6M , comparable to the Hi mass, with the H* mass spread over a considerably larger area than that of
Hi. An estimated Galactic extinction correction could adjust these values upward by 40%. H and [Sii] line widths
toward the region of brightest emission constrain the electron temperature of the gas to be between 8000 K and
23,000 K. A detection of [Niii] 6583 in the same direction with a line ratio [Nii]J/H = 0.32 + 0.05 constrains
the metallicity of the cloud: for typical photoionization temperatures of 8000-12,000 K, the nitrogen abundance is
complex, the Smith Cloud is an HVC with a radial velocity near

+100 km s

S1 with respect to the local standard of rest (Smith
1963). Lockman et al. (2008, hereafter L08) presented a survey
of Hi 21 cm emission from the cloud using the Green Bank
Telescope, and Bland-Hawthorn et al. (1998) and Putman et al.
(2003, hereafter P03) identified weak H and [Nii] emission
associated with the cloud. Like many HVCs, the cloud has a
cometary morphology with a bright tip and a diffuse, trailing
tail. LO8 showed that the cloud is interacting with the Galactic
disk and used this information to obtain a kinematic distance
of 11.1-13.7 kpc, consistent with a stellar absorption distance
constraint (Wakker et al. 2008). Therefore, the position and

2004). The
observations presented here were obtained with WHAM while
it was located on Kitt Peak in Arizona.

2.1. Pointed Observations

In 2007 October, we obtained spectra toward the tip of the
cloud using the following sequence. 120 s “ON” observations
of the tip (I = 38.6, b = S 13.1) were alternated with 120 s
“OFF” observations (chosen based on the Bland-Hawthorn et al.
1998 Hi map) for a total of 360 s on source for H and 480 s
on source each for [N
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Figure 2. Map of the Smith Cloud in H in Galactic coordinates. Intensities are derived from the area of a Gaussian tting tapddtrum centered at +@km 1
with a width of 30 km S1. Grayscale contours of Hcolumn density in the LO8 data, integrated from +70 to +145 krh are shown at 2 (dark gray), 10 (light
gray), and 20 (whitex 10'° cm°2. Yellow contours show intermediate velocityi tegrated from +50 to +60 knP3 at 4x 10'° cmP2. A bluex sign indicates the
position of the on-source deep exposures, gresigns show the off-source positions, and green + signs show the positions of the P03 spectra. The lengssion
near (35, 56 ) is the edge of a low-extinction window into the inner Galaxy, discussed by Madsen & Rey86[.(The scale bar assumBs= 12.4 kpc. The
green line is discussed in Sectién

in sight lines with low or zero emission from the Smith Cloud, 3. RESULTS

the lowest 2 t occurred with that component tting a residual . . i .

from lower-velocity Galactic emission instead. To recover the _ !N the H , [Niii], and [Sii] pointed spectra in Figuré, t-hle
most accurate intensity distribution of the ionized component SMith Cloud is clearly detected nearsg = +100 km st
of the Smith Cloud, we xed this component to a mean of Emission from the warm ionized medium (WIM) in the Sagit-

. om ¢ 1 .
+96.2 km $1 to trace even the faintest Hemission associated  tarius arm is evident nearsg = +40 km $'*. In Figure2,
with the cloud near this velocity. The narroweriiBline is  We Show a map of the Hemission from the Smith Cloud. For

better suited to a full exploration of the velocity eld in the ~€ach spectrum, we derived intensities from the Gaussian t de-
Smith Cloud, but our current data set only haiiJ8ata along ~ SCribed above. The region of brightest EBmission—the “tip
one sight line. identi _ed by_ LO8—is also _brlght_est in H, with the pointed ob-
servations indicating an intensity of4B+ 0.04 R. However,
a separate component of the cloud ndab)Y = (38,S19)
2.3. Extinction (labeled “clump A’ in Figure3) that is present but faint in H
has an H intensity of 025+ 0.02 R. B
We estimate the extinction toward the cloud using the mean Along a line from roughly (38 S11) to (43,S15), the
Hi column density in the direction of the WHAM observations +100 km $! Hi and H emission both cut off against a
integrated ove620 to +50 km 8%, Ny; = 9x 10%° cmP?; narrow ridge; outside this ridge is bright intermediate-velocity
based on its velocity, this emission should be predominantly Hi emission, identi ed by yellow contours in Figurz L08
foreground. Assuming the mean ratio of color excess 0 H suggest that this is likely material that has been ram pressure
column density found by Bohlin et al197§, we estimate stripped from the cloud. At the latitude of the Smith Cloud, the
E(B S V)= 0.15 mag. If the dust follows the extinction curves sight lines pass through the Sagittarius arm as 1 kpc and
determined by Cardelli et al1889 with the standard diffuse v s +40 km $1. Due to the 10-1.8 kpc scale height of the
ISM value of Ry AV)E((B S V) = 3.1, this yields a WIM (e.g., Haffner et al1999 Gaensler et al2008 Savage
total extinction at H of A(H ) = 0.38 mag. The scatter inthe & Wakker 2009 and the 0.4 kpc scale height of the warm
foreground H column density leads to a standard deviation of neutral medium (Ferére 2001, any H emission associated
ar ) = 0.11 mag. This estimate is similar to that of PO3 using with the intermediate-velocity Hemission cannot be separated
COBH DIRBE dust emission data, resulting in an increase inthe from the WIM H emission from the foreground Sagittarius
H intensity of about 40%. However, because the comparisonarm at similar velocities.
of Hi column densities and extinction is uncertain and the line  There is considerable pixel-to-pixel variation in the H
ratios of H , [Nii], and [Sii] are not affected by extinction due emission on the 1scales probed by WHAM. P03 reported
to the similar wavelengths of the lines, we do not attempt to a 20% variation in H intensity between two SHheams spaced
apply an extinction correction to our data. In the future, we will 0.5 apart, and the L08 21 cm data show structure on scales
obtain H spectra of the cloud to more accurately measure the comparable to their 1Gresolution. Therefore, unresolved H
H extinction (Madsen & Reynold2005. emission structure may be present in the data presented here.
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-8 . . . . . . . skin has had time to come to pressure equilibrium with the
: § § § § § § § neutral clump. Alternatively, if this gas has not had time to reach
10 S L Chh N pressure equilibrium, the electron density in the skin could be as
§ § E § § § § § large as that in the neutral clumps(= no). We derive physical
TS A Lo L L s . parameters for an ionized skin model with these two limiting
§ : : : : : § § cases below. We further assume that the depth of the neutral
sl L L ...... a L L cloud along the line of sight is comparable to the projected
""" width, L ;. In the skin, the path length is derived from one of
these density assumptions combined with ourdtservations:
SIS T P S A _ 2
Ly = EMnZ=.
The mass of the ionized gas in the cloud within a solid angle
TIB S is 1.4myneD? L+, whereD is the distance to the cloud.
: ; ; : ; : : : The mass of a hydrogen atomnsy; the factor of 14 accounts
T20 4 R G S ey e S P for helium. The ionized mass in the cloud within one WHAM
: : : : : : : : beam is thus
—22 |l e
: : : : : : : : . 2 31
M Ma _107x 10 —2 EM e (1)
78 46 44 42 40 38 36 34 32 M 124 kpc pccnP® cme3
Figure 3. Smoothed map of the Smith Cloud in Ha portion of the area shown
in Figure2. Contours identify the chosenitboundaries of the clouds identi ed For each clump, we derive the neutral gas densityngs=
in Table2. Nui /L wi, where Ny; is the mean H column density over
the region wheredNy; > Min Ny;. We then usen, and the
3.1. Mass observed EM with Equatiorij to calculate the Hmass in each

. , beam. The Fimass in each clump is then the sum of the masses

Wakker et al. 00§ estimated the Hmass of the Smith j, the peams identi ed with the clump. The resulting total H
Cloud to be (@-19) x 10°M based on the H detections  masses and path lengths are listed in T&tter both the equal-
in two directions reported by P03. With the cloud mapped in temperature-and-pressure and the equal-density cases. Using
H , we re ne the mass estimate using one of two assumptions: this jonized skin assumption, there isl x 10°M of ionized
(1) the H is concentrated in an ionized skin; or (2) thé H 455 in the four clumps. Note that the tip and tail, which contain
is fully mixed with the Hi gas. For each case, we derive ihe prightest H and 21 cm emission and most of the Mass,
thezemlssmn measure (EM)S from the Hntensity (SElM account for< 20% of the ionized mass in these clumps: due

ngds= 2.75T°ly pc cnP®, whereTy = T(10° K)>tand (g the higher density of the gas in the tip and tail, the emission
In isthe H intensity expressed in Rayleighs; Reynadl@9J), is relatively bright, butL - and, therefore, the Hmass are
assumingT = 10* K (see Sectior8.2). If a uniform Lyman relatively small.
continuum ux incident on the cloud maintains the ionization The choice of assuming that the neutral gas and ionized gas
and the cloud is optically thick to Lyman continuum photons, are of equal pressure and temperature or equal density results in
the EM is constant across the cloud as seen from the source of factor of 2 change in the derived mass but a factor of 4 change
the ionizing radiation. _ in the derived path length of the ionized gas. For the tip and tail,

We estimate the mass freating several clumps separatelfne gata (Table) are consistent with either equal pressure or
(Sections3.1.1and3.1.2) and considering the entire cloud as a gqual density: the masses are small and the path lengths much
contiguous entity (Sectidh 1.3. We rstidenti ed eachclump,  gmaller than our projected resolution in both cases. However,
shown in Figure3, based on localized Hemission and assigned _ for both clumps A and B, equal pressure yields a path length
WHAM beams to the clump by eye. In each case, there is (| .. considerably larger than the projected size of the clump
a region of corresponding enhanced eMmission, so we then o, the sky, whereas equal density yields a valukfsimilar
chose a minimum kcolumn density, MifNy;, for each clump {5 the projected size of the clump. Therefore, unless the clumps
which de nes the region of enhanced Hhese values are noted  5,¢ elongated along the line of sight by a factor of 2—4, an
in Table2. The “tip,” which contains the pointed observations jonized skin in pressure equilibrium with a neutral clump does
discussed above, and “tail” are in regions of relatively bright H - ot effectively describe clumps A or B. If the temperature of
emission, with MinNi 192 Crps and are along the major  the neuytral gas is lower than the temperature of the ionized gas,
axis of the cloud. “Clump A ar;d ClL‘zmp B"areinregions with  he pressure equilibrium ionized skin describes clumps A and
fainter Hi, Min Ny; = 2x 10'° cm2 and are each separated B gyen more poorly. Our data do not rule out an ionized skin of
from the major axis of the cloud by several degrees. These fourihe same density as the neutral gas in clumps A and B. Pressure
clumps were chosen subjectively based on their enhancemengsiects should act in a sound crossing time40 Myr for these
relative to the Qiﬁgse emissjon. Among the;e clumps, the talil clumps (assuming = 10* K), although external dynamical
is most similar in intensity (in both Hand Hi) to the nearby  forces could prevent a static equilibrium from being established
surrounding emission from the cloud. in these more tenuous regions (Benjamin & Dah®97 Peek

3.1.1. lonized Skin et al.2007, I_—|eitsch & PutmanZOOQ._ o _
T The dominant source of uncertainty within this model is the

First, we assume that each clump consists of uniform- distance to the cloud. Becausg! Ly D, the mass scales
density neutral hydrogen with a fully ionized skin of the same asM EMD3. The range of allowed distances quoted by
temperature and pressure. In this case, the electron density in.08 yields at 30% statistical uncertainty in our mass estimate.
the skinne = ng/ 2, whereng is the density in the neutral clump.  Applying an extinction correction would increase the mass. If
This condition is established when the ionized gas within the A(H ) = 0.38 mag (as we estimated in Secti@r8) applies









