol. 480, Structure and Dynamics of Disk Galaxies, ed. M. S. Seigar &
P. Treuthardt, 211

De Angelis, A., Tatischeff, V., Tavani, M., et al. 2017, Experimental
Astronomy

de Jager, O. C., Ferreira, S. E. S., Djannati-Ataï, A., Dalton, M., Deil, C.,
Kosack, K., Renaud, M., Schwanke, U., & Tibolla, O. 2009, ArXiv
e-prints

Deil, C., Brun, F., Carrigan, S., et al. 2015, in International Cosmic Ray
Conference, Vol. 34, 34th International Cosmic Ray Conference
(ICRC2015), ed. A. S. Borisov, V. G. Denisova, Z. M. Guseva, et al., 773

Dermer, C. D. & Menon, G. 2009, High Energy Radiation from Black
Holes: Gamma Rays, Cosmic Rays, and Neutrinos (Princeton University
Press)

Di Sciascio, G. et al. 2016, ArXiv e-prints
Donath, A., Brun, F., Chaves, R. C. G., Deil, C., Marandon, V., Terrier, R.,

& H.E.S.S. Collaboration. 2017, in American Institute of Physics
Conference Series, Vol. 1792, 6th International Symposium on High
Energy Gamma-Ray Astronomy, 040001

D’Onghia, E. & Fox, A. J. 2016, ARA&A, 54, 363
Draine, B. T. 2011, Physics of the Interstellar and Intergalactic Medium

(Princeton University Press)
Drury, L. O., Aharonian, F. A., & Voelk, H. J. 1994, A&A, 287, 959
Drury, L. O., Duffy, P., & Kirk, J. G. 1996, A&A, 309, 1002
Evoli, C., Gaggero, D., Grasso, D., & Maccione, L. 2012, Physical Review

Letters, 108, 211102
Faucher-Giguère, C.-A., Kereš, D., & Ma, C.-P. 2011, MNRAS, 417, 2982
Fernández, X., Joung, M. R., & Putman, M. E. 2012, ApJ, 749, 181
Ferrière, K. M. 2001, Reviews of Modern Physics, 73, 1031
Finlator, K. 2017, in Astrophysics and Space Science Library, Vol. 430,

Astrophysics and Space Science Library, ed. A. Fox & R. Davé, 221
Fox, A. & Davé, R., eds. 2017, Astrophysics and Space Science Library,

Vol. 430, Gas Accretion onto Galaxies
Fox, A. J., Lehner, N., Lockman, F. J., et al. 2016, ApJ, 816, L11
Fox, A. J., Wakker, B. P., Barger, K. A., et al. 2014, ApJ, 787, 147
Franco, J., Tenorio-Tagle, G., Bodenheimer, P., Rozyczka, M., & Mirabel,

I. F. 1988, ApJ, 333, 826
Fraternali, F. 2017, in Astrophysics and Space Science Library, Vol. 430,

Astrophysics and Space Science Library, ed. A. Fox & R. Davé, 323
Galyardt, J. & Shelton, R. L. 2016, ApJ, 816, L18
Ginzburg, V. L. & Syrovatskii, S. I. 1964, The Origin of Cosmic Rays (New

York: Macmillan)
Gottschall, D., Capasso, M., Deil, C., et al. 2016, ArXiv e-prints
Grenier, I. A., Black, J. H., & Strong, A. W. 2015, ARA&A, 53, 199
Guo, X., Sironi, L., & Narayan, R. 2014, ApJ, 794, 153
Haverkorn, M. 2015, in Astrophysics and Space Science Library, Vol. 407,

Magnetic Fields in Diffuse Media, ed. A. Lazarian, E. M. de Gouveia Dal
Pino, & C. Melioli, 483

Haverkorn, M., Akahori, T., Carretti, E., et al. 2015, Advancing
Astrophysics with the Square Kilometre Array (AASKA14), 96

Heiles, C. 1984, ApJS, 55, 585
Heitsch, F. & Putman, M. E. 2009, ApJ, 698, 1485
Henry, R. B. C. & Worthey, G. 1999, PASP, 111, 919
Hill, A. S., Mao, S. A., Benjamin, R. A., Lockman, F. J., &

McClure-Griffiths, N. M. 2013, ApJ, 777, 55
Hollenbach, D. & McKee, C. F. 1989, ApJ, 342, 306
Inoue, Y., Lee, S.-H., Tanaka, Y. T., & Kobayashi, S. B. 2017, Astroparticle

Physics, 90, 14
Ioka, K. & Mészáros, P. 2010, ApJ, 709, 1337
Izumi, N., Kobayashi, N., Yasui, C., Tokunaga, A. T., Saito, M., & Hamano,

S. 2014, ApJ, 795, 66
Jansson, R. & Farrar, G. R. 2012, ApJ, 761, L11
Joung, M. R., Bryan, G. L., & Putman, M. E. 2012a, ApJ, 745, 148
Joung, M. R., Putman, M. E., Bryan, G. L., Fernández, X., & Peek, J. E. G.

2012b, ApJ, 759, 137
Kaastra, J. S., Paerels, F. B. S., Durret, F., Schindler, S., & Richter, P. 2008,

Space Sci. Rev., 134, 155
Kachelriess, M., Moskalenko, I. V., & Ostapchenko, S. S. 2014, ApJ, 789,

136
Kalberla, P. M. W. & Kerp, J. 2009, ARA&A, 47, 27
Kang, H. & Ryu, D. 2013, ApJ, 764, 95
Kang, J.-h. & Koo, B.-C. 2007, ApJS, 173, 85
Kereš, D., Katz, N., Weinberg, D. H., & Davé, R. 2005, MNRAS, 363, 2
Kobayashi, N., Yasui, C., Tokunaga, A. T., & Saito, M. 2008, ApJ, 683, 178
Kudoh, T. & Basu, S. 2004, A&A, 423, 183
Kwak, K., Henley, D. B., & Shelton, R. L. 2011, ApJ, 739, 30
Larson, R. B. 1972, Nature, 236, 21

CRs and non-thermal emission due to cold accretion 15

τdisk ≈
2hdisk

vs, f cosθ
" 2.0×106 yr

1
cosθ

(
hdisk

300 pc

)( vs

300 km s−1

)−1

(26)

REFERENCES

Aartsen, M. G., Abraham, K., Ackermann, M., et al. 2016, ArXiv e-prints
—. 2017, ApJ, 835, 151
Abdalla, H., Abramowski, A., Aharonian, F., et al. 2017, ArXiv e-prints
Abdo, A. A., Allen, B., Berley, D., et al. 2007, ApJ, 664, L91
Abeysekara, A. U., Albert, A., Alfaro, R., et al. 2017, ApJ, 843, 40
Abramowski, A., Acero, F., Aharonian, F., et al. 2011, A&A, 533, A103
Acero, F., Ackermann, M., Ajello, M., et al. 2015, ApJS, 218, 23
—. 2016, ApJS, 223, 26
Acharya, B. S., Actis, M., Aghajani, T., et al. 2013, Astroparticle Physics,

43, 3
Ackermann, M., Ajello, M., Allafort, A., et al. 2013, Science, 339, 807
Ackermann, M., Ajello, M., Atwood, W. B., et al. 2012, ApJ, 750, 3
—. 2016, ApJS, 222, 5
Ackermann, M., Ajello, M., Baldini, L., et al. 2017, ApJ, 843, 139
Adam, R., Ade, P. A. R., Alves, M. I. R., et al. 2016, A&A, 596, A103
Adrián-Martínez, S., Ageron, M., Aharonian, F., et al. 2016, Journal of

Physics G Nuclear Physics, 43, 084001
Aharonian, F., Akhperjanian, A., Beilicke, M., et al. 2002, A&A, 393, L37
Aharonian, F., Akhperjanian, A. G., Aye, K.-M., et al. 2005, Science, 307,

1938
Aharonian, F., Akhperjanian, A. G., Barres de Almeida, U., et al. 2008,

A&A, 477, 353
Aharonian, F., Akhperjanian, A. G., Bazer-Bachi, A. R., et al. 2006, ApJ,

636, 777
Aharonian, F. A. 2004, Very high energy cosmic gamma radiation : a crucial

window on the extreme Universe (World Scientific Publishing Co)
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Aleksić, J., Ansoldi, S., Antonelli, L. A., et al. 2014, A&A, 571, A96
Anderson, G. E., Gaensler, B. M., Kaplan, D. L., et al. 2014, ApJS, 212, 13
Armillotta, L., Fraternali, F., Werk, J. K., Prochaska, J. X., & Marinacci, F.

2017, MNRAS, 470, 114
Atoyan, A., Buckley, J., & Krawczynski, H. 2006, ApJ, 642, L153
Baek, C. H., Kudoh, T., & Tomisaka, K. 2008, ApJ, 682, 434
Bartoli, B., Bernardini, P., Bi, X. J., et al. 2013, ApJ, 779, 27
Beck, M. C., Beck, A. M., Beck, R., Dolag, K., Strong, A. W., & Nielaba, P.

2016, JCAP, 5, 056
Beck, R. 2016, A&A Rev., 24, 4
Bell, A. R. 1978, MNRAS, 182, 147
—. 2004, MNRAS, 353, 550
Binney, J. 1977, ApJ, 215, 483
Birnboim, Y. & Dekel, A. 2003, MNRAS, 345, 349
Bland-Hawthorn, J. & Gerhard, O. 2016, ARA&A, 54, 529
Blandford, R. & Eichler, D. 1987, Phys. Rep., 154, 1
Blandford, R. D. & Ostriker, J. P. 1978, ApJ, 221, L29
Blasi, P. 2013, A&A Rev., 21, 70
Blumenthal, G. R., Faber, S. M., Primack, J. R., & Rees, M. J. 1984, Nature,

311, 517
Brooks, A. M., Governato, F., Quinn, T., Brook, C. B., & Wadsley, J. 2009,

ApJ, 694, 396
Bykov, A. M., Chevalier, R. A., Ellison, D. C., & Uvarov, Y. A. 2000, ApJ,

538, 203
Caprioli, D. 2015, in International Cosmic Ray Conference, Vol. 34, 34th

International Cosmic Ray Conference (ICRC2015), ed. A. S. Borisov,
V. G. Denisova, Z. M. Guseva, et al., 8

Christensen, C. R., Davé, R., Governato, F., Pontzen, A., Brooks, A.,
Munshi, F., Quinn, T., & Wadsley, J. 2016, ApJ, 824, 57

Combes, F. 2014, in Astronomical Society of the Pacific Conference Series,
Vol. 480, Structure and Dynamics of Disk Galaxies, ed. M. S. Seigar &
P. Treuthardt, 211

De Angelis, A., Tatischeff, V., Tavani, M., et al. 2017, Experimental
Astronomy

de Jager, O. C., Ferreira, S. E. S., Djannati-Ataï, A., Dalton, M., Deil, C.,
Kosack, K., Renaud, M., Schwanke, U., & Tibolla, O. 2009, ArXiv
e-prints

Deil, C., Brun, F., Carrigan, S., et al. 2015, in International Cosmic Ray
Conference, Vol. 34, 34th International Cosmic Ray Conference
(ICRC2015), ed. A. S. Borisov, V. G. Denisova, Z. M. Guseva, et al., 773

Dermer, C. D. & Menon, G. 2009, High Energy Radiation from Black
Holes: Gamma Rays, Cosmic Rays, and Neutrinos (Princeton University
Press)

Di Sciascio, G. et al. 2016, ArXiv e-prints
Donath, A., Brun, F., Chaves, R. C. G., Deil, C., Marandon, V., Terrier, R.,

& H.E.S.S. Collaboration. 2017, in American Institute of Physics
Conference Series, Vol. 1792, 6th International Symposium on High
Energy Gamma-Ray Astronomy, 040001

D’Onghia, E. & Fox, A. J. 2016, ARA&A, 54, 363
Draine, B. T. 2011, Physics of the Interstellar and Intergalactic Medium

(Princeton University Press)

Drury, L. O., Aharonian, F. A., & Voelk, H. J. 1994, A&A, 287, 959
Drury, L. O., Duffy, P., & Kirk, J. G. 1996, A&A, 309, 1002
Evoli, C., Gaggero, D., Grasso, D., & Maccione, L. 2012, Physical Review

Letters, 108, 211102
Faucher-Giguère, C.-A., Kereš, D., & Ma, C.-P. 2011, MNRAS, 417, 2982
Fernández, X., Joung, M. R., & Putman, M. E. 2012, ApJ, 749, 181
Ferrière, K. M. 2001, Reviews of Modern Physics, 73, 1031
Finlator, K. 2017, in Astrophysics and Space Science Library, Vol. 430,

Astrophysics and Space Science Library, ed. A. Fox & R. Davé, 221
Fox, A. & Davé, R., eds. 2017, Astrophysics and Space Science Library,

Vol. 430, Gas Accretion onto Galaxies
Fox, A. J., Lehner, N., Lockman, F. J., et al. 2016, ApJ, 816, L11
Fox, A. J., Wakker, B. P., Barger, K. A., et al. 2014, ApJ, 787, 147
Franco, J., Tenorio-Tagle, G., Bodenheimer, P., Rozyczka, M., & Mirabel,

I. F. 1988, ApJ, 333, 826
Fraternali, F. 2017, in Astrophysics and Space Science Library, Vol. 430,

Astrophysics and Space Science Library, ed. A. Fox & R. Davé, 323
Galyardt, J. & Shelton, R. L. 2016, ApJ, 816, L18
Ginzburg, V. L. & Syrovatskii, S. I. 1964, The Origin of Cosmic Rays (New

York: Macmillan)
Gottschall, D., Capasso, M., Deil, C., et al. 2016, ArXiv e-prints
Grenier, I. A., Black, J. H., & Strong, A. W. 2015, ARA&A, 53, 199
Guo, X., Sironi, L., & Narayan, R. 2014, ApJ, 794, 153
Haverkorn, M. 2015, in Astrophysics and Space Science Library, Vol. 407,

Magnetic Fields in Diffuse Media, ed. A. Lazarian, E. M. de Gouveia Dal
Pino, & C. Melioli, 483

Haverkorn, M., Akahori, T., Carretti, E., et al. 2015, Advancing
Astrophysics with the Square Kilometre Array (AASKA14), 96

Heiles, C. 1984, ApJS, 55, 585
Heitsch, F. & Putman, M. E. 2009, ApJ, 698, 1485
Henry, R. B. C. & Worthey, G. 1999, PASP, 111, 919
Hill, A. S., Mao, S. A., Benjamin, R. A., Lockman, F. J., &

McClure-Griffiths, N. M. 2013, ApJ, 777, 55
Hollenbach, D. & McKee, C. F. 1989, ApJ, 342, 306
Inoue, Y., Lee, S.-H., Tanaka, Y. T., & Kobayashi, S. B. 2017, Astroparticle

Physics, 90, 14
Ioka, K. & Mészáros, P. 2010, ApJ, 709, 1337
Izumi, N., Kobayashi, N., Yasui, C., Tokunaga, A. T., Saito, M., & Hamano,

S. 2014, ApJ, 795, 66
Jansson, R. & Farrar, G. R. 2012, ApJ, 761, L11
Joung, M. R., Bryan, G. L., & Putman, M. E. 2012a, ApJ, 745, 148
Joung, M. R., Putman, M. E., Bryan, G. L., Fernández, X., & Peek, J. E. G.

2012b, ApJ, 759, 137
Kaastra, J. S., Paerels, F. B. S., Durret, F., Schindler, S., & Richter, P. 2008,

Space Sci. Rev., 134, 155
Kachelriess, M., Moskalenko, I. V., & Ostapchenko, S. S. 2014, ApJ, 789,

136
Kalberla, P. M. W. & Kerp, J. 2009, ARA&A, 47, 27
Kang, H. & Ryu, D. 2013, ApJ, 764, 95
Kang, J.-h. & Koo, B.-C. 2007, ApJS, 173, 85
Kereš, D., Katz, N., Weinberg, D. H., & Davé, R. 2005, MNRAS, 363, 2
Kobayashi, N., Yasui, C., Tokunaga, A. T., & Saito, M. 2008, ApJ, 683, 178
Kudoh, T. & Basu, S. 2004, A&A, 423, 183
Kwak, K., Henley, D. B., & Shelton, R. L. 2011, ApJ, 739, 30
Larson, R. B. 1972, Nature, 236, 21
Lee, S.-H., Patnaude, D. J., Raymond, J. C., Nagataki, S., Slane, P. O., &

Ellison, D. C. 2015, ApJ, 806, 71
Lehner, N. & Howk, J. C. 2011, Science, 334, 955
Lockman, F. J. 2017, in Astrophysics and Space Science Library, Vol. 430,

Astrophysics and Space Science Library, ed. A. Fox & R. Davé, 49
Malkov, M. A., Diamond, P. H., & Sagdeev, R. Z. 2011, Nature

Communications, 2, 194
Malkov, M. A. & Drury, L. O. 2001, Reports on Progress in Physics, 64, 429
Marinacci, F., Binney, J., Fraternali, F., Nipoti, C., Ciotti, L., & Londrillo, P.

2010, MNRAS, 404, 1464
Matteucci, F. 2014, The Origin of the Galaxy and Local Group, Saas-Fee

Advanced Course, Volume 37. ISBN 978-3-642-41719-1. Springer-Verlag
Berlin Heidelberg, 2014, p. 145, 37, 145

McClure-Griffiths, N. M., Madsen, G. J., Gaensler, B. M., McConnell, D., &
Schnitzeler, D. H. F. M. 2010, ApJ, 725, 275

McClure-Griffiths, N. M., Stanimirovic, S., Murray, C., et al. 2015,
Advancing Astrophysics with the Square Kilometre Array (AASKA14),
130

McClure-Griffiths, N. M., Staveley-Smith, L., Lockman, F. J., Calabretta,
M. R., Ford, H. A., Kalberla, P. M. W., Murphy, T., Nakanishi, H., &
Pisano, D. J. 2008, ApJ, 673, L143

Mach no. � post-	

shock �

ts~106 yr	




HVC accretion events: particle acceleration	
 SI+ 1708.08574	

B fields	

  disk: B~0.3-5µG? HVC: ? c.f. B~6-8µG measured in 2 HVCs	

  post-shock magnetic field: fiducial  Bs=3µG (0.3-10µG)   Beq~14 µG	


CRs and non-thermal emission due to cold accretion 15

τDSA ≈ 10
3

ηcE
eBsv2

s
" 3.9×103 yr η

(
E

1 TeV

)(
Bs

3 µG

)−1 ( vs

300 km s−1

)−2

(26)

REFERENCES

Aartsen, M. G., Abraham, K., Ackermann, M., et al. 2016, ArXiv e-prints
—. 2017, ApJ, 835, 151
Abdalla, H., Abramowski, A., Aharonian, F., et al. 2017, ArXiv e-prints
Abdo, A. A., Allen, B., Berley, D., et al. 2007, ApJ, 664, L91
Abeysekara, A. U., Albert, A., Alfaro, R., et al. 2017, ApJ, 843, 40
Abramowski, A., Acero, F., Aharonian, F., et al. 2011, A&A, 533, A103
Acero, F., Ackermann, M., Ajello, M., et al. 2015, ApJS, 218, 23
—. 2016, ApJS, 223, 26
Acharya, B. S., Actis, M., Aghajani, T., et al. 2013, Astroparticle Physics,

43, 3
Ackermann, M., Ajello, M., Allafort, A., et al. 2013, Science, 339, 807
Ackermann, M., Ajello, M., Atwood, W. B., et al. 2012, ApJ, 750, 3
—. 2016, ApJS, 222, 5
Ackermann, M., Ajello, M., Baldini, L., et al. 2017, ApJ, 843, 139
Adam, R., Ade, P. A. R., Alves, M. I. R., et al. 2016, A&A, 596, A103
Adrián-Martínez, S., Ageron, M., Aharonian, F., et al. 2016, Journal of

Physics G Nuclear Physics, 43, 084001
Aharonian, F., Akhperjanian, A., Beilicke, M., et al. 2002, A&A, 393, L37
Aharonian, F., Akhperjanian, A. G., Aye, K.-M., et al. 2005, Science, 307,

1938
Aharonian, F., Akhperjanian, A. G., Barres de Almeida, U., et al. 2008,

A&A, 477, 353
Aharonian, F., Akhperjanian, A. G., Bazer-Bachi, A. R., et al. 2006, ApJ,

636, 777
Aharonian, F. A. 2004, Very high energy cosmic gamma radiation : a crucial

window on the extreme Universe (World Scientific Publishing Co)
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2013; Caprioli 2015 and references therein). As discussed in
§2.2, the latter should be valid in most cases for the shocks
considered here, justifying condition 2 (adequate shock Mach
number). Also governed by Ms is the spectrum of acceler-
ated particles, expected to be a simple power law in particle
momentum p to first order of approximation, dN/d p ∝ p−α,
with index α = (rc + 2)/(rc − 1) = (3γ − 1 + 4M−2

s )/(2 − 2M−2
s )

that approaches α = 2 for Ms ! 10. We assume that during
the pre-deceleration, constant velocity phase of the shock with
duration τs, non-thermal protons with momenta p ≥ pp,min are
injected into the emission region at a constant rate

Qp(p) ≡ dNp

d pdt
= Qp0

(
p
p0

)−α

exp
(

− p
pp,max

)
(16)

where Qp(p)d p denotes the number of protons with momenta
in the interval p∼ p+d p injected per unit time, p0 = 1 GeV/c,
and α = 2 is fiducially considered. The minimum momen-
tum of protons is expected to be not far above their ther-
mal values, for which we choose pp,min = 0.01 GeV/c, while
pp,max = Ep,max/c is evaluated from Eq. 13. The normaliza-
tion parameter Qp0 is treated differently depending on the
objective, in relation to the total power of injected protons
Lp =

∫ pp,max

pp,min
EkQp(p)d p where Ek = mpc2(

√
((p/mpc)2 + 1)−1)

is the proton kinetic energy, or the time-integrated total pro-
ton energy Wp ≈ Lpτs. For giving predictions, Qp0 can be set
so that Lp = ξpLk,HVC, proportional to the rate of HVC kinetic
energy passing through the shock (Eq. 8, §2.3), with fiducial
value ξp = 0.1. On the other hand, for providing model fits
to observations, Qp0 can be adjusted to give the best descrip-
tion of the data, and the corresponding Lp or Wp is evaluated
a posteriori for a plausibility check. We do not consider ef-
fects that can induce deviations from a simple power-law for
the accelerated particle spectrum such as non-linear feedback
from CRs onto the shock structure (Malkov & Drury 2001),
nor the effects of pre-existing CRs for DSA injection, which
is likely subdominant for the conditions of our interest.

Primary electrons, i.e. those directly accelerated out of the
thermal plasma via DSA, are treated in a way similar to pro-
tons (Eq. 16) with the same value of α so that their injection
rate with momenta pe ≥ pe,min is

Qe(pe) ≡ dNe

d pedt
= Qe0

(
pe

p0

)−α

exp
(

− p
pe,max

)
(17)

where pe,max = Ee,max/c is evaluated from Eq. 15. The
minimum momentum of electrons is uncertain but its exact
value is not crucial for our purposes as long as pe,min &
1GeV/c, where the corresponding synchrotron and IC emis-
sion is observationally irrelevant (§4.2); here we take pe,min =
0.01 GeV/c.

The electron acceleration efficiency ξe, defined so that the
total injected electron power Le = ξeLk,HVC, is more uncertain
compared to protons, either observationally or theoretically.
Often invoked for the ratio of accelerated electrons to pro-
tons is Kep ' 0.01 in terms of their number at momentum
∼ 1GeV/c, the value observed in Galactic CRs. However, it
is unclear how much this reflects the ratio at the acceleration
site. Observations of SNRs and some simulations indicate
it may be appreciably less (Ackermann et al. 2013; Capri-
oli 2015), while observations of cluster merger shocks and
related simulations suggest that it can be much higher (Guo
et al. 2014). We fiducially take Kep = Qe0/Qp0 = 0.01, but
remain open to significantly different values.

3.4. Neutral particles and radiative regime
If the medium around the shock contains a sufficiently large

fraction of neutral particles, their collisions with ions can
damp the magnetic turbulence that is essential for the DSA
process and curtail it (Bell 1978; Drury et al. 1996). For both
RS in HVCs and FS in the disk, a major fraction of the pre-
shock gas should be HI. On the other hand, irrespective of
the pre-shock ionization state, shocks in the radiative regime
can keep the upstream gas fully ionized via UV photons from
the downstream gas, as long as vs ! 120 km s−1 (Shull & Mc-
Kee 1979; Hollenbach & McKee 1989). While our main con-
cern is the adiabatic phase of the shocks, τg,rad was seen to
be comparable to τHVC or τdisk with our fiducial parameters
(§2.2). Thus, unless we consider the earliest phases of their
evolution, our shocks are expected to be at least moderately
radiative, likely substantially mitigating the effects of neutral
particles. Here we assume the validity of condition 4 (neg-
ligible damping of magnetic turbulence by neutral-ion colli-
sions), and defer a more detailed discussion to the future. For
the same reason, we do not consider in this work the effects
of charge exchange reactions that may lead to non-trivial con-
sequences (e.g. Ohira 2012; Morlino et al. 2013).

We note that particle acceleration may also continue in the
radiative phase, possibly with a spectral break above a few
GeV when vs " 120 km s−1, as proposed in order to explain
some observations of old SNRs and other objects (e.g. Bykov
et al. 2000; Yamazaki et al. 2006; Malkov et al. 2011; Lee
et al. 2015; Inoue et al. 2017). However, such effects are not
yet understood in detail and will not be discussed here.

4. NON-THERMAL EMISSION
For detailed calculations of non-thermal emission and ap-

plication to unidentified Galactic GeV-TeV sources in §5, we
employ a numerical code used in Uchiyama et al. (2010),
based on a time-dependent kinetic description of the non-
thermal proton and electron populations within a suitable
emission region. For protons, the code accounts for their
inelastic collisions with ambient matter and consequent pion
production, emission due to decay of neutral pions (π0), and
injection of secondary electrons and positrons (e±; hereafter
simply “secondary electrons” unless otherwise noted) due
to decay of charged pions (π±). The contribution of he-
lium and other heavy nuclei is accounted for by the nuclear
enhancement factor (Mori 2009; Kachelriess et al. 2014),
for which we adopt εM = 2.0 (see §4.1 for more details).
For both primary and secondary electrons, the code includes
bremsstrahlung with ambient matter, synchrotron emission in
magnetic fields, and inverse Compton emission by upscatter-
ing the CMB and ISRF with proper account of the Klein-
Nishina regime. For simplicity, the ISRF spectrum is de-
scribed by two diluted black-body components with tempera-
ture and normalization for each chosen so as to approximate
the detailed calculations by Porter et al. (2008) of the op-
tical starlight and far-infrared dust emission that depend on
R. The proton and electron distributions are calculated self-
consistently in a time-dependent way including the effect of
energy losses due to all of the above processes.

Below we provide a simplified discussion of the key emis-
sion processes, for the sake of estimates and understanding of
the numerical results. Readers familiar with the basics of non-
thermal emission may skip the rest of this section and move
to §5.
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and rate RSN is

LSN = ESNRSN ! 9.5×1041 erg s−1
(

ESN

1051 erg
RSN

0.03 yr−1

)
.

(10)
As is well known, with a plausible CR acceleration efficiency
of order 10 % (§3.3), LSN can account for the energy bud-
get of the observed Galactic CRs with inferred power LCR ∼
1041 erg s−1 (Ginzburg & Syrovatskii 1964; Strong et al. 2010;
Grenier et al. 2015). In comparison, Lacc,HVC is only ∼ 3 %
of LSN, and possibly even less if facc $ 1. Nevertheless, the
energetics of HVC accretion can be relatively more important
in the outer Galaxy where RSN is much lower (§7).

The mean number of active HVC accretion events with adi-
abatic shocks in the Galaxy can be crudely estimated by

Ns ≈ fs(Ṁacc,HVC/MHVC)τs

! 10 fs

(
Ṁacc,HVC

1 M! yr−1
τs

106 yr

)(
MHVC

105 M!

)−1

, (11)

Similar to facc, fs accounts for the fact that only a fraction of
Ṁacc,HVC is represented by accretion of HVCs with MHVC ∼
105 M! and τs ∼ 106 yr.

The above estimates of Lacc,HVC and Ns are subject to un-
certainties in Ṁacc,HVC. Putman et al. (2012) give Ṁacc,HVC ∼
0.1 − 0.4 M! yr−1, including the ionized gas seen in Hα, but
excluding the contribution from the MS. Estimating the con-
tribution of ionized gas detected via metal lines, Lehner &
Howk (2011) derive Ṁacc,HVC ∼ 0.45 − 1.40 M! yr−1, which
meets the required Ṁacc,SF. Finally, accounting for the MS
that may potentially dominate accretion for ∼1 Gyr, Richter
(2012, 2017) give Ṁacc,HVC ∼ 0.7 M! yr−1 in HI alone, and
a total including ionized gas of Ṁacc,HVC ! 5 M! yr−1. How-
ever, it is unclear if the bulk of the MS can reach the disk with-
out being disrupted (Fox et al. 2014; D’Onghia & Fox 2016).
At present, at least a small part of it may be accreting, as some
HVCs in the Leading Arm are known to be interacting with
the disk at R ∼ 17 kpc (McClure-Griffiths et al. 2008). Tak-
ing the higher value of Ṁacc,HVC by Lehner & Howk (2011),
Lacc,HVC can be up to ∼ 5 % of LSN.

The threshold mass for HVC survival in the hot halo is
also uncertain. While MHVC ! 104.5M! is suggested from hy-
drodynamical simulations for evading disruption via Kelvin-
Helmholtz and Rayleigh-Taylor instabilities (Heitsch & Put-
man 2009; Kwak et al. 2011; Joung et al. 2012a), such effects
may be alleviated by inclusion of magnetic fields (McCourt
et al. 2015), thermal conduction (Armillotta et al. 2017) or
gravitational confinement by dark matter (Nichols & Bland-
Hawthorn 2009; Galyardt & Shelton 2016). If direct accre-
tion with high vacc is also possible for MHVC " 104.5M!, Ns
can be potentially much larger than estimated by Eq. 11. The
same is true if we account for shocks in the radiative phase
at τs > 106 yr, which may still accommodate some particle
acceleration, albeit up to lower energies compared to the adi-
abatic phase (§3.4).

3. PARTICLE ACCELERATION
Shock waves are capable of accelerating charged particles

to energies far exceeding their thermal values with a power-
law energy distribution, as attested by a wide variety of obser-
vations, ranging from solar coronal mass ejections to merging
clusters of galaxies. Although its theory is far from complete,

in general terms, DSA is expected to operate efficiently un-
der the following conditions (for reviews, see e.g. Blandford
& Eichler 1987; Malkov & Drury 2001; Blasi 2013; Caprioli
2015).
1. The relevant medium is sufficiently rarefied and magne-
tized so that shocks form in a collisionless manner, mediated
by collective electromagnetic interactions involving plasma
instabilities rather than particle collisions (§3.1).
2. An adequate fraction of particles are injected into the ac-
celeration process, usually requiring that either the shock has
a sufficiently high Mach number, or there is a sufficiently high
density of pre-existing cosmic rays (§3.3).
3. The magnetic field around the shock is sufficiently strong
and turbulent over a range of scales so that the injected parti-
cles can scatter back and forth across the shock front repeat-
edly to attain suitably high energies within the available time
and/or space constraints (§3.2).
4. The medium is sufficiently ionized so that collisions of ions
with neutral particles do not damp such magnetic turbulence
(§3.4).

3.1. Magnetic fields
The properties of magnetic fields at the shocks of our inter-

est are uncertain, for both RS in HVCs or FS in the outer
Galactic disk. Models of the Galactic magnetic field that
are consistent with observed Faraday rotation measures and
Galactic synchrotron emission (for reviews, see Haverkorn
2015; Beck 2016) suggest total field strengths B ∼ 1 − 3 µG
for the disk around R ∼ 15 kpc, with appreciable variations
depending on the exact location relative to the spiral arms
(e.g. Jansson & Farrar 2012; Beck et al. 2016; Adam et al.
2016). Only 2 HVCs have published measurements of mag-
netic fields via Faraday rotation at levels of B ∼ 6 − 8 µG,
subject to a number of assumptions concerning the fore-
ground, magnetic field geometry, ionized gas distribution, etc.
(McClure-Griffiths et al. 2010; Hill et al. 2013). These partic-
ular HVCs may be rather anomalous in having likely passed
through the disk (McClure-Griffiths et al. 2010) or possessing
an unusually high metallicity (Fox et al. 2016), pointing to the
possibility that more typical HVCs have weaker fields that are
not readily detectable with existing instrumentation. The gen-
eral presence of metals in HVCs indicate that they are likely
magnetized at some level, although perhaps less so than in the
disk due to the lack of Galactic dynamo effects.

If the pre-shock magnetic field with strength B0 is ran-
domly and isotropically tangled, compression will lead to
a post-shock field strength Bs enhanced by a factor [(r2

c +
2)/3]1/2, whereas if it is coherent, this factor will depend
on its orientation with respect to the shock. Furthermore,
magnetic fields around the shock may possibly be ampli-
fied up to near-equipartition values by CR-induced insta-
bilities if the shock’s Alfvénic Mach number MA is suf-
ficiently high (Bell 2004; Caprioli 2015), where MA =
vs/vA ! 11 (vs/300 km s−1)(B0/3µG)−1(n0/0.1 cm−3)1/2, and
vA = B0/(4πµmpn0)1/2 is the Alfvén velocity in the pre-
shock medium. Although observationally supported for SNR
shocks (Uchiyama et al. 2007), the efficiency of such in-
stabilities is unclear for the lower velocity shocks of inter-
est here. In our context, the strength of magnetic fields
in equipartition with the CR pressure at the shock can be
estimated by B2

s,eq/(8π) = (1/2)ξpmpn0v2
s so that Bs,eq !

14µG (ξp/0.1)1/2(n0/0.1 cm−3)1/2(vs/300 km s−1), where ξp
is the fraction of kinetic energy flowing into the shock that is
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Ns ≈ fs(Ṁacc,HVC/MHVC)τs " 10 fs

(
Ṁacc,HVC

1 M! yr−1
τs

106 yr

)(
MHVC

105 M!

)−1

,

(26)
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further observational tests	
 SI+ 1708.08574	

HI observations	

- morphology, kinematics: signs of HVC+disk interaction	

- distance: larger energetics compared to SNR, PWNe	

- location: weak, little, or opposite correlation with star forming regions	

  IGM/satellite gas ignorant of disk conditions	

  disruption due to SN-driven outflows from disk	


non-thermal radio, X-ray	

  secondary electrons (indep. of Kep): constrain Bs	


GeV-TeV: sub-PeV cutoff, π0 bump	


thermal	

- free-free continuum: heavily attenuated (e.g. NH~1.5x1022 cm-2 for	

  HESS J1503-582), but possibly detectable if nearer sources exist	

- emission lines from Fe, Si?	

HE neutrinos: detectable by KM3NeT	

search for more sources	

- HESS, Fermi, HAWC… vs FVWs, HI shells…	

- CTA: HVC accretion events in M31?	




origin of diffuse gamma-ray excess in outer Galaxy?	
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Figure 13. Comparison of the emissivity gradient obtained by the LAT and model expectations using GALPROP. The left panel shows models with different halo
sizes and diffusion lengths: (zh, D0) = (1 kpc, 1.7 × 1028 cm2 s−1), (2 kpc, 3.2 × 1028 cm2 s−1), (4 kpc, 5.8 × 1028 cm2 s−1), (10 kpc, 12 × 1028 cm2 s−1), and (20 kpc,
18 × 1028 cm2 s−1). The solid line is for zh = 4 kpc. The right panel shows different choices of the break distance beyond which a flat CR source distribution is
assumed: Rbk = 10–14 kpc with 1 kpc steps.

to a significantly flatter profile than predicted by our model;
the LAT results indicate to a factor of two larger emissivity
(CR energy density) in the Perseus arm even if we assume
TS = 100 K. The higher TS makes the discrepancy larger, hence
the conclusion is robust. Not using the E(B − V )res map in the
analysis does not change the conclusion, since the emissivities
in the interarm region and the Perseus arm are almost unaffected
by its presence.

The discrepancy between the γ -ray emissivity gradient in
the Galaxy and the distribution of putative CR sources has
been known as the “gradient problem” since the COS-B era
(e.g., Bloemen 1989). It has led to a number of possible
interpretations, including, for the specific case of the outer
Galaxy, the possibility of a very steep gradient in XCO beyond the
solar circle (Strong et al. 2004b). The emissivities in the outer
Galaxy were more difficult to determine in the COS-B/EGRET
era due to lower statistics and higher backgrounds. Now, thanks
to the high quality of the LAT data and the improved component
separation technique applied to gas line data, we measure a flat
H i emissivity gradient in the outer Galaxy together with a flat
evolution of XCO over several kpc, so the gradient problem
requires another explanation.

The most straightforward possibility is a larger halo size (zh),
as discussed by, e.g., Stecker & Jones (1977), Bloemen (1989),
and Strong & Moskalenko (1998). We therefore tried several
choices of zh and D0 as summarized in the dotted lines in
the same figure. The values of D0 are chosen to reasonably
reproduce the LIS of protons and electrons, B/C ratio and
10Be/9Be ratio at the solar system, and are similar to those given
in Strong & Moskalenko (1998). All models are normalized to
the LAT data in the Local arm. Models with zh = 4 kpc or
smaller are found to give too steep emissivity gradients. A CR
source distribution as in Equation (2) with a very large halo
(zh ! 10 kpc) provides a gradient compatible with the γ -ray
data, if we fully take into account the systematic uncertainties.
We note that zh = 10 kpc is still compatible with 10Be/9Be
measurements (e.g., Strong & Moskalenko 1998).

Considering the large statistical and systematic uncertainties
in the SNR distribution, a flatter CR source distribution in the
outer Galaxy also could be possible. We thus tried a modified
CR source distribution, in which the distribution is the same
as Equation (2) below Rbk and constant beyond it (see a thin

solid line of Figure 12 as an example). Figure 13 right shows
the models with several choices of Rbk for zh = 4 kpc and
D0 = 5.8 × 1028 cm2 s−1. We obtained a reasonable fit to the
data using a flat CR source distribution beyond R = 10 kpc.
Such a constant CR source density in the outer Galaxy is in
contrast not only with the (highly uncertain) distribution of
SNRs, but also with other tracers of massive star formation and
SNRs, like, (1) CO lines which trace the interstellar phase where
massive stars form (e.g., Ferrière 2001), (2) OB star counts (e.g.,
Bronfman et al. 2000), and (3) the 26Al line which is related to
the injection of stellar nucleosynthesis products in the ISM by
SNRs (Diehl et al. 2006). However, a very large halo size and/or
a flat CR source distribution just beyond the solar circle seem
to be favored by the LAT data.

The above discussion depends on the propagation parameters
and the solution is not unique. The exploration could be extended
to other regions of the parameter space or to a non-uniform
diffusion coefficient (e.g., Evoli et al. 2008), but examining
propagation models in detail is beyond the scope of our study.
Our bottom line is that the analysis of LAT data presented here
and by Abdo et al. (2010a) consistently show that the CR density
gradient in the outer Galaxy is flatter than expectations by
commonly used propagation models. In the future, the extension
to the inner part and the accurate determination of the gradient
over the whole Galaxy will be key to constraining the CR origin
and transport.

We also note that a spin temperature TS ! 250 K, which is
favored by recent studies in the outer Galaxy (e.g., Dickey et al.
2009), gives a small arm/interarm contrast at the 10%–20%
level that is not fully compatible with the propagation models
(including the one we adopted here) which predict a monotonic
CR gradient.

Even though the present analysis includes a dust template
to account for the abundant missing gas present locally at the
interface between the H i and CO-bright phases, an alternative
way to reconcile the flat emissivity profile and a marked
decline in CR density in the outer Galaxy is to invoke an
increase in missing gas mass with Galactocentric distance in
the low metallicity environments of the outer Galaxy (see, e.g.,
Papadopoulos et al. 2002; Wolfire et al. 2010) beyond the local
correction applied here. We note that the large masses of dark
gas in the outer Galaxy suggested by Papadopoulos et al. (2002)

14

The Astrophysical Journal, 726:81 (15pp), 2011 January 10 Ackermann et al.

studies are based on different H i surveys which yield different
total N(H i) column densities integrated along the lines of sight.
The column density ratios between the surveys varies from 0.6
to 1.0 within the ROI, with an average value of ∼0.8. The
difference is likely due to the improved correction for stray-
radiation in the more recent survey, as discussed in Kalberla et al.
(2005). The EGRET Local arm emissivity scaled by 0.8 is in
good agreement with our result for the same spin temperature. If
we do not include the E(B−V )res map in the fitting, we obtain an
emissivity of (1.68 ± 0.05) × 10−26 photons s−1 sr−1 H-atom−1

which is still consistent with the down-scaled EGRET result
within ∼15%. We thus conclude that our result is consistent
with the previous study but is more reliable because of higher
γ -ray statistics, finer resolution, and an improved H i gas survey.

We can therefore compare the present emissivity gradient
(for consistency in the case TS = 125 K) with that reported by
the EGRET study, as summarized in Figure 11 (right panel in
which the EGRET results multiplied by 0.8 are also shown).
Although we observe good agreement between the two studies
in the Local and the Perseus arms, this is not true for the arm/
interarm contrast. The difference could be due to the simple
partitioning in cloud velocity used for the EGRET study. The
H i mass obtained for clouds in the interarm region with the
simple partitioning is 20%–40% larger (for TS = 125 K) than
with our separation scheme, exaggerating the amount of gas
in the interarm region, and thus lowering the emissivity by the
same amount. Our emissivity profile is thus consistent with the
previous study, but with improved precision (smaller statistical
errors) and accuracy (more reliable region separation method
and better estimation of the point source contributions). We
thus do not confirm a marked drop in the interarm region.

Low spin temperatures yield a smooth decline in H i emis-
sivity to R $ 16 kpc in the outer Galaxy, without showing a
significant coupling with ISM column densities. The Perseus-
to-interarm contrast is at most of the order of 15%–20% for high
spin temperatures as shown in the left panel of Figure 11. These
profiles are similar at all energies, in particular at high ener-
gies where the component separation is more reliable thanks to
the better angular resolution. The surface density of H i in the
Perseus arm is on average 30%–40% higher than in the interarm
region. Therefore, even if we adopt TS = 400 K which gives the
largest arm–interarm contrast, the coupling scale (or the cou-
pling length) between the CRs and matter (e.g., Hunter et al.
1997) required to agree with the LAT data would be larger than
those usually assumed for this type of model (∼2 kpc, see e.g.,
Digel et al. 2001, Figure 7). Whether the true emissivity profile
exhibits a small contrast between the arms or smoothly declines
with distance is beyond our measurement capability without
further constraints on the H i column density derivation. New
H i absorption measurements will allow us to investigate this
issue with better accuracy.

4.3.2. Comparison with a Propagation Model:
the CR Gradient Problem

To compare with the second quadrant results (Abdo
et al. 2010a), we have integrated the emissivities above
200 MeV for TS = 125 K. We find values of (0.817 ±
0.016) × 10−26 photons s−1 sr−1 H-atom−1, (0.705 ± 0.018) ×
10−26 photons s−1 sr−1 H-atom−1, and (0.643 ± 0.022) ×
10−26 photons s−1 sr−1 H-atom−1 for the Local arm, interarm,
and Perseus arm regions, respectively. The nearer value is about
20% lower than in the second quadrant (which, however, sam-
ples very nearby clouds in the Gould Belt) and the outer ones
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Figure 12. CR source distribution adopted in our baseline GALPROP model
(solid line), compared with the SNR distribution obtained by the Σ–D relation
(Case & Bhattacharya 1998) and that traced by the pulsar distribution (Lorimer
2004) shown by dotted lines. The thin solid line represents an example of the
modified distributions introduced to reproduce the emissivity gradient by the
LAT.

compare very well with the second quadrant measurement over
the same Galactocentric distance range. Despite the uncertain-
ties due to the optical-depth correction (that might have a dif-
ferent impact in the two quadrants), both LAT studies consis-
tently point to a slowly decreasing emissivity profile beyond
R = 10 kpc.

Let us consider the predictions by a CR propagation model to
see the impact of such a flat profile on the CR source distribution
and propagation parameters. We adopted a GALPROP model,
starting from the configuration used for the run 54_77Xvarh7S
which we used to predict the IC contribution. The CR source
distribution in this model is

f (R) =
(

R

R%

)1.25

exp
(

−3.56 · R − R%

R%

)
, (2)

where R% = 8.5 kpc is the distance of the Sun to the Galactic
center. As shown in Figure 12, this function is intermediate be-
tween the distribution of supernova remnants (SNRs) obtained
from the Σ–D relation (Case & Bhattacharya 1998) and that
traced by pulsars (Lorimer 2004). The boundaries of the propa-
gation region are chosen to be Rh = 30 kpc (maximum Galac-
tocentric radius) and zh = 4 kpc (maximum height from the
Galactic plane), beyond which free escape is assumed. The spa-
tial diffusion coefficient is assumed to be uniform across the
Galaxy and is taken as Dxx = βD0(ρ/4GV)δ , where β ≡ v/c
is the velocity of the particle relative to the speed of light and
ρ is the rigidity. We adopted D0 = 5.8 × 1028 cm2 s−1 and
δ = 0.33 (Kolmogorov spectrum). Reacceleration due to the
interstellar magnetohydrodynamic turbulence, which is thought
to reproduce the observed B/C ratio at low energy, assumes an
Alfvén velocity vA = 30 km s−1. The CR source distribution
and propagation model parameters have been used often in the
literature (see e.g., Strong et al. 2004a). We note that the same
CR source distribution and similar propagation parameters are
adopted in the GALPROP run used by Abdo et al. (2010a).

The left panel of Figure 13 compares the calculated profile
(solid line) with LAT constraints (bow-tie plot bracketing the
profiles obtained for different TS; see the left panel of Figure 11).
The model is normalized to the LAT measurement in the
innermost region. Despite the large uncertainties, LAT data lead
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HI, where corrections for self-absorption of the 21-cm lines are small, the γ -ray emissivity qγ H

has been verified to scale linearly with NHI across the (0.1–2) × 1021 cm−2 range (Abdo et al.
2009). In more massive clouds, qγ H values are subject to 10–40% uncertainties because of the HI

optical depth.

4.1. Cosmic Rays in the Local Interstellar Medium
Analyses of the Fermi-LAT γ -ray data have revealed a fairly uniform distribution of qγ H

emissivities in the Gould Belt and in the Local Arm (Abdo et al. 2009, 2010b; Ackermann et al.
2011b, 2012b,d,e; Casandjian 2012). The emissivity spectra displayed in Figure 4 show less than
30% variations in amplitude and no spectral change across the γ -ray band, which samples CR
energies of 0.5–103 GeV. The variations are commensurate with the uncertainties in NHI and in
the Fermi-LAT exposure (Ackermann et al. 2012a).

The uniformity is remarkable given the large span in mass of the sampled clouds, from 103

to 8 × 106 M#, and given their notable differences in star-formation activity, from the quiescent
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Figure 4
(a,b,d ) γ -Ray emissivity spectra per interstellar H atom, qγ H, measured with Fermi-LAT in the atomic gas of
nearby clouds and in different sectors along the Local and Perseus Arms as well as between these spiral arms
(Abdo et al. 2009, 2010b; Ackermann et al. 2011b, 2012d,b,e; Planck & Fermi Collab. et al. 2015). The
errors are statistical, and the inserts illustrate the range of potential uncertainties owing to HI optical depth
corrections and Fermi-LAT exposure. The average spectrum found in the local ISM (in black), at latitudes
10◦ ≤ |b | ≤ 70◦, is common to the three spectral plots (Casandjian et al. 2013). It includes systematic
uncertainties. (c) Radial distribution across the Milky Way of different quantities, relative to their value near
the Sun; in colors, cloud emissivity qγ H integrals above 400 MeV as proxies for the cosmic-ray (CR)
densities (the errors include uncertainties in the LAT exposure and a 15% uncertainty in the derivation of
NHI column densities); in black, the mass surface density of the total gas (Pineda et al. 2013); from light to
dark blue, CR densities modelled with GALPROP for halo heights of 10, 4, and 2 kpc, respectively, and the
input CR source distribution following that of pulsars (model C from Lorimer et al. 2006).
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summary	

observational facts	

- ongoing accretion of low-metallicity gas onto Galactic disk	

  at rate of order Ṁacc~1 M

☉

/yr 	

- at least partly via direct accretion of HVCs with mass ~105 M

☉

	

  and velocity few 100 km/s	

- numerous unidentified GeV-TeV sources in Galactic Plane	

- at least one “dark” source with no counterparts except FVW	

plausible consequences	

- with magnetic fields of order few µG in HVC accretion shocks, 	

  acceleration of protons to sub-PeV, electrons to multi-TeV during	

 106 yr lifetime -> π0 gamma-ray emission (+ some IC)	

 -> origin of dark unID GeV-TeV sources	

- locations un- or anti-correlated with star formation	

- testable with further observations in HI, radio, X-rays, neutrinos…	

further implications	

- origin of diffuse gamma excess in outer Galaxy?	

- other observable effects?	

- potential signposts illuminating gas accretion interface?	



