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Figure 4. Mass (top) and velocity (bottom) of cloud fragments against distance from Galactic plane for models Wb1a15b, Hc1b13a, and Hc1b15b. Note that the
velocities are given in 10 km s!1. Solid lines denote the evolution of the most massive fragment (i.e., the main body of the cloud). For the mass history, a thick solid
line shows the total H i mass. Because of the small mass contained in the fragments of model Wb1a15b, the lines are indistinguishable for that model.
(A color version of this figure is available in the online journal.)

Wb1a15b the initial position is arbitrary. Also note that the
cloud velocities for the W series are not self-consistent, but
are imposed by the wind entering the simulation domain (see
Section 2.2.1). For the H series, the velocity profiles of the
most massive fragment (i.e., the main body of the cloud) are
initially similar to those derived by Benjamin & Danly (1997)
(their Figure 3) for clouds with a column density of 1019 cm!2

being dropped at 10 kpc. Yet our clouds do not reach terminal
velocities, but are successively decelerated due to continuous
mass loss. As demonstrated by models Hc1b13a and Hc1b15b,
the more massive fragments are to be found at lower z, and, as
discussed above, the fragments lag behind the main body of the
cloud. This should be observable as a gradient along head–tail
clouds or a shift in velocity components between warm and cold
gas (Brüns et al. 2000, 2001).

3.3. Characteristic Disruption Times and Distances

Our model data allow us to estimate characteristic timescales
!0 and distances D0 within which a cloud of a given mass and at
a given background halo density will lose its H i content. This
information we then can use to predict whether observed HVCs
with distance constraints will retain any of their H i, or whether
they will disintegrate before reaching the disk. The time series
of our models provide us with an opportunity to sample a whole
range in cloud mass and (for series H) in halo densities.

The disruption time and distance are given by

!0 " M

dM/dt
(3)

and
D0 " M

dM/dz
, (4)

with the cloud mass M, the mass-loss rate with respect to time
dM/dt, and distance dM/dz. The mass range is sampled by
taking the differences (here for time)

dM

dt
" M(t) ! Mend

t ! tend
(5)

for all model times t > tend, where tend is the smaller of the time
at which the cloud has lost 90% of its original H i content, and

Figure 5. Distance D0 and timescale !0 within which a cloud of given mass will
lose its total H i content. Each “track” represents the time sequence of one model,
with each point indicating D0 or !0 of the largest fragment (see Equations (3)
and (4) and text). Thus, the disruption rate dM/dt increases over time. Colors
denote the cloud velocities, showing that faster clouds are shorter-lived. Symbol
sizes indicate model times, with large symbols for early times and small ones
for late times. Note that D0 is not a distance above the plane, but a disruption
length scale.
(A color version of this figure is available in the online journal.)

the end of the simulation. Figure 5 summarizes D0 and !0 in
dependence of the cloud mass for all models. Colors indicate
the velocity v(t) of the cloud.
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Figure 4
Left: Head-tail HI halo clouds with the outer contour at NHI = 2 ! 1018 cm"2 (15.5-arcmin resolution;
Putman, Saul & Mets 2011). Right: A HI high velocity cloud that shows signatures of interaction with the
halo medium from the edge features (4-arcmin resolution; Peek et al. 2007).

cloud (the fraction escaping normal to the disk is fesc # 6% in this model) (Bland-Hawthorn et al.
1998; Bland-Hawthorn & Maloney 1999, 2002; Bland-Hawthorn & Putman 2001; Putman et al.
2003a). Most of the distances derived from H! observations of HVCs have been consistent with
their direct distance constraints using halo stars. Clouds without direct distance constraints (in
particular the CHVCs) are also usually detected in H! emission, which is consistent with them
being within 40 kpc of the Galactic disk (Tufte et al. 2002, Putman et al. 2003a). The striking
exception to the escaping radiation model is the MS, which is too bright in H! emission given
its distance (see Section 2.3).

The most important additional indirect constraint on HVC distances is deep HI observations
of systems similar to the Milky Way and/or Local Group. If one assumes the distribution of HVCs
is similar, searches of Local Group analogs for HI clouds place even the compact HVCs within
80 kpc of the Galactic disk (Pisano et al. 2007), and deep observations of Andromeda suggest the
clouds are within 50 kpc (Westmeier et al. 2007). The distance constraints have ruled out the
possibility that the majority of the small HVCs are dark matter halos found throughout the Local
Group (Blitz et al. 1999, Braun & Burton 1999). Recent Arecibo surveys are finding smaller clouds
that do not yet have distance constraints (Begum et al. 2010, Giovanelli et al. 2010), but most of
these clouds are associated with HVC complexes in position-velocity space (Saul et al. 2012).
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Hydrodynamics:	  HVCs	  should	  lose	  much	  of	  
their	  neutral	  H	  before	  reaching	  the	  disk
•MagnePc	  fields	  could	  stabilise	  clouds
• Few	  numerical	  simulaPons	  (Konz	  et	  al	  2002,	  SanPllan	  et	  al	  2004)	  or	  observaPons	  to	  
date

Measure	  rotaPon	  measure	  using	  Faraday	  
rotaPon
•RM	  ∝	  ∫	  ne	  B||	  ds
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Figure 3. Plot of 37,543 RM values over the sky north of ! = !40". Red circles are positive rotation measure and blue circles are negative. The size of the circle scales linearly with magnitude of rotation measure.

Faraday	  rotaPon	  towards	  extragalacPc	  point	  sources	  from	  NVSS,	  p	  >	  0.4	  mJy
Taylor	  et	  al	  (2009	  ApJ)
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Figure 1. H i emission at vLSR = +238 km s!1 of the region surrounding HVC 287.5 + 22.5 + 240 overlaid with Taylor et al. (2009) RMs. The H i emission color
scale ranges from 0.1 to 2.5 K, as shown in the wedge at the right. Positive RMs are plotted in red, and negative RMs are plotted in blue. Values consistent with zero
are shown with green stars. The circle diameter is proportional to the magnitude of the rotation measure; the black circle at the bottom left of the image shows an RM
of 50 rad m!2.

3. RESULTS

We searched for morphological agreement between the sign
and magnitude of the Taylor et al. (2009) RMs and H i images
of all major HVC complexes (Wakker & van Woerden 1991)
and 10 large (!15 deg2), isolated HVCs. The 10 isolated
HVCs were selected at latitudes |b| > 15" to avoid strong
polarization and depolarization signatures from the Galactic
plane, which cause ambiguities in interpreting the rotation
measurements. We found a morphological agreement between
the H i and RM toward three HVCs or complexes. We searched
complementary All-Sky Surveys in the optical, far IR, and
radio for the presence of foreground structures. These maps
included radio continuum at 408 MHz (Haslam et al. 1981,
1982), IRAS 100 µm (Wheelock et al. 1994) and H! from
SHASSA (Gaustad et al. 2001) and Wisconsin H-Alpha Mapper
South (WHAM; Haffner et al. 2003), where the H! emission
is likely dominated by structures within #1 kpc of the Sun.
Toward the HVC Complex M we found an agreement, which
we attributed to the well-known foreground Galactic radio
loop III (Berkhuijsen et al. 1971). Another RM agreement exists
toward one of the HVCs in the Complex GCP near (l, b, v) =
(41",!22", +100 km s!1), but this may be attributed to H!
emission in the solar neighborhood (v $ 0 km s!1). Finally,
toward one HVC in the Magellanic Leading Arm complex
LA II, HVC 287.5 + 22.5 + 240, we found evidence for
agreement between the RMs and the H i distributions (see
Figure 1) with no obvious confusing foreground object in radio
continuum H! or infrared emission. We also found no other
foreground H i structure in the GASS data that matched the
morphology of these RMs.

HVC 287.5 + 22.5 + 240 is kinematically associated with
the Leading Arm, showing a clear velocity connection to the
rest of the Magellanic System (e.g., Brüns et al. 2005). This
HVC has a classic head–tail structure, suggesting that it is
moving toward higher latitudes. The cloud has a mean H i

column density of a few %1019 cm!2 and a peak column density
of 2.7 % 1020 cm!2. The distance to the HVC is not known.
However, simulations of the Magellanic System (Yoshizawa
& Noguchi 2003; Connors et al. 2006) place the Leading
Arm closer than the Magellanic Clouds or the Magellanic
Stream, which are assumed to be at distances of 50–60 kpc.
McClure-Griffiths et al. (2008) estimated a kinematic distance
of 20 kpc for another Leading Arm HVC at b $ 0". In the
analysis below we assume a distance of d # 30 kpc. At this
distance the HVC has plane-of-sky dimensions of 1 kpc % 5 kpc
and a total neutral mass of #8000 M&.

Figure 1 shows the H i emissivity of HVC 287.5 + 22.5 + 240
near its central velocity, overlaid with the Taylor et al. (2009)
RMs. The lower third of the image is below the declination limit
of the NVSS. The RMs in the area surrounding the HVC are
mostly negative but the RMs coincident with and immediately
surrounding the HVC H i emission are of noticeably smaller
magnitude. Figure 2 shows the H i column density in a smaller
region, allowing us to examine individual RMs more closely.
We define an “on-source” region to be an ellipse of 6."2 % 12."0
centred at (l, b = 288."5, 23."3), which covers an area extending
to 1."8 from the NH = 2.8 % 1018 cm!2 contour to account for
a potential-extended ionized halo around the H i as observed in
other HVCs (e.g., Fox et al. 2010). We define an “off-source”
region as an elliptical annulus centered on the on-source
ellipse, but with twice the area of the on-source ellipse (see
Figure 2). There are 48 RM measurements in the on-source
region with 29 directly overlapping the region where NH >
2.8 % 1018 cm!2. The on-source RMs have a median and rms
(" ) of !8.3 ± 28.8 rad m!2, whereas the off-source values
are !48.9 ± 36.2 rad m!2, giving a difference between the
two of 1.4" . A K-S test finds that the two distributions are
different at the 99% confidence level. As seen in Figure 2,
the RMs are predominantly negative through the right half of the
HVC and positive through the left half. The on-source gradient
from # +50 rad m!2 on the left side to # !50 rad m!2 on the

McClure-‐Griffiths	  et	  al	  (2010	  ApJ)

HVC	  in	  Leading	  
Arm	  of	  
Magellanic	  
System
•Head-‐tail	  morphology

H	  I
RM	  >	  +σ
RM	  <	  -‐σ
|RM|	  <	  σ
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Figure 2. H i column density of HVC 287.5 + 22.5 + 240 overlaid with Taylor et al. (2009) RMs. The H i emission gray scale ranges from 0.5 to 12 in units of
1019 cm!2, as shown in the wedge at the right. The symbols are the same as in Figure 1. The purple cross in the top panel marks the location of the QSO NGC 3783
and the ellipse marks the area used to define on-source as described in Section 3. The top panel shows the measured RMs and the bottom panel shows the same RMs
from which a quadratic surface fit to the off-source RMs has been subtracted.

right side is opposite to the gradient seen in the surrounding
RMs.

To assess the likelihood that the association between the RMs
and the HVC is real we have used the Taylor et al. (2009)
All-Sky RM database to estimate the probability of finding an
enhancement in RMs on the same angular scale as the HVC. We
placed 10,000 ellipses with the same areas described above at
random locations in the northern sky and with random position
angles. We found that only 1% of the ellipses enclosed areas
exhibiting an RM enhancement of greater than 1.0! . Even
fewer than 1% show an enhancement as large or larger than
the 1.4! observed on HVC 287.5 + 22.5 + 240. The fact that

RM enhancements on this angular scale are rare, coupled with
finding only 1 out of 27 HVCs to have a distinct RM–H i
morphological agreement, suggests that the two are causally
related. More data are needed to confirm this association (see
Section 5).

The observed RM may contain components from the inter-
galactic background, the HVC, and the Milky Way foreground.
To remove the contribution from the Milky Way foreground and
the intergalactic medium, we fit a quadratic surface to the 304
sources in the area 282" ! l ! 310", b ! +35" outside the
boundary of the HVC defined above and subtract the fit from
the on-source RMs. The fit is limited to l > 282" to avoid the

N
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-‐2
)

EsPmate	  magnePc	  
field
•WHAM	  Hα:	  EM	  <	  0.09	  pc	  cm-‐6

-‐with	  assumpPons,
N(H+)	  ≲	  3.6	  ×	  1019	  cm-‐2

-‐ N(H	  I)	  >	  2	  ×	  1019	  cm-‐2	  

• RM	  ∝	  ne	  B||	  L	  implies	  B||	  ≳	  +6	  μG	  
(towards	  observer)

McClure-‐Griffiths	  et	  al	  (2010	  ApJ)

H	  I
RMHVC	  >	  +σ
RMHVC	  <	  -‐σ
|RMHVC|	  <	  σ
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Hill,	  Benjamin,	  Mao,	  Lockman,	  &	  McClure-‐Griffiths	  in	  prep

H	  I	  vGSR	  =	  +247	  km/s	  
(vLSR	  =	  +100	  km/s	  at	  head)
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Hill,	  Benjamin,	  Mao,	  Lockman,	  &	  McClure-‐Griffiths	  in	  prep

H	  I	  vGSR	  =	  +247	  km/s	  
(vLSR	  =	  +100	  km/s	  at	  head)
RM	  >	  0
RM	  <	  0
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Hill,	  Benjamin,	  Mao,	  Lockman,	  &	  McClure-‐Griffiths	  in	  prep

+40	  km/s	  H	  I
+100	  km/s	  H	  I
+40	  km/s	  WHAM-‐NSS	  Hα	  (grayscale)
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Hill,	  Benjamin,	  Mao,	  Lockman,	  &	  McClure-‐Griffiths	  in	  prep

+40	  km/s	  H	  I
+100	  km/s	  H	  I
+40	  km/s	  WHAM-‐NSS	  Hα	  (grayscale)
RMHVC	  >	  0
RMHVC	  <	  0
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Hill,	  Benjamin,	  Mao,	  Lockman,	  &	  McClure-‐Griffiths	  in	  prep

+40	  km/s	  H	  I
+100	  km/s	  H	  I
+40	  km/s	  WHAM-‐NSS	  Hα	  (grayscale)
RMHVC	  >	  0
RMHVC	  <	  0
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Hill,	  Benjamin,	  Mao,	  Lockman,	  &	  McClure-‐Griffiths	  in	  prep

⟨RM⟩  =  95	  rad	  m-‐2	  (σ	  =23	  rad	  m-‐2)
⟨EM⟩  =  1.1	  pc	  cm-‐6	  (σ=0.7	  pc	  cm-‐6)
B||	  ≥	  +6	  μG	  (towards	  observer)
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+40	  km/s	  H	  I
+100	  km/s	  H	  I
+40	  km/s	  WHAM-‐NSS	  Hα	  (grayscale)
RMHVC	  >	  0
RMHVC	  <	  0
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RM	  signature	  evident	  in	  
two	  HVCs
• Correlated	  with	  H	  I	  emission	  from	  HVC	  
287.5+22.5+240	  in	  Leading	  Arm
-‐ non-‐detecPon	  of	  Hα

• Correlated	  with	  decelerated	  H	  I	  and	  Hα	  in	  Smith	  Cloud
-‐ not	  correlated	  with	  (smooth)	  Hα	  at	  Smith	  Cloud	  velocity

• lower	  limit	  on	  B||	  of	  ≈6	  μG	  in	  each	  case
-‐ B	  ~	  4	  μG	  sufficient	  to	  balance	  ram	  pressure	  for	  Leading	  Arm	  HVC

These	  head-‐tail	  HVCs	  are	  in	  very	  different	  
environments
• Real	  data	  for	  MHD	  simulaPons?
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