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ABSTRACT

We report the first determination of a distance bracket for the high-velocity cloud (HVC) complex C. Combined
with previous measurements showing that this cloud has a metallicity of 0.15 times solar, these results provide
ample evidence that complex C traces the continuing accretion of intergalactic gas falling onto the Milky Way.
Accounting for both neutral and ionized hydrogen as well as He, the distance bracket implies a mass of
(3-14) x 10° M, and the complex represents a mass inflow of 0.1-M25yr *. We base our distance bracket
on the detection of Car absorption in the spectrum of the blue horizontal branch (BHB) star SDSS
J120404.78 623345.6, in combination with a significant nondetection toward the BHB star BS 16134.

These results set a strong distance bracket of 3.7-11.2 kpc on the distance to complex C. A more weakly supported
lower limit of 6.7 kpc may be derived from the spectrum of the BHB star BS 160104.7.

Subject headings: Galaxy: evolution — Galaxy: general — Galaxy: halo — Galaxy: structure — ISM: clouds —
stars: distances

1. INTRODUCTION also seems necessary to reproduce the relatively high abun-

, L ) . dance of deuterium measured in the local interstellar medium
The evolution of galaxies is strongly driven by the gas in (Linksy et al. 2006).

the interstellar medium. There is strong evidence for the infall * pjrect observational evidence for infalling low-metallicity
of new material that provides fuel for galaxy growth. This gas yas js provided by the high-velocity clouds (HVCs; see reviews
may originate in accreted satellite galaxies, as gas tidally pulled by Wakker & van Woerden 1997; Richter 2006). Subsolar me-
out of passing galaxies, or from pristine intergalactic gas. The i5jjicities have now been determined for 11 clouds (see van
cool, infalling clogds appear to be embedded in an exten.ded\,\,oerden & Wakker 2004 for a summary). In particular, the
(100200 kpc radius) hot corona (Sembach et al. 2003). Indirectyetajlicity of complex C is well established as 0.15 times solar
evidence for infalling gas is provided by two arguments: (1) (see summary by Fox et al. 2004). Complex C also has a high
At the current rate of star formation, all of the ISM will be  geyterium abundance (Sembach et al. 2004). Distance brackets
turned into stars within about a Gyr. (2) The narrowness of the aye heen more elusive, with just one known before 2006 (8—
distribution of metallicities of long-lived stars implies that the 1 kpc for complex A; van Woerden et al. 1999b; Wakker et
metallicity of the ISM remains more or less constant over a 4 2003). Thom et al. ,(2006) derive an 8.8 kpc up’per limit for
Hubble time, which can happen if there is a continuing inflow 5,4 Ww 35, while in a separate paper (Wakker et al. 2007,
of Iow:r;netalhmty material with a“present-day rate ”of about 1 horeafter Paper 1), we present new results for two HVCs (9.8~
Mg yr ltem 2 is known as the “G-dwarf problem” (van den 15 1 ypc for complex GCP and 5.0-11.7 kpc for the Cohen
Bergh 1962). Using the infall hypothesis to solve it has been gyeam). In this Letter we report a distance bracket for the HVC
the subject of much theoretical work (see, e.g., Pagel 1997 forcovering the largest sky area: complex C. We summarize our

a good summary). Continuing infall is essential in detailed method'in § 2. The data are described in § 3 and the results
numerical modeling of the chemical evolution of the Galaxy j, § 4 while in § 5 wesummarize the implications.

and the development of abundance gradients (e.g., Chiappini
et al. 2001 and references therein). Infall of low-metallicity gas 2 METHOD

To find the distance to a HVC, we search for interstellar
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the basic data for these stars. All three are hot, high-gravity
stars, and we carefully checked the spectral details against the
derived stellar parameters. For one star (BS 1608823) we

do not have classification data, and one star (BS 160802)
turns out to be a cool, nearby star.

"\
= o 116034-000
s ‘Fﬂ'l“ 3.2. Keck Observations
In 2007, we selected several stars from the SDSS that lie
projected onto core @i (see Fig. 1), with distances ranging
from 9.3 to 40.6 kpc. These distances are based on SDSS
spectroscopic and photometric data. On 2007 April 24, Bar-
I TP entine observed three of these using the upgraded High Res-
Vise [kem s7') olution Echelle Spectrometer (HIRES; Vogt et al. 1994) on the
Fic. 1.—H1 map of complex C, based on the data of Hulsbosch & Wakker Keck t_elescope. The 2004 Hl,RE_S Upgrade replaced the Smgle
(1988). Colors represent LSR velocities, as coded in the wedge. Half-circles CCD with a three-CCD mosaic, including two with enhanced
show positions with multiple H components. Contour levels are at brightness  blue sensitivity. All data were collected using the UV cross
temperatures of 0.05, 0.25, 0.5, and 1 K. The positions of the stars discussecﬂisperser and the C5 decker (I"Mde slit). The data were

in this Letter are shown by the symbols: filled stars for the detections, filled .. ; " i : ; ; ;
triangles for the significant nondetections, and open circles for nonsignificant binned by 2 pixels (0.23 in the spatial direction. The seeing

nondetections. The symbol diameters are proportional to the stellar distancesWas approximately 1'5 The spectra cover the wavelength

* BS16079-0017 «ﬂ;‘. P JBC

Several cores inside complex C are labeled. range 3380 to 4338 and have a spectral resolution of 8.8 km
s *. Three stars could be observed before weather conditions
3. OBSERVATIONS forced the telescope to close for the night. Two are useful

. (see Table 1), while for SDSS J120557+1625251.6 the stel-
3.1.WHT Observations lar Cam line obscures the interstellar lines.

In 1997, we selected several stars with estimated distances be- The spectra were extracted by Howk using the HIRedux
tween 2 and 8 kpc projected on the complex C corg(fdg. 1). package (ver. 2.2) of J. X. Prochaskalhe two-dimensional
Five of these were observed by Peletier and van Woerden withechelle images were bias-subtracted, flat-fielded, and wave-
the 4.2 m William Herschel Telescope (WHT) on La Palma on length-calibrated using the HIRES ThAr and quartz (flat field)
1997 May 17/18/19, using the Utrecht Echelle Spectrographlamps. One-dimensional spectra are extracted using an optimal
(UES) at the WHT Nasmyth focus. The spectra covered the extraction routine, and individual exposures and orders were
wavelength range from 3610 to 4520 , with a velocity res- co-added with an inverse variance weighting. The blaze func-
olution of 6 km s* . The wavelength calibration was obtained tion of the instrument was removed (before co-adding orders)
with a ThAr lamp. The standard IRAF reduction included bias by fitting a polynomial to the average flux distribution of the
and flat-field corrections, summing of pixels across the spec-orders within each of the three CCDs.
trum, and sky subtraction.

A preliminary analysis of these spectra and preliminary dis- 3.3. H1 Data
tances to the stars yielded a lower limit of 6.1 kpc to the distance )
of complex C (van Woerden et al. 1999a; Wakker 2001). We _We also have 21 cm H profiles toward the probe stars.
have now derived final stellar distances for three stars, usingEffelsberg spectra (9'71 km s* resolution; Wakker et al.
photometric data and intermediate-resolution spectra obtained
at the McDonald Observatory 2.7 m telescope. Table 1 presents ** Available at http://www.ucolick.org/xavier/IDL/.

TABLE 1
STELLAR AND INTERSTELLAR DATA
| b Distance v, Teo Vpve N(H 1) WexpgK) Wex‘{H) WobiK) WobiH)
Object (deg) (deg) (kpc) (kms?) (s) SIN (kms?) (10®%cm? (mA) (mA) (mA) (mA)
(1) (2) 3) 4 (5) ® @ (8) 9) (10) (11) (12) (13)
SDSS:
J121611.13645811.0 128.94 51.74 125 0.4 —306 1000 8 —156 59.3+ 1.1 106 62 <43 <49
=51 1272+ 25 215 161 210+ 11 = 4 122+ 16+ 5
J120404.78-623345.6 132.12 53.71 108 0.7 —389 1600 20 -—-145 31.2+ 0.8 42 23 42+ 3 +£ 4 19+ 6 £ 3
—-48 103.1+ 1.3 186 130 113+ 15+ 3
BS:
16079-0017 91.05 46.60 81 29 -—-208 1800 20 —139 325+ 1.2 45 24 <16
16034-0114 89.39 4507 3.8 0.3 40 3600 16 -—123 716+ 1.3 132 82 <12 <21
16079-0015 90.69 46.46 2.0+ 0.2 —234 1800 62 —134 50.1+ 3.0 85 48 <8

Notes.—Cols. (2) and (3): Galactic longitude and latitude of the stars. Col. (4): Distance as determined by R. Wilhelm et al. (2008, in preparation). Col. (5):
Stellar velocity (relative to the LSR), as measured fromiCand Fer lines. Col. (6): Exposure time with the WHT (BS stars) or Keck (SDSS stars). Col. (7):
S/N ratio in Can K near the HVC velocity. Col. (8) and (9): Velocity (relative to the LSR) and ¢blumn density of complex C in the direction of the star.
Values are based on the LAB survey (Kalberla et al. 2005) for SDSS stars, and on our Effelsberg data (Wakker et al. 2001) for BS stars. Cols. (10) and (11):
Expected K and H equivalent widths, using the relation N{@fa )/N(H )] = —7.76 — 0.78{log[N(H 1)] — 19.5} found by Wakker & Mathis (2000). Note
that the uncertainty itN (H 1) due to the large radio beam size produces an uncertainty of abouA20 m in these predictions. Cols. (12) and (13): Observed K
and H equivalent widths or 3 upper limits.

2There are too many stellar lines to calculate anCid error.

® Alternative names 2MASS J160007:8%475125.4 and BS 160790065.

¢ Alternative name 2MASS J1547475380646.4.

9The error used for calculating the S/N includes variations due to many weak stellar lines.
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Fic. 2.—Spectra near Ca K, Can H, and Hi for the four most significant
stars in our sample. Note that the Keck data are flux-calibrated (in units of

o

10 *®* ergcm 2 s' A ), while the WHT data are not. Vertical lines are placed
at the velocity of the low-, intermediate-, and high-velocity1Hemission
components, while detected absorption lines are labeled “cpxC” and “IVC”.
The locations of stellar Ca and Femn lines are shown by the asterisk (*).
Note that near the H line toward BS 16079017 there are many unidentified
stellar lines.

2001) are available for the stars observed with the WHT. For
the Keck stars we use the LAB data set of Kalberla et al. (2005;
36, 1 km s resolution). However, Wakker et al. (2001) found
thatN(H 1) measured with a 3@eam can be up to a factor 2.5
larger or smaller thatN(H 1) measured with a 9'7beam; the
ratio distribution has a mean of 1 and rms of 0.2. Thechlumn
densities therefore have a large20%) systematic uncertainty.
Higher resolution observations1’) with a synthesis telescope
are needed to obtain more accurate values.

4. RESULTS

Columns (8)—(13) of Table 1 list the Hand Canr measure-
ments, including predictions for the equivalent width (EW) based
on the relation betweeN(H 1) and Camn abundance found by
Wakker & Mathis (2000; see notes to Table 1). Figure 2 shows
the Can K and H and Hi 21 cm spectra for the four stars that
yield significant results.

We detect Car K and H absorption associated with complex
C toward the star SDSS J120404+7&23345.6, with EW(K)
=42+ 3+ 4mA and EW(H)= 19 + 6 + 3 mA. The
first error is statistical error associated with the noise in the
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Fic. 3.—Spectra of three stars, shifted to the stellar reference frame. The
top two (2MASS) stars were observed with the VLT in Paper I. Most of the
stellar lines can be identified as Fer Feur absorption. Some features have
not yet been identified. Clearly, no stellar line is expected at the wavelength
of the complex C Ca K absorption. The two-component intermediate-velocity
and low-velocity Ca m K absorption in the direction of SDSS
J120404.78623345.6 blends with stellar Feabsorption.

That this line is interstellar is shown by two facts. (1) It is
much narrower (FWHM= 6.7 km s') than the stellar lines
(FWHM ~15 km s*). (2) Stars with effective temperatures of
about 7000 K do not have a stellar line at this location (see
Fig. 3). The distance of SDSS J120404+823345.6 is found

to be 10.9+ 0.7 kpc. As we discuss in Paper I, this implies
a 68% confidence interval for the upper limit on the distance
of complex C ofD, + 0.47¢(D,) = 11.2 kpc.

The three WHT stars yield nondetections foria complex
C. The spectrum of BS 16079017 O = 8.1+ 2.9 kpc)
shows many broad stellar lines, but no narrow interstellar line
is visible at the velocity of complex C. This star thus sets a
tentative lower limit of 6.7 kpc to the distance of complex C.
On the other hand, a firm lower limit of 3.7 kpc is set by BS
16034-0114 © = 3.8+ 0.3 kpc), whose spectrum shows
few stellar lines and which has EW(expected)(BW) = 11.
The star BS 160790015 also yields a significant non-detec-
tion, but since it is closer than BS 16038114, we do not
show its spectrum in Figure 2.

Complex C is also not detected toward the star SDSS
J121611.13645811.0, even though this star is more distant
than SDSS J120404.#8%23345.6. However, the expected EW
is only a factor 2.5 higher than the @ limit. Considering
possible intrinsic variations in the Ga abundance, and the
large uncertainty in the H column density (see above), this
nondetection is not considered significant, although only mar-
ginally so. In fact, there is a hint of an interstellar absorption
line at the velocity of complex C (see Fig. 2). Data with higher
S/N ratio are needed to resolve this issue.

5. CONCLUSIONS

Forty years after the first attempt (Prata & Wallerstein 1967),
we report the first successful detection of interstellan@Ghand
K absorption from HVC complex C. This sets an upper limit on
the distance of core @1 (left side of Fig. 1) of 11.2 kpc. For
core Ci (right side of Fig. 1) we find a lower limit of 3.7 kpc,
possibly 6.7 kpc. Although the stars are®27 apart on the sky,
it is still safe to conclude that complex C is located at Gal-
actocentric radius14 kpc, and lies high above the Galactic
plane ¢ = 3—-9 kpc). A more precise determination requires a
lower limit for core Cm and an upper limit for G.

spectrum and the placement of the continuum. The second error IntegratingN(H 1) across the cloud, we estimat&(H 1) as

is a systematic error associated with a 3 krh s
choosing the velocity limits of the equivalent width integration.
See Wakker et al. (2003) for a full discussion of these errors.

uncertainty in (0.7-6) x 10° M. Ha emission has also been detected (Tufte

et al. 1998). We can assume either that the H and are
thoroughly mixed or that the H originates in a photoionized
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skin around the cloud. In either case, the observedrtensity ministration. The Observatory was made possible by the gen-
suggests that there is roughly as much ionized as neutral gaserous financial support of the W. M. Keck Foundation.

We can also estimate the mass inflow associated with com- The William Herschel telescope is operated on the Island of
plex C, using a method described in Paper I. Including the La Palma by the Isaac Newton group in the Spanish Obser-
neutral and ionized hydrogen, as well as a 40% contribution vatorio del Roque de los Muchachos of the Instituto de Astro-
from helium, we derive that complex C represents about 0.1-physica de Canarias.
0.25M,, yr* of infalling gas. This is a substantial fraction of Funding for the SDSS and SDSS-II has been provided by
the theoretically required amount ofM,, yr *. Other HVCs  the Alfred P. Sloan Foundation, the Participating Institutions,
may contribute the rest, but we have not yet determined dis-the National Science Foundation, the US Department of En-
tances and metallicities for the most likely candidates. ~  grgy, the National Aeronautics and Space Administration, the

From our results, we conclude that the mystery of the dis- japanese Monbukagakusho, the Max Planck Society, and the
tances to the HVCs is beginning to be solved. The evidence{;:}gher Education Funding Council for England. The SDSS

shows that several HVCs are located in the upper reaches Olyep, gite is http://www.sdss.org/. The SDSS is managed by the
the gaseous Galactic halo and that they contribute S'gn'f'camlyAstrophysical Research Consortium for the Participating In-

to the inflow of metal-poor gas onto the Galaxy. Once the MaSS gtitutions. The Participating Institutions are the American Mu-

o At s Corsiraned from bservatons o & SuiCET! seumof Naturl Hisory, Astophysical InsttutsPotsdam, Ln-
dimensional structure, so that we can use their velocities and”erSty of B_asel., University of Cambrldge, Case Western
Galactic location to derive orbits and solve the outstanding Reserve University, University of Chicago, Drexel University,
mystery of their ultimate origins. _Fermllab, the Institute for Adv_anced_Stuc_iy, the Ja_pan Partlc-
ipation Group, the Johns Hopkins University, the Joint Institute
B.P.W, D.G. Y, R.W, and T. C. B. acknowledge support for Nuc]ear Astrophysics, the Kavli Institute. for.ParticIe As-
from grant AST 06-07154 awarded by the US National Science trophysics and Cosmology, the Korean Scientist Group, the
Foundation. T. C. B. also acknowledges NSF grants AST 04- Chinese Academy of Sciences (LAMOST), Los Alamos Na-
06784 and PHY 02-16783, and the Physics Frontier Center/tional Laboratory, the Max Planck Institute for Astronomy
Joint Institute for Nuclear Astrophysics (JINA). (MPIA), the Max Planck Institute for Astrophysics (MPA),
Some of the data presented were obtained at the W. M. KeckNew Mexico State University, Ohio State University, Univer-
Observatory, which is operated as a scientific partnershipsity of Pittsburgh, University of Portsmouth, Princeton Uni-
among the California Institute of Technology, the University versity, the United States Naval Observatory, and the Univer-
of California, and the National Aeronautics and Space Ad- sity of Washington.
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