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High-Velocity Clouds (HVCs)

• HVCs are coherent over-densities of HI 
covering ~40% of the sky. 
!

• They are kinematically separable from 
Galactic disk gas (v ~ 102 km/s) 
!

• The origin of HVCs is unclear and may 
differ from object to object 
– Ejected from the Galactic disk? 
– Stripped from the Magellanic Clouds? 
– Accreted during galaxy formation?
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CHAPTER 2. INDIRECT DETECTION 9

Figure 2.2 A high resolution numerical simulation of a Milky-Way-sized dark matter
halo from the Aquarius Project [13]. Thousands of dark matter subhalos can be
seen superimposed on the smooth primary halo. The brightness of each pixel is
proportional to the logarithm of the squared dark matter density projected along the
line of sight. Adapted from Springel et al. [13].

2.2 Indirect Detection Formalism

Having discussed the distribution of dark matter in the Galactic environment, we

now consider the predicted �-ray signal from dark matter annihilation. The �-ray

flux from dark matter annihilation depends both on the spatial distribution of dark

matter and on the particle physics governing annihilation. The signal flux, ⇧�(�⇤)

(ph cm�2 s�1 sr), expected from annihilation in a dark matter density distribution,

⇤(r), can be expressed as
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The preceding J-factor represents the line-of-sight integral through the square of the

dark matter density integrated over a solid angle �⇤. The second factor, ⇥PP,

is strictly dependent on the properties of the dark matter particle: the thermally-

averaged annihilation cross section, ⇥⌅v⇤, the particle mass, mDM, and the di⌅erential

Springel et al. (2008)

Simulated Dark Matter Distribution

• A sub-population of HVCs may inhabit 
dark matter halos that failed to form 
galaxies. 
!

• Potential targets for indirect detection 
of dark matter annihilation 
– May trace nearby dark matter halos 
– Some gamma-ray emission expected 

from cosmic-ray interactions
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Fig. 1.—GBT H i image of the Smith Cloud at km s!1 showingV p 100LSR

the cometary morphology that strongly suggests that the Cloud is moving to lower
longitude and toward the plane and that it is interacting with the Galactic ISM.
Arrows mark the tracks of the velocity-position slices of Figs. 2 and 3. Fig. 3.—GBT H i velocity-position slice through the major axis of the Cloud

at the location of the arrows in Fig. 1. Marks on the vertical axis are every
157.5!. Along this track, there are H i clumps at low velocity that match the
gaps in the main Cloud. The clumps have likely been stripped from the Cloud.
Two are marked by the solid arrows. Two line wings that form kinematic
bridges between the Cloud and Galactic gas are marked by the dotted arrows.
The main part of the Cloud shows systematic velocity gradients from the
changing projection of its space velocity with respect to the LSR. The tilted
lines show the expected run of with position for km s!1 (upperV V p 296LSR tot

part of the Cloud) and km s!1 (lower part). The Cloud consists ofV p 271tot

at least two coherent kinematic pieces.

Fig. 2.—GBT H i velocity-position slice through the Smith Cloud along a
track through the minor axis of the Cloud (marked by arrows in Fig. 1). The
edges of the Cloud show a sharp gradient in velocity from km s!1V ∼ 100LSR

to the lower velocities of Galactic H i. We interpret this as evidence of the
interaction between the Cloud and the gaseous halo of the Milky Way. The
arrow marks the decelerated ridge shown in Fig. 4.

TABLE 1
H i Properties of the Smith Cloud

Property Value

(deg) . . . . . . . . . . . . . . . . . .l, b 38.67, !13.41
Distance (kpc) . . . . . . . . . . . . 12.4 ! 1.3
R (kpc) . . . . . . . . . . . . . . . . . . . 7.6 ! 0.9
z (kpc) . . . . . . . . . . . . . . . . . . . . !2.9 ! 0.3

(K) . . . . . . . . . . . . . . . . . . . . .Tb 15.5
(km s!1) . . . . . . . . . . . . . .Dv 16.0

NH i (cm!2) . . . . . . . . . . . . . . . . 205.2 # 10
(km s!1) . . . . . . . . . . . . .VLSR 99 ! 1

H i mass (M,) . . . . . . . . . . . 1106

Projected size (kpc) . . . . . . 3 # 1

Note.—All but integral quantities apply
to the direction of greatest NH i at the position
l, b p 38.67", !13.41".

kinematic bridges between the Cloud and Galactic emission
(several are marked with dotted arrows), as well as clumps of
H i (two are marked by solid arrows) at velocities "40 km s!1

that correspond to gaps in the Cloud. The clumps are likely
material stripped from the Cloud.

4. DISTANCE TO THE CLOUD

Portions of the Smith Cloud appear to have been decelerated
by the ambient medium through which it moves, and we use
this to estimate a distance to the Cloud. The GBT data show
disturbances in Galactic H i attributable to the influence of the
Smith Cloud at km s!1 but not at km s!1.V ≥ 35 V ≤ 0LSR LSR

If the Smith Cloud is interacting with Galactic gas whose nor-
mal rotational velocity is in this range, it implies that that the
Cloud has a distance in the range 11.1 kpc ! dk ! 13.7 kpc,

the “far” kinematic distance for a flat rotation curve with
kpc and km s!1.R p 8.5 V p 2200 0

There are other determinations of the distance. The brightness
of diffuse Ha emission from the Cloud and a model for the Galactic
UV flux give either 1 or 13 kpc (Bland-Hawthorn et al. 1998;
Putman et al. 2003). Recently, Wakker et al. (2008) have bracketed
the distance by looking for the Cloud in absorption against several
stars, finding 10.5 kpc ! d ≤ 14.5 kpc. The three methods give
identical results, and we adopt the kinematic distance d p

kpc for the remainder of this Letter.12.4 ! 1.3

5. PROPERTIES OF THE CLOUD

The Smith Cloud lies in the inner Galaxy below the Perseus
spiral arm, kpc from the Galactic center. The prop-R p 7.6
erties of the Cloud obtained from the GBT data are presented
in Table 1. The brightest H i emission at l, b p 38.67", !13.41"
is near the Cloud tip. The H i mass of 106 M, is a lower limit
because the Cloud appears to consist of multiple fragments

Alex Drlica-Wagner   |   Smith Cloud

The Smith Cloud

• The Smith Cloud is one of the best 
characterized HVCs (e.g., Lockman et al. 2008) 
!

• Located at (l,b) = (38.67, -13.41) with an HI gas 
mass of ~106 M⊙ (total gas mass >2x106 M⊙) 
!

• Accurate distance determination from  
– Stellar bracketing 
– Interaction with disk gas 
– H-alpha reflection from the Galactic disk 
!

• The Smith Cloud resides at a heliocentric 
distance of 12.4 +/- 1.3 kpc (nearest dwarf 
galaxy at 23 kpc). 
!

• The distance, direction of motion, and 
systemic velocity distribution allow the 3D 
trajectory of the Smith Cloud to be determined

3

L22 LOCKMAN ET AL. Vol. 679

Fig. 1.—GBT H i image of the Smith Cloud at km s!1 showingV p 100LSR

the cometary morphology that strongly suggests that the Cloud is moving to lower
longitude and toward the plane and that it is interacting with the Galactic ISM.
Arrows mark the tracks of the velocity-position slices of Figs. 2 and 3. Fig. 3.—GBT H i velocity-position slice through the major axis of the Cloud

at the location of the arrows in Fig. 1. Marks on the vertical axis are every
157.5!. Along this track, there are H i clumps at low velocity that match the
gaps in the main Cloud. The clumps have likely been stripped from the Cloud.
Two are marked by the solid arrows. Two line wings that form kinematic
bridges between the Cloud and Galactic gas are marked by the dotted arrows.
The main part of the Cloud shows systematic velocity gradients from the
changing projection of its space velocity with respect to the LSR. The tilted
lines show the expected run of with position for km s!1 (upperV V p 296LSR tot

part of the Cloud) and km s!1 (lower part). The Cloud consists ofV p 271tot

at least two coherent kinematic pieces.

Fig. 2.—GBT H i velocity-position slice through the Smith Cloud along a
track through the minor axis of the Cloud (marked by arrows in Fig. 1). The
edges of the Cloud show a sharp gradient in velocity from km s!1V ∼ 100LSR
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(several are marked with dotted arrows), as well as clumps of
H i (two are marked by solid arrows) at velocities "40 km s!1

that correspond to gaps in the Cloud. The clumps are likely
material stripped from the Cloud.

4. DISTANCE TO THE CLOUD

Portions of the Smith Cloud appear to have been decelerated
by the ambient medium through which it moves, and we use
this to estimate a distance to the Cloud. The GBT data show
disturbances in Galactic H i attributable to the influence of the
Smith Cloud at km s!1 but not at km s!1.V ≥ 35 V ≤ 0LSR LSR

If the Smith Cloud is interacting with Galactic gas whose nor-
mal rotational velocity is in this range, it implies that that the
Cloud has a distance in the range 11.1 kpc ! dk ! 13.7 kpc,

the “far” kinematic distance for a flat rotation curve with
kpc and km s!1.R p 8.5 V p 2200 0

There are other determinations of the distance. The brightness
of diffuse Ha emission from the Cloud and a model for the Galactic
UV flux give either 1 or 13 kpc (Bland-Hawthorn et al. 1998;
Putman et al. 2003). Recently, Wakker et al. (2008) have bracketed
the distance by looking for the Cloud in absorption against several
stars, finding 10.5 kpc ! d ≤ 14.5 kpc. The three methods give
identical results, and we adopt the kinematic distance d p

kpc for the remainder of this Letter.12.4 ! 1.3

5. PROPERTIES OF THE CLOUD

The Smith Cloud lies in the inner Galaxy below the Perseus
spiral arm, kpc from the Galactic center. The prop-R p 7.6
erties of the Cloud obtained from the GBT data are presented
in Table 1. The brightest H i emission at l, b p 38.67", !13.41"
is near the Cloud tip. The H i mass of 106 M, is a lower limit
because the Cloud appears to consist of multiple fragments

Lockman et al. (2008)
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Smith Cloud Dark Matter

• The 3D trajectory of the Smith Cloud 
suggests that it passed through the 
Galactic disk ~70 Myr ago. 
!

• The gaseous component of the cloud has a 
weak self-gravity and ram pressure forces 
would dissipate the cloud during a passage 
through the Galactic disk. 
!

• This suggests that the Smith Cloud may be 
bound by a dark matter halo with tidal 
mass ~108 M⊙ (Nichols & Bland-Hawthorn, 
2009). 
!

• Such a dark matter halo would extend to an 
angular radius of ~5˚ around the cloud. 
!

• To mitigate the impact of tidal disruption, 
we conservatively model the dark matter 
annihilation signal from only the inner 1˚  
of the halo.
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Figure 3. Orbit of the Smith Cloud, calculated using the potential from Wolfire et al. (1995). The current position is represented by an unfilled circle and the Smith
Cloud is travelling in the direction of the arrows, with heights below the disk represented by a dotted line. The Sun’s position is shown as a filled circle on the Solar
Circle. The thin dotted line represents the projection of the Smith Cloud onto the disk. The disk is represented by a solid line at 30 kpc.

Table 1
NFW, Burkert, and Einasto Profiles

NFW Burkert Einasto

fρ (x) = x−1(1 + x)−2 fρ (x) = (1 + x)−1(1 + x2)−1 fρ = exp[−2/α(xα − 1)]/4

fm(x) = 3
!

ln(1 + x) − x
1+x

"
fm(x) = 3

2

!
ln(1+x2)

2 + ln(1 + x) − tan−1 x
"

fm = βγ (3/α, 2xα/α)

fϕ (x, vs ) = 3
!
1 − ln(1+x)

x

"
fϕ (x, vs ) = 3

2

! #
1 + 1

x

$
tan−1 x −

#
1 + 1

x

$
ln(1 + x) fϕ (x, vs ) = β

!
21/αα−1/αγ (2/α, 2xα/α)

+ 1
2

#
1 − 1

x

$
ln(1 + x2)

"
−γ (3/α, 2xα/α)/x − 1

"

fgas(x, vs , cg) = e−3(vs /cg )2
(1 + x)3(vs /cg )2/x fgas(x, vs , cg) = [e−(1+1/x) tan−1 x (1 + x)(1+1/x) fgas(x, vs , cg) = exp(−v2

s /c
2
gfϕ(x))

×(1 + x2)(1/2)(1/x−1)](3/2)(vs /cg )2

β = (3/4)8−1/αe2/αα−1+3/α

Notes. The four quantities in each column are the density profile fp, the dark matter mass profile fm, the dark matter potential profile fϕ , and the gas
density profile fgas. Here γ is the lower incomplete gamma function, x ≡ r/rs is the scale radius, vs is the halo circular velocity, and cg is the gas sound
speed; cf. Sternberg et al. (2002), Table 5.

central density of a halo that virialized at z = 0. This factor
also contributes to other halo properties such as the scale radius
rs ∝ ∆−1/3 and the scale velocity vs ∝ ∆1/6.

3. MODEL SETUP

We consider two models of evolution, one in which the Smith
Cloud is infalling for the first time, hereafter the Infalling Orbit
Models, and a second model where the Smith Cloud has already
been maximally stripped due to previous orbits, hereafter the
Repeated Orbit Models. These both share common features: (1)
they have the same trajectory today, (2) the dark matter halo
has been tidally stripped down from some larger initial mass
(Mvir) in an identical fashion before our calculations commence
at apogalacticon. The important distinction is tidal stripping of
the gas is possible in the Infalling Orbit Models but not in the
Repeated Orbit Models; in both cases, ram pressure stripping
by the hot halo is important. For each case, the evolution of the
Smith Cloud is considered for the NFW, Einasto, and Burkert
models.

The evolution of the model clouds was calculated as a function
of three variables: the initial virial mass at the time of formation
(i.e., before the dark matter halo fell into the Galaxy), the dark
matter profile at this time, and the initial hydrogen gas mass
at apogalacticon. For both the Repeated Orbit Model and the
Infalling Orbit Model, the evolution of 7503 model clouds
were calculated, corresponding to 61 logarithmically spaced
virial masses in the range Mvir = (5 × 107)–(5 × 1010) M⊙
and 41 logarithmically spaced gas masses in the range Mgas =
(1 × 106)–(1 × 108) M⊙.

The orbit of the Smith Cloud was calculated using the
position and velocity data from Lockman et al. (2008) for
the tip of the Smith Cloud: (R, z) = (7.6,−2.9) kpc and
(vR, vφ, vz) = (94, 270, 73) km s−1. The form of the Galactic

potential is given by Wolfire et al. (1995) normalized by a
circular velocity of vc = 220 km s−1 at the Solar Circle. In
Figure 3, we show the predicted orbit of the cloud system. In
agreement with Lockman et al (2008), we find that the Smith
Cloud has intersected the disk ∼ 70 Myr ago and will pass
through the disk again in ∼30 Myr.

For all subhalo models, we investigate the effects of dynam-
ical friction on the orbit trajectory. The formalism used is de-
scribed by Jiang & Binney (2000): we point out that the value
for the circular velocity in their Table 1 should be vc = 235
km s−1 (not 181 km s−1 as quoted) to be consistent with their
analysis. But over the past few hundred million years, dynam-
ical friction is found to have only minimal effect, even in the
high mass limit. This is because, once again, the impact of gas
loss from the subhalo close to the disk is found to dominate the
evolution of the subhalo. We assume that any drag between the
model clouds and the Galactic corona is negligible and does not
affect the orbit.

Each model cloud is considered to be a dark matter potential
well filled with gas in isothermal hydrostatic equilibrium. We
assume a primordial helium abundance nHe/nH = 1/12 and
metallicity of Z/Z⊙ = 0.1. We also assume that the gas has
a temperature of 1.2 × 104 K and adopt an ionization fraction
of 50% for the Smith Cloud, slightly below the newly updated
H+/H0 ratio in Hill et al. (2009). This temperature and ionization
fraction then give a sound speed of cg = 11 km s−1. The gas is
distributed in the potential well according to the gas density
profile nH (x, vs, cg) = nH,0fgas(x, vs, cg), where x ≡ r/rs

is the scale radius, vs is the halo circular velocity given by
Equation (3) and fgas(x, vs, cg) is given in Table 1.

For the initial dimension of the model clouds, the sound
crossing time is 200 Myr, falling to about 30 Myr at the disk. We
therefore begin each orbit at the apogalacticon, approximately

Nichols & Bland-Hawthorn (2009)
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Table 1
Summary of Smith Cloud Dark Matter Halo Parameters

Profile rs ρ0 Mtidal J-factor
( kpc) ( M⊙ kpc−3) ( M⊙) ( GeV2 cm−5 sr)

NFW 1.04 3.7 × 107 1.1 × 108 9.6 × 1019

Burkert 1.04 3.7 × 107 1.3 × 108 4.2 × 1018

Einasto 1.04 9.2 × 106 2.0 × 108 1.8 × 1020

Note. Integrated J-factors are calculated over a solid-angle cone with radius 1◦

(∆Ω ∼ 9.6 × 10−4 sr).

encapsulates the spatial distribution of the dark matter signal,
while ΦPP sets its spectral character.

There is significant uncertainty in the dark matter density
profile of the Smith Cloud, thus we calculate the J-factor for
each of the three dark matter halo profiles fit by NBH09. The
parameters of each profile were derived from the total dark
matter tidal mass, Mtidal, required to confine gas in the Smith
Cloud during its most recent interaction with the Galactic disk.
These tidal masses are calculated independently by NBH09 for
each dark matter profile. We describe each of the dark matter
density profiles in terms of a scale radius, rs, and a scale density,
ρ0, as listed in Table 1. The Einasto profile depends on an
additional parameter α which is set to a value of 0.17:

ρ(r) = ρ0r
3
s

r(rs + r)2
NFW, (2)

ρ(r) = ρ0r
3
s

(rs + r)
!
r2
s + r2

" Burkert, (3)

ρ(r) = ρ0 exp
#
− 2

α

$%
r

rs

&α

− 1
'(

Einasto. (4)

To avoid peripheral regions where tidal stripping may alter the
dark matter density, we truncate our model of the γ -ray intensity
profile 1◦ from the center of the Smith Cloud. To simplify
comparisons with other dark matter annihilation targets (i.e.,
dwarf spheroidal galaxies), we compute the integrated J-factor
from the Smith Cloud within this 1◦ radius (Table 1). This radius
contains ∼60% of the total predicted γ -ray flux when cuspy
NFW or Einasto profiles are assumed and ∼10% of the total
predicted flux from the cored Burkert model. Thus, this choice
of radius yields a conservative estimate for the total J-factor of
the Smith Cloud since the dark matter distribution may extend
to several degrees.

3. GALACTIC FOREGROUND MODELING

The observed foreground γ -ray emission from the region
surrounding the Smith Cloud is dominated by π0-decay emis-
sion produced from cosmic rays interacting with the atomic
and molecular hydrogen gas of the Milky Way.8 The GALPROP
cosmic-ray propagation code can be used to model the dif-
fuse Galactic γ -ray foreground from processes such as inelastic
hadronic collisions, bremsstrahlung, and inverse-Compton scat-
tering.9 GALPROP accounts for effects such as diffusion, reac-
celeration, and energy loss via mechanisms such as synchrotron
radiation (Strong & Moskalenko 1998; Strong et al. 2009).

8 The γ -ray emission from inelastic hadronic interactions is composed of
many processes, the most important of which being the production of π0,
which decays primarily to γ γ .
9 http://galprop.stanford.edu
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Figure 1. Latitude–velocity distribution of Galactic H i gas from the LAB survey
(Kalberla et al. 2005) integrated over the longitude range of the Smith Cloud
(36◦ ! l !46◦). The color represents the integrated brightness temperature of
the 21 cm H i line as a function of latitude and velocity with respect to the local
standard of rest. Gas associated with the Smith Cloud is enclosed by the black
box and is removed from our Galactic foreground model.
(A color version of this figure is available in the online journal.)

The distribution of target material is derived from surveys of
the 2.6 mm CO and 21 cm H i lines, supplemented with inter-
stellar reddening maps from infrared observations of interstellar
dust. Notably, the official Fermi-LAT model of Galactic diffuse
emission recommended for discrete source analysis includes a
γ -ray emission component associated with the Smith Cloud.10

We remove gas correlated with the Smith Cloud from our
analysis for two reasons. First, the intensity and spectrum of
cosmic rays are poorly constrained at the distance of the Smith
Cloud, which leads to considerable uncertainty in the predicted
γ -ray flux. Second, removing gas from the Smith Cloud elimi-
nates a potentially degenerate emission component which may
result in artificially strong limits on the dark matter annihilation
rate within the cloud.

We create Galactocentric annuli for the H i gas distribution
by transforming 21 cm brightness temperatures into column
densities using the composite LAB survey (Kalberla et al. 2005)
and the Galactic rotation curve given by Clemens (1985). We
follow the procedure employed by Ackermann et al. (2012) to
excise the gas associated with the Smith Cloud from the Galactic
gas distribution. Specifically, we remove gas in the region
36◦ ! l ! 46◦ and −20◦ ! b ! − 10◦, which has a velocity with
respect to the local standard of rest in the range 70–125 km s−1

(Figure 1).11 The primary uncertainty in the conversion from
brightness temperature to column density comes from the
assumed spin temperature (TS) used to correct for the opacity
of the 21 cm line. We find that the gas density in the region
of the Smith Cloud changes by <15% when the assumed spin
temperature is changed from TS = 125 K to TS = 105 K (i.e.,
the gas is optically thin). When analyzing the γ -ray data we
set TS = 125 K and find that this choice has little impact
on our results. We follow the procedure of Ackermann et al.
(2012) to trace the CO distribution from the 2 mm composite
survey of Dame et al. (2001). Due to the small CO content of
HVCs (Akeson & Blitz 1999), we do not alter the CO map
in the region of the Smith Cloud. The Galactic foreground
also contains a contribution from neutral gas that cannot be

10 http://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html
11 Gas with velocity >125 km s−1 contributes less than 0.8% of the total
column density.
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See Doug Spolyar’s talk about Gaia…
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Smith Cloud

5-Year LAT All-Sky Map
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Diffuse Modeling

• The standard LAT Galactic interstellar 
emission model includes the Smith 
Cloud gas as a cosmic-ray target. 
!

• Remove this component from the 
foreground model to search for 
excess emission. 
– Remove target gas in the velocity 

range from 70–125 km/s from a 5˚x 5˚ 
region surrounding the the Smith 
Cloud. 

– Correct for a dark gas contribution 
using SFD dust map. 

– Run GALPROP to produce templates 
for the hadronic, bremsstrahlung, and 
inverse-Compton gamma-ray emission. 

• Similar to the procedure used to 
analyze M31 and the Magellanic 
Clouds (Ackermann et al. 2012)
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Table 1
Summary of Smith Cloud Dark Matter Halo Parameters

Profile rs ρ0 Mtidal J-factor
( kpc) ( M⊙ kpc−3) ( M⊙) ( GeV2 cm−5 sr)

NFW 1.04 3.7 × 107 1.1 × 108 9.6 × 1019

Burkert 1.04 3.7 × 107 1.3 × 108 4.2 × 1018

Einasto 1.04 9.2 × 106 2.0 × 108 1.8 × 1020

Note. Integrated J-factors are calculated over a solid-angle cone with radius 1◦

(∆Ω ∼ 9.6 × 10−4 sr).

encapsulates the spatial distribution of the dark matter signal,
while ΦPP sets its spectral character.

There is significant uncertainty in the dark matter density
profile of the Smith Cloud, thus we calculate the J-factor for
each of the three dark matter halo profiles fit by NBH09. The
parameters of each profile were derived from the total dark
matter tidal mass, Mtidal, required to confine gas in the Smith
Cloud during its most recent interaction with the Galactic disk.
These tidal masses are calculated independently by NBH09 for
each dark matter profile. We describe each of the dark matter
density profiles in terms of a scale radius, rs, and a scale density,
ρ0, as listed in Table 1. The Einasto profile depends on an
additional parameter α which is set to a value of 0.17:

ρ(r) = ρ0r
3
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r
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To avoid peripheral regions where tidal stripping may alter the
dark matter density, we truncate our model of the γ -ray intensity
profile 1◦ from the center of the Smith Cloud. To simplify
comparisons with other dark matter annihilation targets (i.e.,
dwarf spheroidal galaxies), we compute the integrated J-factor
from the Smith Cloud within this 1◦ radius (Table 1). This radius
contains ∼60% of the total predicted γ -ray flux when cuspy
NFW or Einasto profiles are assumed and ∼10% of the total
predicted flux from the cored Burkert model. Thus, this choice
of radius yields a conservative estimate for the total J-factor of
the Smith Cloud since the dark matter distribution may extend
to several degrees.

3. GALACTIC FOREGROUND MODELING

The observed foreground γ -ray emission from the region
surrounding the Smith Cloud is dominated by π0-decay emis-
sion produced from cosmic rays interacting with the atomic
and molecular hydrogen gas of the Milky Way.8 The GALPROP
cosmic-ray propagation code can be used to model the dif-
fuse Galactic γ -ray foreground from processes such as inelastic
hadronic collisions, bremsstrahlung, and inverse-Compton scat-
tering.9 GALPROP accounts for effects such as diffusion, reac-
celeration, and energy loss via mechanisms such as synchrotron
radiation (Strong & Moskalenko 1998; Strong et al. 2009).

8 The γ -ray emission from inelastic hadronic interactions is composed of
many processes, the most important of which being the production of π0,
which decays primarily to γ γ .
9 http://galprop.stanford.edu
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Figure 1. Latitude–velocity distribution of Galactic H i gas from the LAB survey
(Kalberla et al. 2005) integrated over the longitude range of the Smith Cloud
(36◦ ! l !46◦). The color represents the integrated brightness temperature of
the 21 cm H i line as a function of latitude and velocity with respect to the local
standard of rest. Gas associated with the Smith Cloud is enclosed by the black
box and is removed from our Galactic foreground model.
(A color version of this figure is available in the online journal.)

The distribution of target material is derived from surveys of
the 2.6 mm CO and 21 cm H i lines, supplemented with inter-
stellar reddening maps from infrared observations of interstellar
dust. Notably, the official Fermi-LAT model of Galactic diffuse
emission recommended for discrete source analysis includes a
γ -ray emission component associated with the Smith Cloud.10

We remove gas correlated with the Smith Cloud from our
analysis for two reasons. First, the intensity and spectrum of
cosmic rays are poorly constrained at the distance of the Smith
Cloud, which leads to considerable uncertainty in the predicted
γ -ray flux. Second, removing gas from the Smith Cloud elimi-
nates a potentially degenerate emission component which may
result in artificially strong limits on the dark matter annihilation
rate within the cloud.

We create Galactocentric annuli for the H i gas distribution
by transforming 21 cm brightness temperatures into column
densities using the composite LAB survey (Kalberla et al. 2005)
and the Galactic rotation curve given by Clemens (1985). We
follow the procedure employed by Ackermann et al. (2012) to
excise the gas associated with the Smith Cloud from the Galactic
gas distribution. Specifically, we remove gas in the region
36◦ ! l ! 46◦ and −20◦ ! b ! − 10◦, which has a velocity with
respect to the local standard of rest in the range 70–125 km s−1

(Figure 1).11 The primary uncertainty in the conversion from
brightness temperature to column density comes from the
assumed spin temperature (TS) used to correct for the opacity
of the 21 cm line. We find that the gas density in the region
of the Smith Cloud changes by <15% when the assumed spin
temperature is changed from TS = 125 K to TS = 105 K (i.e.,
the gas is optically thin). When analyzing the γ -ray data we
set TS = 125 K and find that this choice has little impact
on our results. We follow the procedure of Ackermann et al.
(2012) to trace the CO distribution from the 2 mm composite
survey of Dame et al. (2001). Due to the small CO content of
HVCs (Akeson & Blitz 1999), we do not alter the CO map
in the region of the Smith Cloud. The Galactic foreground
also contains a contribution from neutral gas that cannot be

10 http://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html
11 Gas with velocity >125 km s−1 contributes less than 0.8% of the total
column density.
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Figure 2. 15◦ × 15◦ ROI surrounding the Smith Cloud in the energy range from 500 MeV to 500 GeV. The gray contours represent the H i column density associated
with the Smith Cloud (1 × 1020 cm−2 < NHI < 2.7 × 1020 cm−2), while the over-plotted circle shows the 1◦ truncation radius for the dark matter profile. Left:
observed γ -ray counts map smoothed by a Gaussian kernel with standard deviation 0.◦1. Center: map of the background γ -ray emission model fit to the Fermi-LAT
data including diffuse and point-like backgrounds. Right: the Poisson probability of finding the observed number of counts in each pixel given the model prediction
expressed as a Gaussian significance.
(A color version of this figure is available in the online journal.)

traced by the combination of H i and CO (so-called dark gas).
We follow the procedure of Ackermann et al. (2012) to trace
the dark gas using the E(B − V ) reddening maps of Schlegel
et al. (1998). We incorporate a dark gas correction into the
H i map after the Smith Cloud has been removed (Ackermann
et al. 2012).12 We note that our procedure for removing the gas
content of the Smith Cloud is very similar to the method used to
remove gas associated with the Magellanic Clouds and M31 (see
Appendix B of Ackermann et al. 2012).

These observations of the Milky Way gas profile supple-
mented by infrared observations of Galactic dust are input
into the GALPROP code to model the diffuse γ -ray emission
corresponding to hadronic collisions, inverse-Compton scat-
tering and bremsstrahlung radiation. To provide an accurate
model for diffuse emission in the region of the Smith Cloud,
we adopt the best-fit propagation parameters given by Trotta
et al. (2011), specifically a convectionless diffusion constant of
8.32 × 1028 cm2 s−1 at a momentum of 4 GeV, with a power-
law momentum scaling D(p) ∝ p0.31, a height for the diffusion
region of 5.4 kpc, and an Alfvén velocity of 38.4 km s−1. These
parameters were inferred from a Bayesian analysis including the
Fermi-LAT data as an input, and the resulting model is well-fit
to the Galactic diffuse γ -ray emission at intermediate latitudes
corresponding to the Smith Cloud. From this model we produce
energy-dependent maps for the γ -ray emission from hadronic
emission, bremsstrahlung, and inverse-Compton scattering. In
principle, we would consider any alterations to the propaga-
tion parameters which are consistent with the local cosmic-ray
primary-to-secondary ratios measured by satellite and balloon
experiments. However, we find that this first attempt yields an
accurate model of the observed diffuse γ -ray emission in the
region of the Smith Cloud and no additional parameter-space
scan is necessary.

4. DATA ANALYSIS

To search for excess γ -ray emission coincident with the
Smith Cloud, we select a data sample corresponding to the
first five years of Fermi-LAT operation (2008 August 4 to 2013

12 The E(B − V ) correction excludes the Smith Cloud due to its low
metallicity.

August 4). We select events from the P7REP CLEAN class in
the energy range from 500 MeV to 500 GeV and within a 15◦

radius of the Smith Cloud (l, b = 38.◦67,−13.◦41). Extending
this analysis to lower energies would translate to a minor
improvement in the sensitivity to low-mass dark matter models;
however, below 500 MeV the rapidly changing effective area
results in a stronger dependence on the spectral model assumed
for the Smith Cloud. To reduce γ -ray contamination from the
Earth’s limb, we reject events with zenith angles larger than 100◦

and events collected during time periods when the magnitude of
the rocking angle of the Fermi-LAT was greater than 52◦.

We perform a binned maximum likelihood analysis of the
15◦ ×15◦ region-of-interest (ROI) surrounding the Smith Cloud
(Figure 2). We bin the Fermi-LAT data in this ROI into 0.◦1 pixels
and 24 logarithmically spaced bins of energy from 500 MeV to
500 GeV. We model the diffuse emission in this region using
the templates for the hadronic, bremsstrahlung, and inverse-
Compton emission derived in the previous section. Because the
hadronic and bremsstrahlung components are morphologically
similar (both trace the interstellar gas in the Milky Way), we
tie their relative normalizations in the γ -ray fit. In addition to
the diffuse Galactic foregrounds, the γ -ray data includes an
isotropic contribution from extragalactic γ -rays and charged
particle contamination. The spectrum of the isotropic γ -ray
background is routinely derived from a high-latitude (|b| ! 10◦)
fit to the Fermi-LAT data, and is therefore dependent on the
data selection and on the modeling of other γ -ray emission
components (i.e., the Galactic diffuse emission). It is difficult to
derive the detailed spectrum of this component locally in the ROI
of the Smith Cloud due to limited statistics at high energies and a
morphological degeneracy with the inverse-Compton emission.
Thus, we model the spectrum of the isotropic component with
a broken power-law model which is simultaneously fit to the
Fermi-LAT data in the Smith Cloud ROI. While a broken power-
law model offers a reasonable fit to the Smith Cloud ROI, it
does not capture the detailed energy dependence of the residual
background. To quantify the impact of this simplification we
also perform the analysis with the standard isotropic background
model, iso_clean_v05.txt,13 and find that the results change by

13 http://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html
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LAT Analysis

• 5-year binned likelihood analysis from 500 MeV to 500 GeV over a 15˚x15˚ ROI 
surrounding the Smith Cloud (P7REP_CLEAN_V15). 

• Likelihood model includes 2FGL sources, the custom diffuse Galactic 
foregrounds, and a local isotropic component modeled with a broken power-law. 

• Set bin-by-bin limits on the gamma-ray flux from the Smith Cloud using a spatially-
extended model of the dark matter annihilation signal. 

• No significant excess found for any of the spatial or spectral models tested 
(maximum TS = 4.7)
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Figure 3. Bin-by-bin energy-flux upper limits and expected sensitivities at 95%
CL for the Smith Cloud assuming an NFW dark matter profile. The 95% CL
upper limits derived from the data are shown by the black arrows. The median
sensitivity is shown by the dashed black line while the 68% and 95% containment
regions are indicated by the shaded bands.
(A color version of this figure is available in the online journal.)

<15%, which is much smaller than the fractional uncertainty
in the dark matter distribution of the Smith Cloud. In addition
to the diffuse components, our model includes all sources from
the second Fermi-LAT source catalog within 20◦ of the Smith
Cloud (Nolan et al. 2012). The flux normalizations of sources
within 6◦ of the Smith Cloud are left free in the fit.

Since we are specifically interested in γ -ray emission as-
sociated with dark matter annihilation in the Smith Cloud, we
model the Smith Cloud itself according to the spatially extended
dark matter profiles described in Section 2. We follow the pre-
scription of Ackermann et al. (2014) to perform a bin-by-bin
likelihood analysis of the γ -ray emission coincident with the
Smith Cloud. We first perform a single fit over the entire energy
range to fix the normalizations of the diffuse and point-like back-
ground sources.14 We then perform a likelihood scan over the
normalization of the putative Smith Cloud dark matter source in-
dependently in each energy bin (this procedure is similar to that
used to evaluate the spectral energy distribution of a source). By
analyzing each energy bin separately, we avoid selecting a sin-
gle spectral shape to span the entire energy range at the expense
of introducing additional parameters into the fit. The common
spectral model-dependent likelihood can be reconstructed by
tying the signal normalization across the energy bins. As a con-
sequence, computing a single bin-by-bin likelihood function
allows us to subsequently test many spectral models rapidly.
The bin-by-bin likelihood is additionally powerful because it
presents the γ -ray data in a way that makes minimal assump-
tions about the γ -ray spectrum of the source of interest. While
the bin-by-bin likelihood function is essentially independent of
spectral assumptions, it does depend on the spatial model of the
Smith Cloud and must be derived for each profile in Table 1.

5. RESULTS

We find no statistically significant excess γ -ray emission co-
incident with the Smith Cloud in the energy range from 500 MeV
to 500 GeV, and we set 95% confidence level (CL) upper limits
on the γ -ray flux within each energy bin (Figure 3). These lim-
its agree well with the expected sensitivity as calculated from

14 Fixing the normalizations of the background sources at their globally fit
values avoids poor convergence in the fitting procedure resulting from the fine
binning in energy and the degeneracy of the diffuse background components at
high latitude.
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mitigate possible impacts from tidal stripping.
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500 simulations of Fermi-LAT instrument performance and the
background γ -ray sources in the Smith Cloud ROI. Under the
assumption that the Smith Cloud is confined by a halo of dark
matter, we utilize the absence of a γ -ray signal to set constraints
on the dark matter annihilation cross section. Assuming an NFW
profile with parameters listed in Table 1, we place constraints on
the cross section for dark matter particles annihilating through
the bb̄, τ +τ−, µ+µ−, and W +W− channels (Figure 4).15 As-
suming an NFW profile, these constraints exclude the canonical
thermal relic cross section (∼3 × 10−26 cm3 s−1) for dark mat-
ter masses !30 GeV annihilating via the bb̄ or τ +τ− channels.
However, the J-factor calculated for the inner 1◦ of the Smith
Cloud varies by more than an order of magnitude depending on
the shape of the assumed dark matter profile. Current observa-
tions of the Smith Cloud offer no constraints on the shape of
its dark matter profile and this uncertainty propagates directly
into the constraints on the dark matter annihilation cross section
(Figure 5). Uncertainty in the shape and content of the Smith

15 Dark matter annihilation spectra were generated using DMFIT (Jeltema &
Profumo 2008; Ackermann et al. 2014).
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Dark Matter Constraints

• Calculate dark matter constraints for 
four prototypical annihilation channels. 
!

• Constraints on cuspy (NFW or Einasto) 
profiles can probe the thermal relic 
cross section. 
!

• Cored (Burkert) profiles yield 
constraints that are a factor of ~40 
higher. 
!

• Uncertainty in the dark matter profile 
dominates over other systematic and 
statistical uncertainties.
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Figure 3. Bin-by-bin energy-flux upper limits and expected sensitivities at 95%
CL for the Smith Cloud assuming an NFW dark matter profile. The 95% CL
upper limits derived from the data are shown by the black arrows. The median
sensitivity is shown by the dashed black line while the 68% and 95% containment
regions are indicated by the shaded bands.
(A color version of this figure is available in the online journal.)

<15%, which is much smaller than the fractional uncertainty
in the dark matter distribution of the Smith Cloud. In addition
to the diffuse components, our model includes all sources from
the second Fermi-LAT source catalog within 20◦ of the Smith
Cloud (Nolan et al. 2012). The flux normalizations of sources
within 6◦ of the Smith Cloud are left free in the fit.

Since we are specifically interested in γ -ray emission as-
sociated with dark matter annihilation in the Smith Cloud, we
model the Smith Cloud itself according to the spatially extended
dark matter profiles described in Section 2. We follow the pre-
scription of Ackermann et al. (2014) to perform a bin-by-bin
likelihood analysis of the γ -ray emission coincident with the
Smith Cloud. We first perform a single fit over the entire energy
range to fix the normalizations of the diffuse and point-like back-
ground sources.14 We then perform a likelihood scan over the
normalization of the putative Smith Cloud dark matter source in-
dependently in each energy bin (this procedure is similar to that
used to evaluate the spectral energy distribution of a source). By
analyzing each energy bin separately, we avoid selecting a sin-
gle spectral shape to span the entire energy range at the expense
of introducing additional parameters into the fit. The common
spectral model-dependent likelihood can be reconstructed by
tying the signal normalization across the energy bins. As a con-
sequence, computing a single bin-by-bin likelihood function
allows us to subsequently test many spectral models rapidly.
The bin-by-bin likelihood is additionally powerful because it
presents the γ -ray data in a way that makes minimal assump-
tions about the γ -ray spectrum of the source of interest. While
the bin-by-bin likelihood function is essentially independent of
spectral assumptions, it does depend on the spatial model of the
Smith Cloud and must be derived for each profile in Table 1.

5. RESULTS

We find no statistically significant excess γ -ray emission co-
incident with the Smith Cloud in the energy range from 500 MeV
to 500 GeV, and we set 95% confidence level (CL) upper limits
on the γ -ray flux within each energy bin (Figure 3). These lim-
its agree well with the expected sensitivity as calculated from

14 Fixing the normalizations of the background sources at their globally fit
values avoids poor convergence in the fitting procedure resulting from the fine
binning in energy and the degeneracy of the diffuse background components at
high latitude.
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500 simulations of Fermi-LAT instrument performance and the
background γ -ray sources in the Smith Cloud ROI. Under the
assumption that the Smith Cloud is confined by a halo of dark
matter, we utilize the absence of a γ -ray signal to set constraints
on the dark matter annihilation cross section. Assuming an NFW
profile with parameters listed in Table 1, we place constraints on
the cross section for dark matter particles annihilating through
the bb̄, τ +τ−, µ+µ−, and W +W− channels (Figure 4).15 As-
suming an NFW profile, these constraints exclude the canonical
thermal relic cross section (∼3 × 10−26 cm3 s−1) for dark mat-
ter masses !30 GeV annihilating via the bb̄ or τ +τ− channels.
However, the J-factor calculated for the inner 1◦ of the Smith
Cloud varies by more than an order of magnitude depending on
the shape of the assumed dark matter profile. Current observa-
tions of the Smith Cloud offer no constraints on the shape of
its dark matter profile and this uncertainty propagates directly
into the constraints on the dark matter annihilation cross section
(Figure 5). Uncertainty in the shape and content of the Smith

15 Dark matter annihilation spectra were generated using DMFIT (Jeltema &
Profumo 2008; Ackermann et al. 2014).
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Conclusions

• High-velocity clouds provide an 
exciting new target for indirect 
detection. 
!

• More than 500 HVCs have been 
detected surrounding the Milky Way 
(though the Smith Cloud is currently 
somewhat special). 
!

• It may be possible to perform a 
combined search on the population of 
HVCs 
!

• The Fermi-LAT monitors the entire sky, 
thus new targets classes provide a 
compelling method to improve our 
sensitivity to dark matter annihilation 
with existing data.
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