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Given: The basic properties of a galaxy

Aim: 
Can we predict what’s the 

baryonic content here? 

or there? 



Distribution of Baryons in the Low-z Universe

Given: The basic properties of an absorber

Can we tell if this gas 
associated with galaxy 
halo, extended disk or 

IGM ? 



Mcl ~ 5 x 106 M!

Size ~ 1 kpc 

Hot halo gas condenses through 
multi-phase cooling into clouds of 
~104 K.  

Cool Gas In and Around Galaxies 

 Keres et al. (2005)

Galaxies with baryonic 
mass smaller than
10.3(dex) M! accrete 
through the “cold-mode”

Cold-mode accretion

 Maller & Bullock (2004) 

Condensation of halo Gas



Various studies (e.g. Bowen et al. 
1995, Charlton & Churchill 1996, 
Steidel et al. 2002) found extended 
disks traced by cool low-
ionization gas in absorption.

Cool Gas In and Around Galaxies 

 Veilleux (ARAA, 2005)

Galactic Outflows

Kacprzak et al. (2010)

Extended Disks

Close-up of the wind-swept, circumnuclear region 
of NGC 3079. Colors indicate - Hα + [N II], I-band, 
and X-rays. 

Detected in low-ionization metal absorption 
transitions Na I and Mg II.

Only 5%–10% of the neutral gas in 
starburst-driven winds escape into the IGM. 
(Rupke et al. 2005) 
Baryonic material deposited by the winds can eventually cool down and rain back 
into the galaxies - The Galactic Fountain Model (Shapiro & Field 1976)



Detecting Cold Gas Through Absorption 

Carilli & van Gorkom (1992)

Out of a sample of 4 galaxy-QSO 
pa i rs se lec ted due to the 
presence of Ca II or Na I 
absorption, Carilli & van Gorkom 
( 1 9 9 2 ) d e t e c t e d 2 1 c m H I 
absorbers in 3 of them.

PKS 1327-206 ESO 1327-2041

PKS 1327-206 ESO 1327-2041

Beam = 27’’x 18’’

– 2 –

1. INTRODUCTION

Aff =
Mexcess

3 σN(HI),V LA ΩGBT MH

≡ Mexcess

M3σV LA

(1)

The classical evaporation is applicable for systems where σo � 1, where as saturated
evaporation will be applicable for systems with σo � 1. The evaporation timescale in the
classical paradigm is given by (?, eq. 22)

tc
ev

= 3.3× 1020 n̄cl R2
cl

T−5/2
IGM

lnΛ

30
yrs (2)

where ln Λ = 29.7 + ln n−1/2
IGM

(TIGM/106 K). For a fixed IGM temperature and cloud mass,

tc
ev
∝ n̄cl R2

cl
∝ Mcl

Rcl

(3)
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(4)

This implies that a smaller and consequently denser cloud will much survive longer than a
less dense cloud of the same mass.

In the saturated paradigm, the evaporation timescale is given by (?, eq. 64)

ts
ev
∼ 106 n̄cl n−1

IGM
Rcl T−1/2

IGM
yrs (5)

From Eq. 2 and 5, it is clear that the lifetime of the cloud increases as its density and/or
radius increases in both paradigms, although at different rates. Also the lifetime is inversely
related to the temperature of the IGM.

τ = 0.007± 0.001 (6)

Constraining the physical parameters of the IGM

Our GBT detections, combined with information from VLA images, confirm that H I in
HCGs survives long enough to be seen frequently in their harsh environments. Using this
crucial piece of information, we can constraint the physical conditions of the H I clouds as
well as the hot IGM by finding the region in the parameter space where the evaporation
timescale is greater than the dynamical timescale of the groups. Throughout our analysis
we will assumed the H I clouds to be stationary. If the proper motion of the H I clouds could

Corbelli & Schneider (1990) 
detected 21cm absorber in NGC 
4651



Cold Gas (HI) Outside the Stellar disk : Cen A

Struve et al. (2010)

Absorption 
against the 
northeast radio 
lobe of the 
radio galaxy.

N(HI)/Tspin = 1.7 x 1018 cm-2 K-1 
FWHM = 13 km/s
Velocity = 454 km/s
(100 km/s off the systemic velocity)
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Fig. 1.—WSRT/DZB high-resolution spectrum of the H i 21z p 0.3941
cm absorber toward B0248!430 at a channel spacing of 2.44 kHz or a velocity
resolution of 0.81 km s ; is placed at the metal-line redshift of"1 v p 0 z p

. The top panel shows the original spectrum. The middle panel shows0.394
the optical depth of the lines, with the data points connected by a dotted line.
The thick solid line shows the fit, and the centroids of the individual com-
ponents listed in Table 1 are marked. The bottom panel shows residuals after
the fit has been subtracted.

Fig. 2.—WSRT/DZB spectrum of the H i 21 cm absorber towardz p 0.4367
B1243"072 at a channel spacing of 9.8 kHz or a velocity resolution of 3.6
km s . The velocity scale has been chosen such that corresponds to"1 v p 0

, the metal-line redshift. The top panel shows the original spectrum.z p 0.436
The middle panel shows the optical depth of the line, with the data points
connected by a dotted line and a thick solid line indicating the Gaussian curve
that we have fitted to the data. The bottom panel shows residuals after the fit
has been subtracted.

matical motions and turbulence in the absorbing H i gas will
also broaden the absorption line, so this is not always a stringent
constraint on the gas temperature.

3. THE DATA

The 21 cm spectra were obtained on 1999 September 19
(B0248!430) and 2000 September 6 (B1243"072) using the
Westerbork Synthesis Radio Telescope (WSRT)1 with UHF-
high receivers and the DZB digital correlator. Both observations
were made as follow-ups to previous and more tentative de-
tections from an extensive 21 cm survey of Mg ii absorbers
by Lane (2000).
For B0248!430, the total integration time was just under

4 hr. A bandwidth of 0.625 MHz centered at 1018.94 MHz is
divided into 256 channels to provide a channel width of
2.44 kHz. No on-line smoothing was applied, giving a velocity
resolution of 0.86 km s . Observations of 3C 48 were used"1

to calibrate the flux density scale and the passband. For
B1243"072, the total integration time was roughly 9.5 hr. A
bandwidth of 1.25 MHz and 128 channels centered at
988.6 MHz give a velocity resolution of 3.6 km s . Obser-"1

vations of 3C 147 were used to calibrate the flux and bandpass.
Using standard routines in AIPS, both data sets were self-

calibrated to line-free continuum maps. After removing the con-
tinuum emission, map cubes were made and spectra extracted
at the positions of the QSOs. The final spectra, offset to indicate
the measured continuum flux, are shown in Figures 1 and 2.

1 The WSRT is operated by the Netherlands Foundation for Research in
Astronomy with support from the Netherlands Foundation for Scientific
Research.

4. B0248!430 (zabs p 0.3941)

B0248!430 is a core-dominated QSO at an emission redshift
. The metal-line system at was origi-z p 1.31 z p 0.394em abs

nally identified in a spectrum taken to study absorption associated
with a pair of merging galaxies that lie close to the QSO sight
line at (Womble et al. 1990). The initial detection ofz p 0.05
Mg ii and Mg i at was confirmed, and Fe ii andz p 0.394abs
Ca ii absorption lines at the same redshift were reported by
Sargent & Steidel (1990). At present, there is no reported de-
tection (or significant nondetection) of the DLA line for this
system. For this reason, there is no temperature-independent
measure of the total neutral column density in this system.
The H i 21 cm absorption feature is composed of a complex

of lines, roughly clustered in three groups, which combined
cover ∼40 km s . The 3 j noise in the spectrum is equivalent"1

to an optical depth, . The best simultaneous four-t p 0.093 j

Gaussian fit to the data is shown in Figure 1, and the fitted
line parameters are listed in Table 1. We have placed the system
velocity, , at a frequency of 1018.94 MHz, correspond-DV p 0
ing to both the center of the deepest absorption component and
the metal-line redshift of . Conservative errors forz p 0.394abs
t are estimated from the rms of the residuals. The errors on

are taken to be one-half of a resolution element, and weDv
assume that the gas covers the entire QSO ( ).f p 1
The 21 cm line integral, km s ,"1t(v)dv p 2.99! 0.36!

leads to an estimated column density of N p (5.4!H i

atoms cm K . We use the notation to18 "2 "10.6)# 10 AT S AT Ss s
indicate a column density–weighted harmonic mean spin tem-
perature for all of the absorbing gas along the sight line. Even
if the spin temperature of each component is as low as T ∼s

K, a “typical” value for cold-phase gas (Dickey&Lockman100
1990), this system would have a total cm .20 "2N ≈ 5# 10H i

z=0.44

Kanekar & Chengalur (2001) 

!1 mJy beam"1 against the diffuse emission region in Figure 2.
Since the 3 ! detection limit in these regions is 4.7 mJy beam"1,
we cannot exclude the possibility that the H i absorption is con-
stant over a region extending at least 20 mas (2 h"1

70 pc) and pos-
sibly as large as 0B2 (20 h"1

70 pc) on the sky.
We have independent measurements of the H i column den-

sity in this sight line, which allow us to determine the spin tem-
perature (Ts) of the absorbing cloud when combined with our
NH i=Ts measurement above. However, since we can derive mul-
tiple estimates of Ts from our data, we defer this discussion to
x 3.2 in the interest of clarity.

2.2. Arecibo Observvations

Single-dish observations of 3C 232/NGC 3067 were carried
out with the L-band wide receiver of the 305 m Arecibo radio
telescope6 on 2003 November 23–24, for a total of 2.5 hr. The
double position switching observations used two of the interim
correlator boards to observe at the frequency of the H i 21 cm
line in NGC 3067. The bandwidth of each board was 6.25MHz,
with one linear polarization each and 2048 spectral channels.
The source 4C+32.34 was observed as a bandpass calibrator.

Figure 3 is a total intensity Hanning-smoothed H i spectrum
of 3C 232/NGC 3067. The plot clearly shows the#300 km s"1

wide H i 21 cm emission in NGC 3067 and the narrow H i 21 cm

absorption line that arises on the line of sight to the background
quasar 3C 232 at 1420:2$ 0:1 km s"1. The velocity resolution
of this spectrum is 1.3 km s"1, and the rms noise level is 1.2 mJy.
The velocity FWHM of the 21 cm absorption is 4:2$ 0:1 km
s"1, and its peak optical depth is 0:0281$ 0:0008, yielding a
column density of NH i=Ts ¼ 2:3($0:1) ; 1017 cm"2 K"1. While
the single-dish optical depth is marginally larger than the VLBA
measurements, these observations suggest no strong variation in
covering factor or Ts over a size scale of 0B2, or 20 h"1

70 pc.
No H i absorption is detected at the two other metal-line veloc-

ities to " < 0:0024 (3 !). Assuming a spin temperature of Ts ¼
450 K (see x 3.2) and the same velocity width as the 1420 km s"1

absorption line, this optical depth limit corresponds to a 3 ! col-
umn density limit of NH i < 9 ; 1018 cm"2. Note that the three
metal-line velocities are well within the extent of the disk rota-
tion curve.

2.3. HST/STIS Observvations

3C 232 was observed by HST/STIS7 with the G140L grating
as part of GO Snapshot Program 9506 (PI: J. Stocke) and also
with the G140M grating at three wavelength settings as part
of GO Program 8596 (PI: M. Pettini). A journal of these ob-
servations appears in Table 2; total exposure times were 1.2 ks
with G140L, 11.2 ks with G140M at central wavelengths of
1222 and 1400 8, and 22.3 ks with G140M at a central wave-
length of 1567 8. Multiple exposures with the same central
wavelengthwere shifted to a heliocentric reference frame and co-
addedwith signal-to-noise ratio (S/N) weighting. The continuum
in each wavelength region was normalized using Legendre poly-
nomials, and the resulting spectra were examined for evidence of
absorption fromNGC 3067. These normalized spectra are shown
in Figure 4 and absorption lines associated with NGC 3067 are
labelled at their observed wavelengths.
The G140L spectrum yields data on Ly#, O i, C ii, C iv, Si ii,

Si iii, Si iv, S ii, S iii, and Al ii. All of the prominent Si and C lines
in the wavelength range covered by this spectrum are detected
over a wide range of ionization states. The resolution of this
spectrum is too coarse (250 km s"1; see Table 2) to separate the
blended S iii /Si ii and S ii /Si ii lines; however, the equivalent
width of the S ii /Si ii blend is the same as the equivalent widths
of the Si ii k1304 and Si ii k1527 lines (see Table 3), despite the
fact that the oscillator strengths vary by more than an order of
magnitude for these Si ii transitions (Morton 2003). Of these
transitions, Si ii k1260 has the largest oscillator strength by al-
most an order of magnitude (Morton 2003), implying that the
entire equivalent width of the S ii /Si ii blend can be attributed to

TABLE 1

Gaussian Fits to the Continuum Components in 3C 232 (Fig. 1)

Source

(1)

Relative Positiona

(mas)

(2)

Peak

(mJy beam"1)

(3)

Total

(mJy)

(4)

Majorb

(mas)

(5)

Minorb

(mas)

(6)

P.A.

(deg)

(7)

Core............................... 0, 0 478.2 $ 0.3 587.0 $ 0.3 8.7 4.7 175 $ 5

Jet .................................. 1.5W, 11S 196.2 $ 0.5 388.2 $ 0.9 11.0 6.1 179 $ 5
Eastern extension .......... 7.5E, 14S 3.92 $ 0.02 4.66 $ 0.03 8.3 4.8 43 $ 20

a The position (0, 0) is # (J2000) ¼ 09h58m20:s9499, $(J2000) ¼ þ32'24002B177.
b Errors are #1 mas.

Fig. 3.—Hanning-smoothed H i 21 cm spectrum of the galaxy NGC 3067
taken at Arecibo. The velocity resolution is 1.3 km s"1, and the rms noise level is
1.2 mJy. The arrows indicate the positions of the other two velocity components
(cz ¼ 1369 and 1530 km s"1) found in various metal species (S91; T99). Note
that all three radial velocities fall well within the H i emission profile of
NGC 3067, and that the H i 21 cm absorption detection is close to the galac-
tocentric radial velocity of 1465 km s"1 (CvG).

7 Based on observations with the NASA/ESA Hubble Space Telescope,
obtained at the Space Telescope Science Institute, which is operated by the
Association of Universities for Research in Astronomy, Inc., under NASA
contract NAS5-26555.

6 The Arecibo Observatory is part of the National Astronomy and Iono-
sphere Center, which is operated by Cornell University under a cooperative
agreement with the NSF.

KEENEY ET AL.270 Vol. 622
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Fig. 1.—WSRT/DZB high-resolution spectrum of the H i 21z p 0.3941
cm absorber toward B0248!430 at a channel spacing of 2.44 kHz or a velocity
resolution of 0.81 km s ; is placed at the metal-line redshift of"1 v p 0 z p

. The top panel shows the original spectrum. The middle panel shows0.394
the optical depth of the lines, with the data points connected by a dotted line.
The thick solid line shows the fit, and the centroids of the individual com-
ponents listed in Table 1 are marked. The bottom panel shows residuals after
the fit has been subtracted.

Fig. 2.—WSRT/DZB spectrum of the H i 21 cm absorber towardz p 0.4367
B1243"072 at a channel spacing of 9.8 kHz or a velocity resolution of 3.6
km s . The velocity scale has been chosen such that corresponds to"1 v p 0

, the metal-line redshift. The top panel shows the original spectrum.z p 0.436
The middle panel shows the optical depth of the line, with the data points
connected by a dotted line and a thick solid line indicating the Gaussian curve
that we have fitted to the data. The bottom panel shows residuals after the fit
has been subtracted.

matical motions and turbulence in the absorbing H i gas will
also broaden the absorption line, so this is not always a stringent
constraint on the gas temperature.

3. THE DATA

The 21 cm spectra were obtained on 1999 September 19
(B0248!430) and 2000 September 6 (B1243"072) using the
Westerbork Synthesis Radio Telescope (WSRT)1 with UHF-
high receivers and the DZB digital correlator. Both observations
were made as follow-ups to previous and more tentative de-
tections from an extensive 21 cm survey of Mg ii absorbers
by Lane (2000).
For B0248!430, the total integration time was just under

4 hr. A bandwidth of 0.625 MHz centered at 1018.94 MHz is
divided into 256 channels to provide a channel width of
2.44 kHz. No on-line smoothing was applied, giving a velocity
resolution of 0.86 km s . Observations of 3C 48 were used"1

to calibrate the flux density scale and the passband. For
B1243"072, the total integration time was roughly 9.5 hr. A
bandwidth of 1.25 MHz and 128 channels centered at
988.6 MHz give a velocity resolution of 3.6 km s . Obser-"1

vations of 3C 147 were used to calibrate the flux and bandpass.
Using standard routines in AIPS, both data sets were self-

calibrated to line-free continuum maps. After removing the con-
tinuum emission, map cubes were made and spectra extracted
at the positions of the QSOs. The final spectra, offset to indicate
the measured continuum flux, are shown in Figures 1 and 2.

1 The WSRT is operated by the Netherlands Foundation for Research in
Astronomy with support from the Netherlands Foundation for Scientific
Research.

4. B0248!430 (zabs p 0.3941)

B0248!430 is a core-dominated QSO at an emission redshift
. The metal-line system at was origi-z p 1.31 z p 0.394em abs

nally identified in a spectrum taken to study absorption associated
with a pair of merging galaxies that lie close to the QSO sight
line at (Womble et al. 1990). The initial detection ofz p 0.05
Mg ii and Mg i at was confirmed, and Fe ii andz p 0.394abs
Ca ii absorption lines at the same redshift were reported by
Sargent & Steidel (1990). At present, there is no reported de-
tection (or significant nondetection) of the DLA line for this
system. For this reason, there is no temperature-independent
measure of the total neutral column density in this system.
The H i 21 cm absorption feature is composed of a complex

of lines, roughly clustered in three groups, which combined
cover ∼40 km s . The 3 j noise in the spectrum is equivalent"1

to an optical depth, . The best simultaneous four-t p 0.093 j

Gaussian fit to the data is shown in Figure 1, and the fitted
line parameters are listed in Table 1. We have placed the system
velocity, , at a frequency of 1018.94 MHz, correspond-DV p 0
ing to both the center of the deepest absorption component and
the metal-line redshift of . Conservative errors forz p 0.394abs
t are estimated from the rms of the residuals. The errors on

are taken to be one-half of a resolution element, and weDv
assume that the gas covers the entire QSO ( ).f p 1
The 21 cm line integral, km s ,"1t(v)dv p 2.99! 0.36!

leads to an estimated column density of N p (5.4!H i

atoms cm K . We use the notation to18 "2 "10.6)# 10 AT S AT Ss s
indicate a column density–weighted harmonic mean spin tem-
perature for all of the absorbing gas along the sight line. Even
if the spin temperature of each component is as low as T ∼s

K, a “typical” value for cold-phase gas (Dickey&Lockman100
1990), this system would have a total cm .20 "2N ≈ 5# 10H i

z=0.005

z=0.39
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Figure 7. Color representations of the QGPs with no 21-cm absorption detections (see Section 3.2). Each image is 77′′ on a side,
with north-east towards the top left corner, and centered on the QSO. Galaxies with known redshifts are identified, along with their
corresponding redshifts. In the field of QSO J084957.97+510829.0 (top right panel), the object labeled “G1” is the galaxy we suggest is
responsible for the Ca ii and Na ii absorption at zg = 0.3120, discussed in Section 3.2.2.

semi-major axis where the B-band surface brightness falls
to 25 mag arcsec−2) is used to quantify the optical radius
of the galaxies. It is also known that the extent of H i gas
as measured from the 21-cm emission maps with 1σ column
density of few times 1019 cm−2 is roughly 1.7 times R25 (No-
ordermeer et al. 2005). As the scaling is found not to depend
strongly on the galaxy morphology (see Fig. 3 of Broeils &
Rhee 1997) we use this for all the galaxies. Whenever possi-
ble we perform isophotal analysis using ellipse fitting to get
R25 and the extent of H i gas, RH I.

As the galaxies in our sample are at higher redshifts (i.e
z ≥ 0.03) any weak dependence of RHI on the absolute mag-
nitude should also be considered. Therefore, we also obtain
RH I using absolute B-band magnitude and Equation 2 of

Lah et al. (2009) derived from various correlations found by
Broeils & Rhee (1997). We get the B-band magnitude using
r- and g-band magnitudes of the galaxy measured in the
SDSS images and the filter transformation equations given
by Lupton (2005)1. The above two estimates of RH I allow us
to have a rough idea of possible H i extent in these galaxies.
In what follows we discuss each QGP in detail.

1 http://www.sdss.org/dr6/algorithms/sdssUBVRITransform.html
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Table 1. Observing log for the GMRT observations.

Quasar zq r mag Galaxy zg Date Channel Time
width

(km s−1) (hrs)
(1) (2) (3) (4) (5) (6) (7) (8)

J082153.82+503120.4 2.130 17.8 J082153.75+503125.7 0.1835 2007 Sep 19 3.9 8.0
J084957.97+510829.0 0.584 18.2 J084957.48+510842.3 0.0734 2007 Jun 19 3.5 7.7
J111023.85+032136.1 0.966 18.6 J111025.09+032138.8 0.0301 2008 Mar 01 3.4 7.6
J122847.42+370612.0 1.517 18.2 J122847.72+370606.9 0.1383 2008 Mar 02 3.7 7.5
J124157.54+633241.6 2.625 17.9 J124157.26+633237.6 0.1430 2008 Mar 03 3.8 7.7

2009 Jun 13 3.8 8.0
2009 Jun 14 3.8 5.4

Column 1: Quasar name. Column 2 and 3: Quasar redshift and r-band magnitude respectively. Column 4: Galaxy name. Column 5:
Galaxy redshift. Column 6: Date of observation. Column 7: channel width in km s−1. Column 8: time on source in hrs.

duced using the NRAO Astronomical Image Processing Sys-
tem (AIPS) following the standard procedures. After the ini-
tial flagging and calibration, source and calibrator data were
examined to flag and exclude the baselines and timestamps
affected by RFI. Applying complex gains and bandpass ob-
tained using the flux and phase calibrators, a continuum
map of the source was made using absorption-free channels.
Using this map as a model, self-calibration complex gains
were determined and applied to all the frequency channels.
The same continuum map was then used to subtract the
continuum emission from the dataset. This continuum sub-
tracted dataset was then imaged separately for the channels
XX and YY to get 3-dimensional (third axis being the fre-
quency) data cubes. The spectra at the location of radio
components of interest were extracted from these cubes and
compared for consistency. If necessary a first-order cubic-
spline was fitted to remove the residual continuum from the
spectra. The two polarization channels were then combined
to get the final stokes I spectrum, which was then shifted to
the heliocentric frame.

3 RESULTS

This survey of 5 QGPs resulted in the detection of 21-cm
absorption from one QGP whereas no 21-cm absorption was
detected for the remaining four QGPs. Results are sum-
marised in the Table 2. In the following, we present results
for the individual QGPs.

3.1 Details of the QGP with 21-cm absorption
detection

Quasar (zq = 2.625 SDSS J124157.54+633241.6) −

galaxy (zg = 0.143 SDSS J124157.26+633237.6) pair:
The background quasar J124157.54+633241.6 is only at a
projected separation of 4.4′′ from the foreground galaxy at
the redshift, zg = 0.143. The quasar sight line is within the
r-band Petrosian radius (R90) that contains 90% of the Pet-
rosian flux from galaxy (see Table 2). As can be seen from
the Fig. 1, the quasar sight line pierces through the stellar
disk of the foreground galaxy.

The galaxy redshift is measured using its emission
lines superimposed on top of the QSO continuum in

Figure 1. Color representation of the quasar (zq =
2.625 SDSS J124157.54+633241.6)−galaxy (zg= 0.143 SDSS
J124157.26+633237.6) pair. The image is 77′′ on a side, with
north-east towards the top left corner, and centered on the QSO.

the SDSS fiber spectrum. Hα, Hβ, [S ii]λλ6718,6732 and
[N ii]λλ6549,6585 are clearly detected. These emission lines
were fitted with Gaussians using χ2 minimization keeping
the same redshift for all the lines (see Fig 2). The best fitted
emission redshift is zem = 0.1430±0.0001. The integrated
emission line fluxes are summarized in Table 3. The mea-
sured ratio of different line fluxes with respect to that of Hα
in this system and from the SDSS template spectra of galax-
ies are also given in this table. Clearly the line ratios that are
indicators of metallicity and reddening are consistent with
average late type galaxies found in the SDSS.

The Balmer line ratio, F(Hα)/F(Hβ), has large error
mainly due to the fact that Hβ is weak and present on top
of the C iv emission line of the QSO. Following Argence &
Lamareille (2009) we get the optical depth at the intrinsic
V-band of the galaxy, τBalmer

V = 1.4+2.0
−1.3, using
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Figure 5. GMRT (contours) image overlaid on the SDSS r-band image of the quasar (zq = 2.625 SDSS J124157.54+633241.6)−galaxy
(zg= 0.143 SDSS J124157.26+633237.6) pair. The radio image has an rms of 0.4mJy beam−1 and the restoring beam of 2.4′′×2.0′′ with
the P.A.=42◦. The contour levels are 1.3× (-1,1,2,4,8,16,32)mJy beam−1. The restoring beam for the radio image is shown as an ellipse
and the optical positions of the quasar and the galaxy are marked with a big and a small cross respectively. The extent of the SDSS
spectroscopic fiber is shown at the bottom right corner of the image.

Table 4. Details of the multiple Gaussian fits to the
21-cm absorption detected towards the quasar (zq =
2.625 SDSS J124157.54+633241.6)−galaxy (zg= 0.143 SDSS
J124157.26+633237.6) pair.

Component† zabs ∆va τbp
fcN(H I)c

Ts

A 0.14294 10±1 0.148±0.010 0.29±0.03
B 0.14285 16±2 0.060±0.007 0.19±0.03
C 0.14303 11±4 0.025±0.009 0.05±0.02

† components as indicated in Fig. 6
a FWHM in km s−1; b peak optical depth
c in units of 1019 cm−2

one to the west (referred to as J1241+6332W) of the quasar
(Fig. 5). It is not obvious if these radio components are as-
sociated with the quasar. No 21-cm absorption was detected
towards J1241+6332E and J1241+6332W (see bottom pan-
els of Fig. 8) at an angular separation of 13.6′′ and 21.2′′

respectively from the galaxy (Table 2). The flux density of
these radio components is low and this prevents us from
getting any useful constraint on the 21-cm optical depth to-
wards these sight lines.

3.2 Details of QGPs with 21-cm absorption
non-detections

Here we discuss the QGPs that do not show any detectable
21-cm absorption. The color representations of these 4 QGPs
are presented in Fig. 7. The lack of 21-cm absorption could
be either related to low column density of H i along the sight
line and/or high spin-temperature, TS. If a sight line passes
through either the optical disk or an extended H i 21-cm
line emitting region then one is sure of having sufficient H i
column density. For our sample we shall use Petrosian ra-
dius (R90) containing 90% of the Petrosian flux measured
using r-band SDSS images as an indicator of optical ex-

Figure 6. GMRT spectrum of the 21-cm absorp-
tion detected towards the quasar (zq = 2.625
SDSS J124157.54+633241.6)−galaxy (zg= 0.143 SDSS
J124157.26+633237.6) pair. Zero of the velocity scale is de-
fined at zem=0.14299 determined from the nebular emission
detected in the SDSS spectrum. Individual Gaussian components
and the resultant fits to the absorption profile are plotted as
dotted and continuous lines respectively. Residuals, on an offset
arbitrarily shifted for clarity, are also shown.

tent. These values are given in Table 2 for all the galaxies
in our sample. The extent of the H i gas in these galaxies
is not known. So we use the existing correlations between
optical properties and H i radius, (RHI), found for the local
galaxies. In the local universe, R25 (the distance along the

z=0.143
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Table 1. Observational details

Source zabs NHI Channel spacing! Total flux RMS noise τ f† Ts

cm−2 km s−1 Jy mJy K
PKS 0952+179 0.2378 2.1e21a 2.0 1.4 2.9 0.013 0.25 2050 ± 200
B2 0827+243 0.5247 2.0e20a 5.0 0.9 1.2 0.0067 0.66 330 ± 70
PKS 0118-272 0.5579 2.0e20b 5.0 1.1 2.4 < 0.0065‡ 0.5 > 850‡

! The rms values are after Hanning smoothing.
† The values quoted are lower limits on the covering factor f .
‡ Limits are 3σ.
a Rao & Turnshek (2000), b Vladilo et al. (1997).

The final Hanning smoothed spectrum of the z =
0.5247 absorber towards B2 0827+243 is shown in Fig. 2;
the resolution is ∼10 km s−1. The RMS noise on the spec-
trum is 1.15 mJy while the peak line depth is ∼6 mJy,
i.e. a 5.2σ result. The measured line depth is consistent
with the reported non-detection by Briggs & Wolfe (1983);
their 3σ upper limit on the line depth was ∼7 mJy. We
note that the absorption was again seen on both observing
runs; however, the Doppler shift between the two epochs
was slightly less than a channel and hence cannot be used
as a test for the reality of the feature. No evidence for
interference was seen in the data, on either the source
or the calibrators. The absorption is quite wide, with a
full width between nulls of ∼50 km s−1, and a peak opti-
cal depth of ∼0.0067, at a frequency of 931.562 MHz, i.e.
z = 0.52476± 0.00005.

Finally, no absorption was detected in the z = 0.5579
absorber towards PKS 0118-272. The RMS noise on the
final Hanning smoothed spectrum (resolution ∼10 km s−1;
not shown here) is ∼2.4 mJy; this yields a 3σ upper limit
of τ < 0.0065 on the optical depth of the absorber.

3. Discussion

3.1. The spin temperature

The 21 cm optical depth, τ21, of an optically thin, ho-
mogeneous cloud is related to the column density of the
absorbing gas NHI and the spin temperature Ts by the
expression (e.g. Rohlfs 1986)

NHI =
1.823 1018Ts

f

∫
τ21dV , (1)

where f is the covering factor of the absorber. In the above
equation, NHI is in cm−2, Ts in K and dV in km s−1. For
a multi-phase absorber the spin temperature derived us-
ing the above expression is the column density weighted
harmonic mean of the spin temperatures of the individ-
ual phases. In the case of damped systems, the column
density can be estimated from the equivalent width of the
Lyman-α profile; a measurement of τ21 then yields the spin
temperature if the covering factor is known. The latter is
frequently uncertain since the radio emission from quasars
is often extended while the UV continuum arises essen-
tially from a point source. Thus, the line of sight along
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Fig. 1. GMRT HI spectrum towards PKS 0952+179. The x-
axis is heliocentric frequency, in MHz. The spectrum has been
Hanning smoothed and has a resolution of ∼4 km s−1

which the HI column density has been estimated need not
be the same as the one for which the the 21 cm optical
depth has been measured. VLBI observations, when avail-
able, can be used to estimate the amount of radio emission
emanating from compact components spatially coincident
with the UV point source; one can then estimate f and
thus, the spin temperature.

PKS 0952+179 is a calibrator for the VLA A array,
with a flux of 1.1 Jy at 1.4 GHz (resolution ∼1′′), besides
some weak extended emission. 2.3 GHz VLBA observa-
tions (see the Radio Reference Frame Image Database of
the United States Naval Observatory, henceforth RRFID)
have resolved this core into a central component and some
extended structure, with the entire emission contained
within ∼40 milli-arcsec. Of these, the central component
has a flux of ∼370 mJy at 2.3 GHz, within ∼20 milli-
arcsec; this component was further resolved by VLBA ob-
servations at 8.3 GHz (RRFID) into three components,
all within ∼15 milli-arcsec. The total emission from these
three components is similar to the flux of the central
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Figure 8. GMRT spectra of QGPs with 21-cm absorption non-detections. Arrows mark the expected position of 21-cm absorption lines
based on the galaxy redshift.

3.2.1 Quasar(zq = 2.130 SDSS J082153.82+503120.4) −

galaxy (zg = 0.184 SDSS J082153.75+503125.7)
pair

The background quasar J082153.82+503120.4 has a flux
density of ∼54mJy in the 1.4GHz FIRST image and is the
weakest background radio source in our sample of QGPs to
search for 21-cm absorption. The SDSS r-band image shows
that there are two galaxies within 0.2′ of the quasar. The
nearest of these i.e. J082153.75+503125.7 is at a separation
of 5.2′′ whereas the other galaxy i.e. J082152.84+503128.4
is at the distance of 12.2′′ (see top left panel of Fig. 7).

We measured the redshift of the galaxy
J082153.75+503125.7 using our APO spectrum to be
zg=0.1835. (Fig. 9). Data were taken on 2007March 14
using DIS at APO, with the B400/R300 grating, with a 1.5′′

slit and the exposure time was 1200 sec. While obtaining
the spectrum of the closest galaxy (J082153.75+503125.7),
the DIS slit was orientated to also cover the second galaxy
i.e. J082152.84+503128.4. The spectrum of the second
galaxy showed no emission lines, but strong Ca II H & K,
G-band, and Na I stellar absorption lines. To calculate the
redshift of this galaxy, we used the IRAF routine fxcor

to cross-correlate its spectrum with that of a Galactic star

with a known radial velocity, HD 182572. We derived a
redshift of z = 0.1640, with an error of # 200 km s−1.
In this case, the error is dominated by the error given by
fxcor, which is larger than the error from the wavelength
calibration of the spectrum itself. We searched for 21-cm
absorption only in the galaxy SDSS J082153.75+503125.7
at zg=0.184 and do not discuss the second galaxy hereafter.

The galaxy J082153.75+503125.7 is faint (MB = -19.1
mag and L/L∗

B = 0.19 if we use M∗
B = -20.90 as found by

Marinoni et al. 1999) and compact with R90 ∼ 3.5′′ with
a corresponding physical extent of 10.7 kpc. We estimate
the effective H i radius RH I of 8.2 kpc from the B-band
absolute magnitude. As the object is faint we could not per-
form isophotal analysis for this galaxy. However, it is clear
that optical extent and estimated H i radius are significantly
smaller than the impact parameter of the galaxy from the
QSO sight line (i.e 15.9 kpc).

In the SDSS QSO spectrum we do not find Ca ii
and Na i absorption at the zg. The 3σ upper limit for
Wr(Ca iiλ3935) is 0.25 Å. The spectral energy distribution of
the QSO is also consistent with very little reddening. Based
on the SED fits we find τV = 0.10±0.02 and E(B-V) =
0.04±0.01. The GMRT image overlaid on the SDSS r-band
image is presented in Fig. 10. No 21-cm absorption is de-

Low Z HI 21cm Absorbers
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Our Approach: 21cm Absorbers

GBT

VLBA

COS

• QSO-foreground galaxy pairs from 
SDSS

• Observe radio bright QSOs to look 
for 21cm HI absorbers associated 
with the foreground galaxies using 
the GBT

• Follow-up with VLBA/VLA to map 
the small-scale structure of the 
ISM/halo clouds of in these 
galaxies

• Follow-up UV spectroscopy with 
COS for sub-sample of QSOs, 
which are bright in UV 
– Possible low-redshift Damped 

Lyman ! absorbers (DLA) or sub-
DLAs

VLA

Quasar

Galaxy

Borthakur et al. (2010)



Case I: Probing Cold Gas in the Stellar Disks of 
Galaxies: J104258+074850 & GQ1042
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Figure 1. SDSS spectrum of the z = 2.665 QSO SDSS J104257.58+074850.5.
While the broad Lyα, C iv, and C iii] emission lines are seen at the redshift of
the QSO, superimposed on the spectrum are narrow emission lines of [O ii],
Hβ, [O iii], Hα, and [S ii] at a redshift of z = 0.0332. The BAL nature of the
QSO can be seen by the blueshifted absorption near the QSO emission lines of
C iv, N v and possibly Lyα. The complex features near 5585 Å and 6300 Å are
artifacts of poor night sky subtraction.

discovery of a 21 cm absorber in the foreground galaxy.
The optical imaging and foreground galaxy and environmental
properties are presented in Section 3, along with estimates of
the foreground galaxy’s star formation rate (SFR), metallicity,
and stellar mass. In Sections 4 and 5, we describe our radio
observations and analyze the properties of the 21 cm H i
absorber, respectively. We discuss the physical nature and
possible origin of the absorber in Section 6. Finally, in Section 7
we summarize our findings. Throughout the paper we use
H0 = 70 km s−1 Mpc−1, Ωm = 0.3, and Λ0 = 0.7.

2. GALAXY DISCOVERY AND REDSHIFT

The presence of a galaxy close to the line of sight of the quasar
SDSS J104257.58+074850.5 (zQSO = 2.66521) was discovered
serendipitously by one of us (D.G.Y.) during the compilation
of QSO absorption-line catalogs from the SDSS spectroscopic
database (York et al. 2006b; Lundgren et al. 2009). In addition to
the usual broad emission lines at z = 2.665, the SDSS spectrum
of the QSO shows narrow emission lines of [O ii], Hβ, [O iii],
Hα, and [S ii] at a much lower redshift. Figure 1 shows the SDSS
spectrum of SDSS J104257.58+074850.5; the narrow emission
lines of the foreground galaxy are readily apparent. The right
ascension (R.A.) and declination (decl.) of the galaxy, which is
not cataloged in SDSS, are given in Table 1. The QSO and galaxy
have very similar co-ordinates of course, and to distinguish
between the two in this paper, we will use the SDSS designation
for the QSO, but will refer to the galaxy as “GQ1042+0747,”
where GQ is an abbreviated version of “galaxy on top of
QSO.” Such QSO–galaxy pairs at small impact parameters are
generally not recognized as two distinct objects by the SDSS
target classification algorithms. Indeed, QSO–galaxy pairs at

Table 1
Properties of GQ1042+0747, the Foreground Galaxy in the QSO–Galaxy Pair

Parameter Value

Center R.A. and decl. 10:42:57.74 +07:47:51.3
Redshift zgal 0.03321 ± 0.00003a, cz = 9932 ± 10 km s−1

Impact parameter 2.′′5 ≡ 1.7 kpc at zgal
Magnitudesb g = 18.59, r = 18.05, i = 18.08
MW extinction g = 0.12, r = 0.08, i = 0.06
Absolute magnitudesc Mg = −17.35, Mr = −17.85, Mi = −17.80
Major/minor axes ratio 1.55
Inclinationd 50◦

Surface brightness (r band) µo = 21.3, rd = 2.′′4; µe = 22.4, re = 0.′′8
log metallicity −0.27 ± 0.05 (N2 index); −0.32 ± 0.03 (O3N2 index)

Notes.
a Redshift is from APO spectrum of Hα line.
b Isophotal magnitudes from SExtractor. Formal errors on these values
are = ±0.02 mag.
c Corrected for Milky Way extinction, but no k-correction applied.
d cos−1(b/a), where a and b are the major and minor isophotal axes.

small impact parameters are hard to find by any technique.
A recent search for “composite” Sloan QSO spectra like the
one shown in Figure 1 (i.e., including emission features of
lower-z foreground galaxies) has unearthed 21 pairs with impact
parameters !10 kpc (Quashnock et al. 2008; Noterdaeme et al.
2009b) out of ≈74,000 QSO candidates examined. While such
pairs are rare, they deserve special attention for the purpose
of studying the interstellar medium (ISM) of the foreground
galaxies.

Gaussian profile fits to the seven detected narrow (fore-
ground) emission lines in Figure 1 give an average redshift
of z = 0.0332 ± 0.0001, with the error derived simply as the
standard deviation in the seven measurements. As SDSS spec-
tra are always corrected to heliocentric velocities, this redshift
corresponds to a heliocentric velocity of 9962 ± 33 km s−1.
After recognition of the composite nature of the QSO spectrum,
a simple visual inspection of the SDSS images of the QSO
immediately revealed a galaxy close to the QSO line of sight,
confirming the notion that a galaxy was contributing light to the
spectrograph fiber that had been centered on the QSO.

As part of a follow-up investigation to search for interstellar
Ca ii and Na i absorption lines arising from gas in the fore-
ground galaxy, we observed the QSO using the Dual Imaging
Spectrograph (DIS) on the Astrophysical Research Consortium
(ARC) 3.5 m telescope at the Apache Point Observatory (APO)
on 2006 January 6. The DIS was configured with the high-
resolution gratings and a 0.′′9 slit, giving a spectral resolution
of &80 km s−1 (FWHM) at 6700 Å. Although conditions were
too poor to obtain spectra with sufficient signal-to-noise ratio
(S/N) to detect absorption lines from the foreground galaxy,
the Hα emission line was detected, permitting an independent
measurement of the galaxy’s redshift, at a resolving power of
about twice that of the SDSS data. We extracted spectra over
a 5′′ aperture centered on the QSO and tied the zero-point of
the wavelength calibration to four narrow skylines which were
also covered by the observations. From the Hα line alone, we
measured a redshift of z = 0.03321 ± 0.00003, with the error
derived from the standard deviation in the set of differences
between the rest wavelengths of the four sky lines and the wave-
lengths we measured. After correcting the observed radial ve-
locity to a heliocentric one, we found that the Hα emission line
gave a systemic velocity of 9932 ± 10 km s−1.

Projected Dist. = 2.2’’ = 1.7 kpc

– 4 –

SFR(Hα) = 7.9× 10−42 × L(Hα, ergs s−1) M⊙ yr−1 (8)

SFRSD(Hα) = 4.1× 10−2 M⊙ yr−1 kpc−2 (9)

SFR(O[II]) = 6.58× 10−42 × L(O[II], ergs s−1) M⊙ yr−1 (10)

SFRSD(O[II]) = 2.8× 10−3 M⊙ yr−1 kpc−2 (11)

N(H I) = 1.823× 1018
Ts

f
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τ21(v)dv (12)

N(H I)
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= 1.823× 1018
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τ21(v)dv (13)

M(HI) = 2.3 × 109 M⊙

DHI = 30.7 kpc

ρ = 16.2 & 32.4 kpc

M(HI) = 8.1 × 109 M⊙

DHI = 60.2 kpc

ρ = 23.2 kpc

Log(DHI) = Log(M(HI))−6.6
1.86

LB/M(HI) = 1.5± 1.0 M⊙/LB,⊙

LB/M(HI) = 1.5 M⊙/LB,⊙

LB/M(HI) = 4.9 M⊙/LB,⊙

The SFR was found to be using equation 8 and 10 respectively, over an area of 3.1 kpc2 in
the rest frame of the This corresponds to SFR surface density of 4.1×10−3 and 2.8×10−3 M⊙ yr−1 kpc−2,
respectively. The Balmer decrement, I (Hα/Hβ)= 3.0±0.4 suggests a low dust content in
this galaxy. The metallicity of the galaxy estimated using the N2 index (?) is log (O/H)
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Cold Gas in the Disk of GQ1042 

GBT Beam FWHM = 9.1’
Integration: 85 min

VLBA Beam = 21.9 x 9.1 mas2

Integration: 8 hours
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SFR(Hα) = 7.9× 10−42 × L(Hα, ergs s−1) M⊙ yr−1 (8)

SFR(Hα) = 1.26× 10−2 M⊙ yr−1 (9)

SFR(O[II]) = 6.58× 10−42 × L(O[II], ergs s−1) M⊙ yr−1 (10)

SFR(O[II]) = 8.6× 10−3 M⊙ yr−1 (11)

N(H I) = 1.823× 1018Ts

f

�
τ21(v)dv (12)

SFR(O[II]) = 8.6× 10−3 M⊙ yr−1

The SFR was found to be using equation 8 and 10 respectively, over an area of 3.1 kpc2 in
the rest frame of the This corresponds to SFR surface density of 4.1×10−3 and 2.8×10−3 M⊙ yr−1 kpc−2,
respectively. The Balmer decrement, I (Hα/Hβ)= 3.0±0.4 suggests a low dust content in
this galaxy. The metallicity of the galaxy estimated using the N2 index (?) is log (O/H)
+ 12 = 8.42±0.05. Assuming a solar abundance of log(O/H⊙)=8.69 (?), the logarithmic
measured metallicity is then −0.27 ± 0.05 dex relative to solar. The O3N2 index yielded a
similar metallicity of −0.32± 0.03 dex relative to solar.

SCALE: 
10 mas = 6.53 pc

 Size = 41 x 21 mas2  or 26.7 x 13.7 pc2

 If Ts= 283 K => Mass = 356 M
"

We’ll have COS (UV) spectrum of 
this QSO soon! (PI: Borthakur)
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FWHM= 4.75 km/s ⇒ Tkinetic " 483 K
N(HI) " 1.86 x 1020 cm-3  

Case HI Emission Versus HI Absorption:
Need For High Spatial Resolution
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The measure line temperature,

TL = (fcl Ts − f0 fC TC)(1− e−τ ) (14)

where fcl and fC are beam filling factors of the

H I cloud and continuum source, respectively,

and f0 is the fraction of the continuum source

covered by the H I cloud.

The SFR was found to be using equation 8 and 10 respectively, over an area of 3.1 kpc2 in
the rest frame of the This corresponds to SFR surface density of 4.1×10−3 and 2.8×10−3 M⊙ yr−1 kpc−2,
respectively. The Balmer decrement, I (Hα/Hβ)= 3.0±0.4 suggests a low dust content in
this galaxy. The metallicity of the galaxy estimated using the N2 index (?) is log (O/H)
+ 12 = 8.42±0.05. Assuming a solar abundance of log(O/H⊙)=8.69 (?), the logarithmic
measured metallicity is then −0.27 ± 0.05 dex relative to solar. The O3N2 index yielded a
similar metallicity of −0.32± 0.03 dex relative to solar.
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+ 12 = 8.42±0.05. Assuming a solar abundance of log(O/H⊙)=8.69 (?), the logarithmic
measured metallicity is then −0.27 ± 0.05 dex relative to solar. The O3N2 index yielded a
similar metallicity of −0.32± 0.03 dex relative to solar.

We’ll have COS (UV) spectrum 
of this galaxy soon (PI: Bowen)
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Luminosity Corrected Projected 
Distance:

N(HI)=# log(!) + $ log(L) + constant

# = -2.82 ± 0.66; $ = 0.85 ± 0.25

Correlation between Impact Parameter & Column Density
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Lyman-alpha Absorbers and 
its connection to galaxies

RIGHT:: 
Comparison of "AG 

measured by 
Wilman et al. (06) 
(solid lines) and 
Chen et al. (06) 
(dashed lines)

Wilman et al. (2006)

LEFT::
Galaxy-absorber 
cross-correlation 

function ("AG) 
(Ryan-Weber 05)

Cross-correlation is a measure of the 
association between any two populations

---- Chen et al.
____ Wilman et al.



Galaxy-Absorber Cross-correlation Function

      AG(#,$) and RG(#,$) are the 
numbers of true pairs and 
random pairs as functions of 
projected distance and line of 
sight (LOS) distance.

• Our sample = 10 sightlines
– 0.01 % z % 0.1
– 1000 iterations
– Window function

• Variation in cross-correlation 
function between 
– Blue & Red galaxies 
– Low mass & high-mass 

galaxies 
• Jackknife error estimator

10.6 ± 2.9

5.4 ± 1.7



12.8 ±  3.5

Blue & Red Galaxies with Lyman ! Absorbers



10.0 ±  3.6 27.8 ±  12.5

Low & High-mass Galaxies with Lyman ! Absorbers



Comparison With Other Studies

Our Data

Ryan-Weber (2003)  Absorber -Galaxy

Wilman et al. (2006) 

Ryan-Weber (2003) Galaxy-Galaxy

Chen et al. (2005)

Williger et al. (2005)



Why Do We Have So Many Different Results?
Chen et al. 2005 & Williger et al. 2005:  single sightline

Ryan-Weber et al. 2006: HI bright galaxies => no ellipticals

Wilman et al. 2006: Low resolution 
UV data 

Geometric mean of HIPASS galaxies is log (M/ M!) = 8.8 h-1 
 => Halo mass ~ log (M/ M!) = 11 h-1 

Optical catalog of -22 < MB < -18 
  => Halo mass ~ log (M/ M!) = 12-13 h-1 
Critical halo mass log (M)= 11.4 M! or baryonic mass, log (M)= 10.3 M! 

 FOS resolution = 230 km/s
STIS resolution = 6.4 km/s

What do we need to get more reliable  
results?

• A complete galaxy catalog (difficult)
• Weaker absorption features
• Unblended absorption line systems

Our Study: Galaxy catalog (SDSS 
spec. catalog) is not deep enough.



!, N(Ly !) tightly correlated when corrected 
for galaxy luminosity for ! < 200 kpc

 " stronger within 0.5 Mpc; Blue and low 
mass galaxies correlate with absorbers 

-  Issues with a larger beam 
-  Possible absorbers in UGC~7408 
and in two other galaxies

Conclusions
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No cold HI found ! % 10 kpc. 
Baryons at these distances are likely to exist 
in warmer states (i.e traced Lyman !  and/or 
metal transitions).

Some Lyman # absorbers may be 
associated with the intra-group 
medium 


