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ABSTRACT

We study the properties of Hyas in the outer regions-@ry5) of a spiral galaxy, UGC 00439

(2 =0.01769), using H21-cm absorption towards different components of an exadtack-
ground radio source, J0040043 = 1.679). The radio source exhibits a compact core coin-
cident with the optical quasar and two lobes separated bipc, all at an impact parameter
~25kpc. The H 21-cm absorption detected towards the southern lobe igifttuextend over
~2kp&. The absorbing gas shows sub-kpc-scale structures withnd@f-sight velocities
dominated by turbulent motions. Much larger optical de@hations over 4-7 kpc-scale are
revealed by the non-detection ofi l21-cm absorption towards the radio core and the northern
lobe, and the detection of Naand Cail absorption towards the quasar. This could reflect a
patchy distribution of cold gas in the extended #isc. We also detect H21-cm emission
from UGC 00439 and two other galaxies withiri50 kpc to it, that probably form an interact-
ing group. However, no K 21-cm emission from the absorbing gas is detected. Assuaning
linear extent of~4 kpc, as required to cover both the core and the southernibeonstrain

the spin temperaturg 300K for the absorbing gas. The kinematics of the gas and the lack
of signatures of any ongoirig situ star formation are consistent with the absorbing gas being
at the kinematical minor axis and corotating with the gal®geper H 21-cm observations
would help to map in greater detail both the large- and sswle structures in the Hgas

associated with UGC 00439.

Key words. galaxies: individual: UGC 00439, UGC 00435 and CGCG-3832— galaxies:
ISM — quasars: absorption line quasars: individual: UM 266.

1 INTRODUCTION

In multiphase pressure equilibrium models, as well as super
nova driven hydrodynamical simulations, the physical ¢ond
tions, volume filling factors and pc- to kpc-scale structure
of different phases of H gas in the interstellar medium
(ISM) of galaxies are found to depend on various radia-
tive and mechanical feedback processes associated witinthe
situ star formation |(McKee & Ostriker 1977; Wolfire et al. 1995;
de Avillez & Breitschwerdt| 2004] Gent etlal. 2013; Gatto et al
2015). Therefore, understanding the properties ofgds phases,
especially the cold neutral medium (CNM) which is closelared

to the molecular gas, is crucial to understand processesighr
which gas gets converted to stars.

In our Galaxy, H 21-cm emission and absorption line ob-
servations have been extensively used to characterizeicghys
conditions and pc- to kpc-scale structures in the ISM (Heile
1984;| Frail et all 1994; Deshpande 2000; Heiles & Traland3200
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Brogan et al. 2005). Since H21-cm absorption is sensitive to the
spin temperatur€l(s), which is coupled to the kinetic temperature
of the gas|(Roy et al. 2006), repeated measurements! @&1tm
absorption towards high-velocity pulsars, extended radiarces,
and radio sources with jets having proper motion, have be#gicp
ularly useful in revealing small-scale structures of CNMw¢ver,
due to the scarcity of known strong and extended radio seurce
at close impact parameters with respect to galaxies, it kas b
possible to extend such studies to very few external gaaisee
Wolfe et al.. 1982} Briggs et dl. 2001; Kanekar & Chengalur 1200
2005;| Srianand et 8l. 2013).1F21-cm emission line observations
of nearby dwarf and spiral galaxies show that the propexfes
CNM and warm neutral medium (WNM) and100 pc- to 2 kpc-
scale structures detected in the ghs are coupled to the local star
formation in galaxies (e.g. Tamburro et lal. 2009; Bagetatas.
2011;/ lanjamasimanana et al. 2012). However, in the absehce
absorption line measurements it is not known whether the i
cm emission line components exhibiting smaller line widisd
hence assumed to correspond to CNM) are truly cold. Therefor
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the contributions due to turbulent motions and the procedse-
ing the observed properties ofilgas are poorly constrained.

In this paper, we present results fromi H1-cm ab-
sorption and emission line observations of a lewQuasar-
galaxy-pair (QGFB, discovered through our ongoing efforts to
characterize the cold atomic gas phase around Zogalax-
ies (Guptaetall 2010, 2013; Srianand etlal. 2013; Duttd et al
2015;| Srianand et al. 2015). This QGP consists of a radid-lou
gquasar (QSO0), J00410143 (J004126.01014315.6, also known
as UM 266;z., = 1.679), at an impact parameter) (~25 kpc
from the spiral galaxy, UGC 00439 (J004121-8B14257.0; z,
= 0.0177). This QGP is special in three regards. First, thek-ba
ground radio source shows multiple components spread ever f
arcseconds. J0041143 consists of a radio core component and
two lobes spread over 20" in the 1.4 GHz continuum map
(Downes et al._1986), with the structures resolving into paot
clumps in the higher frequency maps (Barthel et al. 1988niRer
2014, 5 GHz and 8.4 GHz respectively). High continuum flux
of individual components provides us with the unique opyport
nity to use H 21-cm absorption to probe the distribution and
structure of the CNM gas up te-7 kpc at the redshift of the
foreground galaxy. Secondly, the radio source is locatetl we
outside the optical stellar disc of UGC 00439, allowing us to
probe conditions in the extendedi Hisc. Finally, the foreground
galaxy is close enough to detecti 21-cm emission and carry
out a joint HI 21-cm emission/absorption line analysis to address
some of the above mentioned issues. Till date about 12:zlow-

galaxy having a position angle (PA) of the major axis (meadur
north through east) of 170°. However, from the Two Micron-All
Sky Survey (2MASS) Ks band photometry, UGC 00439 is esti-
mated to have = 31° and PA of major axis = 160° (Skrutskie et al.
2006). UGC 00439 is a star-forming (integrated SFR(H-5
Mg yr~') galaxy with solar metallicity (log(@H) + 12 ~8.9)
(see for details_Kewley et al. 2004). Kannappan etlal. (2@k3)
timated the stellar mass of UGC 00439 as, gy ~10.5 M.
From the correlation found between the optical B-band ntadei
and the H size of low= galaxies|(Broeils & Rhele 1997; Lah ef al.
2009), the diameter within which half theihinass of the galaxy is
expected to be contained 428 kpc. The Arecibo single dish H
21-cm emission spectrum of the galaxy gives the velocitythwvad
the emission as 115 2 kms~! and the total integrated flux density
as, [ Sdv = 7.07 £ 0.76 Jykms™' (Springob et al. 2005). This
total flux density translates into anitinass, logM/(H1) = 9.99+
0.05Mg . The Hi 21-cm, optical and ultraviolet (UV) observations
in the literature of UGC 00439 satisfy the standard scalatations
obtained from the Arecibo Legacy Fast Arecibo L-band Feed Ar
ray («.40), Sloan Digital Sky Survey (SDSS) and Galaxy Evolution
Explorer (GALEX) surveys (Huang etlal. 2012). The opticasp
tra of the nuclear region of the galaxy from the Six-degreseF
Galaxy Surveyl(Jones et|al. 2009) gives its redshifta$.017694

+ 0.000150 (heliocentric velocityys = 5304.54+ 45kms™),
which matches well with that obtained from the Arecibo 2L-cm
emission £ = 0.017686+ 0.000005 and%; = 5302+ 2kms™1).

H1 21-cm absorbers have been detected from the observations

of QGPs (see_Carilli & van Gorkom 1992; Borthakur etial. 2010,
2011;|Reeves etal. 2015; Zwaan €tlal. 2015, in addition to the
above mentioned studies of QGPs). Most of these are assdciat
with the stellar discs of late-type galaxies and are towardssars
with radio emission compact at kpc scales, and joint analyisab-
sorption and emission measurements have been performedyin v
few cases (see Stocke eflal. 1991, 2010; Keeneylet al. 200%).20
This paper is structured as follows. In Sectidn 2, we summa-
rize various properties of the host galaxy, UGC 00439, asigeal
in the literature. In Sectiohl 3, we describe our Giant Me&esv
Radio Telescope (GMRT) observations of the system. Next, we
give details of the GMRT H 21-cm absorption towards the back-
ground radio source, of the GMRT IH21-cm emission from the
galaxy, and of the metal absorption lines detected in thealpt
spectrum of the QSO obtained using the Keck High Resolution
Echelle Spectrometer (HIRES), in Sectldn 4. We then disthess
origin of the Hi 21-cm absorber in terms of the host galaxy proper-
ties in Sectiofb. We conclude by summarizing our resultseic- S
tion[@. Throughout this work we have adopted a flat cosmology
with Hp = 70kms! Mpc~! and(,,, = 0.27.

2 PROPERTIES OF UGC 00439

The galaxy, UGC 00439, is part of the Near Field Galaxy Survey
(Jansen et al. 2000b,a), which provides the U-, B-, R-batel in
grated and nuclear spectrophotometry. In B-band, UGC 00439

an absolute magnitudéd/z ~ —20.6, luminosity, logL.s ~10.4
Le, and radius at which the surface brightness drops to 25
mag arcsec?, r& ~36" (13kpc). From the optical photometry,
UGC 00439 is classified as a face-on (inclination angtep°) Sa

1 Quasar sightlines passing through discs/haloes of fonegrgalaxies.

3 RADIO OBSERVATIONS

The QSO J00410143 was observed twice using the GMRT on
2014 October 17 (2.6h on source) and 2015 July 4 (4.5h onspurc
The observing setup for the first run was optimized to deta@H

cm absorption at the redshift of the foreground galaxy, UGZ39,
using a baseband bandwidth of 4.17 MHz split into 512 chan-
nels (velocity resolution~1.8kms'). Whereas in the second
run, we used maximum available bandwidth to cover the2Hl-

cm emission associated with UGC 00439, i.e. a baseband band-
width of 16.67 MHz split into 512 channels (velocity resabut
~7.1kms™*). In both observations the pointing centre was at RA
=00"41™26.0F, Dec =—01°4315.59' (J2000), and the band was
centred on the redshiftedil21-cm frequency of UGC 00439. Stan-
dard calibrators were regularly observed during both treenla-
tions for flux density, bandpass, and phase calibrations. deta
were reduced using the National Radio Astronomy Obseryator
(NRAO) Astronomical Image Processing Systefh PS) follow-

ing standard procedures as in Gupta et al. (2010). Aftaalriag-

ging and gain calibration, a continuum map of the target saur
was made excluding channels at the edge and the centre of the
band where the emission/absorption is expected. Usingnihjs

as a model, self-calibration complex gains were determingidh

were also applied to all the frequency channels. The séilfreted
continuum map was used to subtract the continuum emissiom fr
the visibility data set using th&l PS task’ UVSUB’ . Then the he-
liocentric correction was applied to the visibility data eeing the

Al PStask’ CVEL' . The analyses of H21-cm absorption towards
J0041-0143 as described in Sectidnsl4.1]4.2 4.3 is based on
the data of 2014 October 17, and the analyses p2Hcm emis-

sion from UGC 00439 as described in Secfiod 4.5 is based on the
data of 2015 July 4. The continuum subtracted visibilityadseéts
from these were subjected to imaging with appropriate weigh

to detect the H 21-cm absorption and emission. Details of the
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Figure 1. GMRT image of J00440143 at 1.4 GHz. The contour levels are
plotted as 2.5< (—1,1,2,4,8,...)mJy beam. Note that solid lines corre-
spond to positive values while dashed lines corresponddative values.
At the bottom left corner of the image the restoring beam @mshas an el-
lipse. The size and PA of the beam &ré4’’ x 2.34’" and—83.60° respec-
tively. The continuum peaks of the core, the northern lolzktha southern
lobe are identified as C, L1 and L2 respectively. The vertiices indi-
cate the projected separation between these componets @dshift of
UGC 00439.

imaging parameters and properties of the images are deddrib
the following sections.

4 ANALYSES

4.1 Radio continuum of J0041—-0143

The radio source, J004D143, in our GMRT continuum image
(see Fig[L), consists of a core co-spatial with the optical0Q
and two lobes separated by 20”. The continuum image, made
using ROBUST=0 weighting and nouv-taper in theAl PS task
‘1 MAGR , is of spatial resolutiof.44"” x2.34”, and has root mean
square noise (rms) of 0.5 mJy beahnear the target source and
rms of 0.2 mJy beam' away from it. The integrated flux density
of the radio source in our image is 1026 mJy, consistent \Wwéhre-
ported in the Faint Images of the Radio Sky at Twenty-Certeénse
(FIRST; 1040 mJy) and the NRAO VLA Sky Survey (NVSS; 1034
mJy) catalogs. Note that the higher spatial resolution @ GMRT
image, as compared to that of FIRSY 6”) and NVSS & 457),
allows us to resolve all the three radio components didyinthe
radio ‘core’, i.e. the component coincident with the oplti@sO,
and the radio continuum peaks associated with the nortmetthe
southern lobes are labelled as C, and L1 and L2 respectively.
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4.2 H1 21-cm absorption towards J0041—0143

The continuum-subtracted data set was imaged using the same
weighting and beam as tfRROBUST=0 continuum image described
above (and shown in Fi@l] 1). Due to the lack of short baselines
which were affected by radio frequency interference andgéidg
and the choice 0ROBUST=0 weighting, no H 21-cm emission
was detected in the cube. For deconvolution of Bl-cm ab-
sorption signal while imaging the continuum-subtractesibiiity
data set in theAl PS task’ | MAGR' , a mask true only for pixels
>2.5mJy beam® in the radio continuum image (Figl 1) was used.
The final image cube has rms2.0 mJy beam' channel!. The
spectra at the location of the radio components of interesewx-
tracted from this cube, and if necessary, a first-order capime
was fitted to remove the residual continuum from the spectra.

We detect H 21-cm absorption towards L2 at the systematic
redshift of UGC 00439, with a maximum line depth of 16 mJy
(i.e. at & significance). The H 21-cm absorption towards L2 is
spread over 10 channels erl8 kms™!, with peak optical depth,
7p = 0.08+ 0.01, and total integrated optical depthrdv = 0.52
+ 0.07 kms . However, we do not detect anyiF21-cm absorp-
tion towards L1 or C. The optical depth towards L1 and C hato b
less than that towards L2 by a factor g% and of>2 respectively
(at 3 level). The H 21-cm absorption spectra towards L1, C and
L2 are shown in Fig]2, while the parameters derived fromehes
spectra are provided in Talile 1.

The Hi 21-cm absorption profile towards L2 shows a clear ev-
idence of arising from the CNM phase. Although the CNM phase
is observed to exhibit a range of temperature2@-200 K), for
the sake of simplicity we adopt throughout this paper a lpic
CNM mean temperature of 100 K, as observed in the Milky Way
(Heiles & Troland 2003), to infer the physical nature of the 24-
cm absorption component. In the absence of subarcsecai&l-sc
spectroscopic observations, we assume unit coveringrfattpof
the cold Hi absorbing gas within the beam. The Bi1-cm optical
depth towards L2 translates to a column density ofdgds in the
CNM phase of 9.5< 10" x (T5/100 K)(1/f.)cm™? (see Table
[@). The Hi 21-cm optical depth constraints towards L1 and C lead
to N(H1) < 1.3 x 10" x (T%/100 K)(1/f.)cm™2 andN(H1) <
5.1 x 10" x (T5/100 K)(1/f.)cm™~2 in the CNM phase respec-
tively.

A single Gaussian is adequate to fit the PiL-cm absorption
line detected towards L2. The best-fitting Gaussian to theH
cm absorption line (as shown in Flg. 2) has a full width at half
maximum, FWHM = &+ 1 km s~ !. This constrains the kinetic tem-
perature as<1400 K. In nearby spiral galaxies, CNM and WNM
phases have been identified through decomposition o2 Hcm
emission lines into narrow (average dispersion.7 kms ') and
broad ¢ ~17kms!) components| (Tamburro etlal. 2009). The
average dispersion of the narrow component observed ire thes
galaxies atr ~2rzs5 (i.e. similar to the J004£0043 - UGC 00439
impact parameter) is-6kms ! (FWHM ~14kms™') implying
T <4300 K. Thus, it appears that in the outer discs of galaxies, t
thermal broadening is much less effective than the turlmalémthe
gas. We come back to this point in Section 4.3.

4.3 Extent and structure of H 1 21-cm absorbing gas

The extended nature of the background radio source allovis us
study the spatial extent and structure of the gas givingtagbe

H1 21-cm absorption. As indicated above, the absorbing gas may
extend up to the core~3.6 kpc from L2) of J00410143, with
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Figure 2. GMRT H1 21-cm absorption spectra towards the continuum comporteinop Left), C (Top Right) and L2 (Bottom), as marked in Fid.]1. The
spectra are smoothed to 4 km'sfor display purpose. In the bottom panel the best-fittingylgirGaussian profile to the H1-cm absorption towards L2 is
overplotted in solid red line, and the residuals from thesdfitifted in the flux scale for display) are plotted below inryahis fit is also overplotted in the
other two panels in dashed red line for comparison. Theoartick marks the position of the peak optical depth detbtdevards L2b;,5 given in each panel
is the projected separation of the background continuunssior with respect to L2 at the redshift of UGC 00439, as ald@ated in Figl1L.

optical depth dropping by a factor gf2 between the lines-of-sight
towards L2 and C. However, it is unlikely to extend up to thetimo
ern lobe &7 kpc from L2) since the optical depth towards L1 is
at least factor of 7 less than that towards L2. In Eig. 3, weasho
the channel maps of the F21-cm absorption detected towards the
southern lobe (dashed contours), overlaid on the contincoma
tours of J0041 0143 for reference. The H21-cm absorption is de-
tected at a significance &f3c over 4 channels or 7.2 knT$. From
Fig.[3, we can see that thelF21-cm absorption has an extended
structure, and is spread over a region larger than that df¢laen
(i.e. > 1 kpc) in two channels (havinga = 5299kms ' and
5303kms! respectively). To check the spatial extent of the ab-
sorbing gas we extracted spectra towards different sigggtlsepa-
rated by the beam size in the southern lobe. In[Hig. 4 we shew th
H 1 21-cm absorption spectra towards four such sightlinesevHer
21-cm absorption is detected:aPo, and their details are provided
in Table[1. The spatially resolved extraction seems to atdithat
the absorption is likely to extend up te2 kpc, covering most of
the southern lobe. Note that we have checked that all thejatirzo
features are present in both the XX and YY polarization speor
consistency. However, we caution that the optical deptbiteity
falls off rapidly away from L2, and the H21-cm absorption to-
wards these sightlines are at lower levels of significanc2-8).

In addition, from Fig[B, we note that the location of the maxi
mum absorption or optical depth does not always coincide thit
of the peak radio continuum flux. This can be caused by th@radi
emission in the southern lobe resolving into structuresibikgpc-

scales, as indicated by the 5 GHz (Barthel et al. 1988) an8.the
GHz (Fernini 2014) continuum maps of this source. Howevés, i
interesting to note from this figure that the location of treedmum
absorption shifts with velocity. From two-dimensionalgimcom-
ponent Gaussian fitting to the absorption, we find that th&reaf
the absorption shifts bylover 5.4kms*. This seems to indicate
that the absorbing gas itself has structures at sub-kgdessead a
line-of-sight velocity dispersion of the order of few km's This is
further reflected in the variation (by facter3) seen in the optical
depth of Hi 21-cm absorption towards different sightlines across
the southern lobe (see Table 1). Again from the same tablspee
that, while the gas shows no systematic velocity gradieat tvwe
region of the southern lobe, it does seem to have small-¢feaie
km s~1) turbulent motion. We argue that it is this non-thermal mo-
tion that dominates the velocity spread (FWHM kms™1) of the
absorption detected towards L2. In summary, the absorlaseg-
hibits both large- (kpc) and small-scale (sub-kpc) stregualong
with small-scale turbulent motion. Detailed understagdaf the
small-scale structures in the absorbing gas would greahefit
from deeper H 21-cm observations.

4.4 Metal absorption towards J0041—-0143

Cail and Na absorption are detected towards the optical QSO
J0041-0143 atz = 0.017721 in the Keck HIRES spectrum from the
Keck Observatory Database of lonized Absorbers toward §sas
(KODIAQ; O’Meara et al. 2015). We fit Voigt profiles to the meta
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Table 1. Details of Hi 21-cm absorption towards different radio sightlines of41360143.

Sightline Coordinates Aro bro Peak Flux Spectral rms Tp Jrdv log N(H1) v
(J2000) () (kpc) (mJy (mJy beam! (kms™1) (Ts/100 K)(1/fe)  (kms™1)
beant 1) channet 1) (cm=2)

@ &) (©) (@) ®) (6) @) ® 9 (19
Continuum peaks of the core and the lobes

L1 00:41:26.11-01:43:05.59 19.1 6.9 354.0 2.3 <0.01 <0.07 <19.10 —
C 00:41:26.01-01:43:14.59  10.0 3.6 66.7 2.1 <0.03 <0.28 <19.71 —
L2 00:41:25.98-01:43:24.59 0 0 215.1 2.1 0.680.01 0.52+ 0.07 19.98+ 0.05 0
Locations in the southern lobe
1 00:41:25.98-01:43:22.59 2.0 0.7 96.3 2.5 0.890.02 0.35+0.16 19.80+ 0.20 —-3.6+23
2 00:41:26.18-01:43:24.09 3.0 1.1 37.9 2.3 0.190.07 1.204+0.42 20.34£ 0.15 +1.1+1.2
3 00:41:25.78-01:43:25.09 3.0 1.1 28.2 1.9 0.#20.06 1.144-0.48 20.32+ 0.18 +4.6+ 1.3
4 00:41:26.01-01:43:20.59 4.0 15 45.6 2.1 0.#30.05 0.65+0.33 20.07+ 0.22 +3.9+1.7

Column 1: Radio sightline (as labelled in Figs. 1 &hd 4). @oil2: J2000 coordinates of the radio sightline. Columns 3 &nrgular (in arcsec) and
projected (in kpc) separation at the redshift of UGC 0043@ wéspect to L2, respectively. Column 5: Peak continuumifiuxJy beant!. Column 6:
Spectral rms in mJy beant channet ! at velocity resolution of 1.8 kns!. Column 7: Peak H 21-cm optical depth oto limit to it in case of
non-detections. Column 8: Integrated B{1-cm optical depth oo upper limit in case of non-detections with data smoothedt&r s~1. Column 9:

log N(H1) (in cm—2) corresponding to the optical depth given in column 8Fpr= 100 K and f. = 1. Column 10: Optical depth weighted mean velocity
(inkms~1), in case of detections, with respect to the velocity of pegatical depth detected towards L2.
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Figure 3. Channels maps of the H21-cm absorption towards J0040143 separated by 1.8 kim$. The blue contours and the beam are the same as in
Fig.[l. The red contours show thel B1-cm absorption with the levels plotted as 6.¢—2.5,—2.0,—1.5,—1.0, 1.0, 1.5, 2.0, 2.5) mJy bearh . The crosses
mark the centre of the absorption obtained from two-din@rali single Gaussian fit. Note that solid lines corresponglotitive values while dashed lines
correspond to negative values. Heliocentric velocity aheehannel is also given.
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beam size, towards which IH21-cm absorption spectra are extractBight: The GMRT Hi 21-cm absorption spectra (smoothed to 4 km gor display

purpose) towards the sightlines 1, 2, 3 and 4 as marked ingheefto the left.

Overplotted in dashed red line is the bétitdi Gaussian profile to the H

21-cm absorption towards L2, as shown in the bottom paneigf{Z for comparison. The vertical solid tick marks the fiosi of the peak optical depth

detected towards L2, while the dashed tick marks the positiche optical depth
of the spectra extracted from different locations can badain Tabld 1.

lines usingvalTE. The best-fitting single component Voigt profile
with Doppler parameter of 4.4 0.3kms™* (or FWHM of 6.7 +
0.5kms!) gives log N(Cail) = 12.40+ 0.06 and logN(Nal)
=12.29+ 0.03. In Fig[5, we show the metal absorption and the
best-fitting Voigt profiles. The metal absorption towards diptical
QSO, which is cospatial with the radio core, indicates tlesence
of H 1 gas at this location. Moreover, since Cand Na are usually
believed to be tracers of cold gas, the ¢fas detected in absorption
towards L2 is likely to extend up to the core (with factg® vari-
ation in optical depth). Note that the peak of the metal gitsmm

is redshifted by~11kms* with respect to the peak H21-cm
optical depth towards L2. In other words, since the2H4-cm ab-
sorption occurs at the systematic redshift of UGC 00439nthtal
absorption is redshifted with respect to the systematishiédof
the host galaxy.

In the Galactic ISM,N(Nal)/N(Cai) > 1 for the observed
values of N(Nal) (Welty et al.l 1996, Fig. 9), while the observed
ratio is~ 1 in the present case. This could mean that Ca depletion
is not as high as that typically seen (-3 dex) in the Galactic ISM,
and accordingly théV(H 1) may not be very high since depletion
usually correlates with it. IfV(Nal) scales withN(H1) as seen
in our Galaxy (Ferlet et al. 1985; Wakker & Mathis 2000), then
expect logN(H1) ~20.6. In that case, from the H21-cm opti-
cal depth limit towards the core, the gas would hdve> 800 K
(for f. = 1). On the other hand, if we assume the gas to be cold
(~100 K), we expect logV(H 1) <19.7 (for /. = 1; see TablEl1), or
2 8 times more Na per Hi to be present in this gas than what is
typically seen in the Galactic ISM. As Nas not the dominant ion
of Na in the Hi phase, this can be explained by the ionizing field at
the location of the absorber being weaker than the mean tgalac
radiation field, as expected in the outer extendeddi$c. Hence,
Nal may not be a good tracer of IHn sightlines that pass away
from the stellar disc of galaxies (elg. Dutta et al. 2015).

2 http://www.ast.cam.ac.ukirfc/vpfit.html

weighted mean velocity of the absorptiz  is as defined in Fig.]2. Details
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Figure5. The Cal and Na absorption towards the QSO J0040143 de-
tected in the Keck-HIRES spectrum. The optical emissiorhef@SO co-
incides with component C. Best-fitting Voigt profiles are mpletted in red.
The residuals from the fit are shown at the bottom in cyan. Entcal solid
and dashed ticks mark the positions of the peakki-cm optical depth de-
tected towards L2 and of the peak metal absorption respéctiv

45 H 1 21-cm emission from UGC 00439

In order to detect H21-cm emission from the galaxy using GMRT
data, we imaged the continuum subtracted visibilities wliffer-
entuv-tapers and robust weightings to make spectral cubes of dif-
ferent spatial resolutions. We find that the Bfl-cm emission can

be best measured using the present data at a spatial resabfiti
46.4" x 33.4" (i.e. 17 kpcx 12 kpc). A coarser spatial resolution
does not lead to increase in the total flux density detectewah fr
the galaxy, and the present data do not have sufficient stgnal
noise ratio to detect H21-cm emission reliably at a finer spa-



tial resolution. Hence, the discussion on Bll-cm emission pre-
sented in this paper is based on the image cube of spatial reso
lution 46.4” x 33.4" and velocity resolutionv7.1kms™*, made
using ROBUST=1 weighting (rms~2 mJy bearm® channef?).
While imaging, the H 21-cm emission signal was deconvolved
using mask(s) true only for pixels with absolute fith3 times the
single channel rms. The globalil21-cm emission spectrum is ob-
tained from this cube by integrating the flux density overthd
regions where H 21-cm emission associated with UGC 00439 is
detected. The total integrated flux density of the-cm emission

is, [ Sdv = 1.42£0.14 Jykms . The GMRT Hi 21-cm emission

is detected over almost the full velocity range of the Areaiimis-
sion, with the double peaks of the emission profiles matclting
velocity (see Fid.16 for comparison). Note that the total GIVHRI
21-cm emission recovers onty20% of that found in the Arecibo
spectrum. However, the flux recovered in the wings and the two
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peaks is~33% of that in the Arecibo profile, i.e. there is no uniform
offset in amplitude between the two profiles. This impliestttine

H 1 21-cm emission that is not detected by the GMRT data could be
arising from a separate component of the ¢rs associated with
UGC 00439. The poor sensitivity and-coverage of the GMRT
data perhaps does not allow us to detect any diffuse anddeden

H 1 gas around UGC 00439. We discuss the structure and kinemat-

ics of the Hi gas associated with UGC 00439 further in Sedfioh 5.1.
For generating H 21-cm moments maps, we made a mask
based on emission detected above a thresholdrafid@se in the
original image cube and the cube smoothed over twice théaspat
and the velocity resolution. We show the contours of thel tdta
21-cm (moment-0) map, corrected for the primary beam astenu
tion, overlaid on the SDSS r-band image in the left-hand pahe
Fig.[4, with the outermost level corresponding to lg¢H 1) = 19.6,
and the highest density clumps corresponding ta\él 1) = 20.4.
We can see that the H21-cm emission, detected in the GMRT
data, extends beyond the optical disc of the galaxy, but doesx-
tend up to the QSO, J004D143. We also checked in the channel
maps of the cube which contain thel B1-cm absorption, that no
H1 21-cm emission extends up to the location of the absorber. Th
moment-1 map showing the IF21-cm velocity field is shown in
the right-hand panel of Figl 7. It shows that the 21-cm emission
exhibits clear signs of rotation. We discuss the impliaagiof the
H1 21-cm observations on the extended diisc of the galaxy and
the Hi 21-cm absorber in the next section.

5 DISCUSSION

5.1 Structureand kinematics of the H | gas associated with
UGC 00439

The double-peaked H21-cm emission in the Arecibo as well as
the GMRT spectra indicate that theiHlisc is rotating at an in-
clination to the line of sight. We find that a simple rotatinga
galaxy model following Schulman etlal. (1994), witks 30° and
maximum velocity of 110 kms' can reproduce the velocity sep-
aration between the two horns of tha B1-cm emission reason-
ably well (see Fig.$6). While the galactic disc is inferrechtve a
zero inclination in the optical bands, thel idisc inclination from
the model is consistent with the inclination inferred in #MASS
infrared K.s band, which is expected to trace the old stellar popu-
lation unbiased by dust. By comparing the GMRT moment-1 map

Velocity Relative to z = 0.0176845 (km/s)

Figure 6. The Arecibo H 21-cm emission spectrum (Springob €t al. 2005)
in solid histogram and the GMRT H21-cm emission spectrum in dashed
histogram of the galaxy, UGC 00439. The B1-cm emission spectrum ex-
pected from a simple rotating disc galaxy model (see Setifor details)

is overplotted in dotted line. Shown in green is the Bl-cm absorption
spectrum towards L2, smoothed to the velocity resolutiothefArecibo
spectrum £8kms™1), and offset by 75 mJy along the y-axis for ease of
comparison. The vertical tick marks the location of the peptical depth
found in the H 21-cm absorption spectrum.

is redshifted (blueshifted) with respect to the systemagiocity.
Based on the limited H21-cm data, the kinematical major axis of
the Hi 21-cm emission seems to lie along that of the optical and
the infrared emission (PA = 16aL70°). Additionally, we note that
there is excess H21-cm emission in the extreme blue wing of the
Arecibo Hi 21-cm profile & —80 km s~ 1) that cannot be explained
by a simple rotating disc model. Excess emission in the wiraye
been explained by high velocity clouds as seen in our Galaxy o
warped H disc (Schulman et &l. 1994). Deeper Bil-cm emission
observations are required to derive the distribution anérkiatics
of H1 gas in UGC 00439, and distinguish between these scenarios.
Further, from Fig[ B, the Arecibo H21-cm emission is asym-
metric in amplitude with respect to the systematic velooityhe
galaxy, with~20% more flux in the blue side. This asymmetry is
also present to a lesser extent in the GMRT24-cm emission. It
can be seen from Fig] 7, that the Bi1-cm emission on the southern
side of the galaxy, which corresponds to the blue peak, stzbes
more extended than the emission on the northern part, pomes
ing to the red peak. Asymmetry in the global B1-cm profile can
be traced to asymmetry in theilyas distribution along with that
in the disc kinematics. We find that even in the available U¥ an
infrared images of this galaxy, the stellar disc seems tepmmet-
ric in terms of its spiral structure and light distributiceflecting
the asymmetry evident in thellyjas distributior. Richter & Sandisi
(1994), from the frequency of lopsidediF21-cm profiles, derive
a lower limit of 50% for the fraction of galaxies with non-cidar
density distribution. Such lopsidedness may arise out ofedion
or merger events in the past.
Since UGC 00439 is part of a galaxy group (see [Hig. 8), this is
certainly a possibility. The structure and kinematics efétitended
H1 disc are known to be highly affected by interaction/merger
events, and in few cases the highest density Hds been ob-

and the SDSS image of UGC 00439 in Hif. 7, we can see that the served to be beyond the optical discs (e.g. Hibbard & van Gurk

H1 21-cm emission on the northern (southern) part of the galaxy

1996; Duc et al. 1997; Sengupta etial. 2013, 2015). In the GMRT
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Figure 7. Left: SDSS r-band image of the QGP, J0641143/UGC 00439, is shown. The GMRT iH21-cm moment-0 map (of spatial resolutid6.4”” x
33.4"") is shown as a contour plot, with the levels correspondingy (el 1) = (0.4, 0.8, 1.2, 1.6, 2.0, 2.4) 1020 cm~2. The outermost contour of the GMRT
radio continuum of J00420143 from Fig[l (2.5 mJy beam) is also shown for reference in blugight: The GMRT moment-1 map of UGC 00439 overlaid
with contours of the moment-0 map as shown to the left. Thergpatch at the location of the quasar corresponds to thhifedsthe Hi 21-cm absorption.
Note that from Arecibo H 21-cm measurement, UGC 00439 Rgs = 5302+ 2kms~1.

data, we detect H 21-cm emission from two other galax-
ies atb ~150 kpc from UGC 00439 in the group (see also
Fig. [8): UGC 00435 (J004059-813802; » = 0.018139;Vy

= 5438kms*') and CGCG 383072 (J004148.401441; =
0.018356; Vi = 5503kmst). For the former we measure
[ Sdv = 0.52 £ 0.15 Jykms', and for the latter/ Sdv =
0.76 £ 0.20 Jykms . UGC 00435 has been studied ini i21-

the stellar disc or the extendedi Hisc of the foreground galaxy

(b <20 kpc,Gupta et al. 20113; Zwaan etlal. 2015). On the other
hand, impact parameters of host galaxy candidates oflély-ab-
sorbers have been found to be much further away from thestell
disc (105 b(kpc)<80,IMuzahid et &l. 2015). The authors conjec-
ture that the H bearing gas may stem from self-shielded, tidally
stripped or ejected disc-material in the extended galdwtio. In

cm emission using Nancay by Theureau étlal. (2007), who gives the present case, since the H1-cm absorber is detected away

[ Sdv = 2.57 £ 0.47 Jykms '. The GMRT data recovers20%
of the single dish measurement of this galaxy.

5.2 ConnectingtheH 1 21-cm absorber with the host galaxy

The Hi 21-cm absorption occurs at the systematic velocity of the
galaxy, as evident from Fi] 6, which shows that the peaRHcm
absorption towards L2 coincides with the centre of the2d-cm
emission. This indicates that the absorber is located dlomgine-
matic minor axis of the Hdisc. Moreover, the absorption is narrow
and shows no signatures of outflowing/infalling gas. Hetteegas
detected in H 21-cm absorption is most likely to follow the rota-
tion of the extended Hdisc of the galaxy. Recall from Section
[4.3 that the H 21-cm absorbing gas shows no systematic veloc-
ity gradient over the region~2 kpc™?) of the southern lobe of
J0041-0143. But as mentioned in Section4.4 and shown in[Fig. 5,
the metal absorption detected towards the ceré kpc north of
the southern lobe) is redshifted byl1 km s™* with respect to the
H1 21-cm absorption. We estimate the expected velocity shit d
to rotation with respect to the systematic velocity of théagg as
~7kms™! at the location of the core (using the maximum rota-
tional velocity from the Arecibo H 21-cm emission and the PAs
of L2 and C). Hence, both the H21-cm and the metal absorption
could be tracing gas that is corotating with the dfisc.

In most of the lowz QGPs in which H 21-cm absorption has
been detected in literature, the radio sightline passesitjir either

from the optical/UV QSO sightline, we can clearly see thatr¢h

is no indication of star formation (i.e. no stellar light) thie lo-
cation of the H 21-cm absorber in the available optical and UV
images (see e.g. the SDSS r-band image in[Hig. 7). We estimate
m, = 21.9 and myyv = 22.5 in a circular aperture of'5placed
over the southern lobe in the SDSS r-band and GALEX near-UV
images respectively. This suggests that the absorptionlikely

to arise from the ISM of a low-luminosity dwarf galaxy at that
cation. Hence, this supports our above conjecture that evenast
likely tracing clumps of corotating cold gas in the extenéiddisc

of the galaxy.

We note that better sensitivity H21-cm emission maps of
the extended Hgas distribution around the galaxy are required to
quantify the physical conditions in the absorbing gas. Hereve
can draw some simple estimates of the physical conditiorisen
absorbing gas using t€(H 1) sensitivity of the GMRT data across
different spatial scales. As described in Sedfioh 4.5, wisitacted
image cubes of different spatial resolutions in order tedgt1 21-
cm emission. In Fid.]19, we show tié(H 1) sensitivity (at 3 and &
significance) per velocity channel (7.1 km'9 for different spatial
resolutions, estimated using the rms in line-free chanineltese
image cubes. Note that thell21-cm absorption is spread over only
one channel at the velocity resolution in these cubes. Thede
tal line marks the logV(H 1) we expect to be associated with the
absorbing gas towards L2 if it hds = 100 K andf. = 1 (see Ta-
ble[d). HI 21-cm emission is not detected at the location of the H
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Figure 8. SDSS r-band image of the field around UGC 00439 overlaid vattt

aurs of the GMRT moment-0 map. The contour levels comedfo N (H 1)

= (0.4, 1.0, 1.6,...)x 10?9 cm~2. Hi 21-cm emission is detected from two other galaxies’g7150 kpc) from UGC 00439 in the GMRT field of view:
UGC 00435 (J004059:6013802;z = 0.018139V;; = 5438kms ') and CGCG 383072 (J004148.401441;~ = 0.018356} 5 = 5503 kms1).

21-cm absorption in the image cubes with a resolutior d® kpc,
where we have sufficient sensitivity to detect up to typivgH 1)
seen in sub-damped Lymansystems NV(H 1) > 10'° cm™2; see
Wolfe et al. 1982, 2005; Péroux et al. 2005). This impliest thi-
ther the absorbing gas, spread oyelO kpc, has temperature less
than 100 K, or that the cold-100 K gas is more compact than
~10 kpc. In Sectiof 413, we saw that the absorbing gas extgmds u
to at least 1 kpc and may extend up~d kpc with optical depth
varying by a factor of>2. The present data does not have sufficient
sensitivity to detect cold 100 K gas of sizel kpc. However, from
the non-detection of H21-cm emission over this scale we get a
limit on the temperature of the absorbing gass@90 K.

The fact that the H21-cm optical depth falls by a factor gf7
over~7 kpc at similar impact parameters from the galaxy could be
a manifestation of patchy distribution of cold gas in thecexted
H 1 disc, with a varying covering factor at different spatiaddtions.
This variation in optical depth at similar radius from thdayy
should be taken into account when interpreting the coveentpr
of H1 21-cm absorbers around lowgalaxies.

6 SUMMARY

This paper presents GMRT IR21-cm absorption and emission ob-
servations of the QGP, J0040143/UGC 00439. The background
radio source consists of a core component and two lobest all a
a projected separation e§25 kpc from thez = 0.01769 galaxy,
UGC 00439. We detect H21-cm absorption towards the southern
lobe but not towards the core-@ kpc north of southern lobe) or
the northern lobe~7 kpc north of southern lobe). ThelF21-cm

22.

21.5

21.0

20.5

20.0,

log N(HI) sensitivity (crit channet)

19.5

10 15
Beam major axis (kpc)

Figure9. The 3 (5¢) N(H 1) sensitivity per channel (7.1 knt$) at differ-
ent spatial resolutions, in the GMRTIF21-cm emission data set, is shown
as a solid (dashed) line. The horizontal solid line markdageV(H 1) cor-
responding to the optical depth detected towards L2 for aKL@@s with
fe =1 (see Tablg]1), and the dashed horizontal lines show d¢hertors
associated with it.

absorption towards the continuum peak of the southern lobe-c
sponds to an integrated optical depth of 0:-52.07kms ! and a
FWHM of 8 + 1 kms~!. From channel maps of the absorption and
spatially resolved extraction of H21-cm spectra over the southern
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lobe, we surmise that the absorbing gas is likely to havekgpah-
structures and turbulent motion of the order of few km,sextend-

ing over a~2 kpc region. The absorbing gas may extend up to the
core, which is cospatial with the optical QSO and towardscthi
we detect Ca and Na absorption in the Keck-HIRES spectrum.

The GMRT Hi 21-cm emission associated with UGC 00439
recovers~20% of the total flux density measured by Arecibo. The
Arecibo and GMRT H 21-cm observations of this galaxy sug-
gest that its H disc is lopsided, which may arise out of inter-
action/merger events. Detection ofi 21-cm emission from two
other neighbouring galaxies;150 kpc away from UGC 00439, in
the GMRT data, gives credence to the idea that some of the H
gas in UGC 00439 may have been stripped out of its regulat-rota
ing disc due to tidal interactions with neighbouring gadesxiFrom
the N(H1) sensitivity of the GMRT observations at different spa-
tial scales, we estimate that if the absorber had a spatiahesf
~4 kpc, its temperature would b€300 K. Further, the H 21-cm
absorption arises at the systematic redshift of the galaiti, no
stellar light detected at its location, implying that it iost likely
tracing clumpy gas corotating with theitdisc of the galaxy.

The GMRT observations reveal kpc to sub-kpc structures in
the Hi gas around UGC 00439. However, it still leaves some ques-
tions regarding the nature of thellgas unanswered. A higher sen-
sitivity H1 21-cm emission map is required to study the ¢ras
distribution at the location of the background radio soufeer-
ther, subarcsecond-scale radio observations of 360443 will
help in quantifying the covering factor and parsec-scaigctiires
in the absorbing gas. In addition, two-dimensional opt&ctra
of UGC 00439 along with deeper I21-cm observations would
help to better compare the distribution and kinematics efstel-
lar population and the Hgas. Lastly, higher sensitivity H21-cm
emission observations would help to map any large-scafasgif
H1 gas that may exist as a result of tidal interactions/mergers
tween the nearby galaxies.

Hence, while the results presented in this paper help in
characterizing the Hgas around UGC 00439, they also motivate
future observations of this system. In addition, the raspite-
sented in this paper along with our ongoing study of 21-cm
absorption in the discs/haloes of longalaxies|(Gupta et &l. 2010,
2013;| Srianand et al. 2013, 2015, Dutta et al. in preparptenme
expected to establish the elusive link between2d-cm absorbers
and host galaxy properties, and play a vital role in undadstey
the nature of high- H1 21-cm absorbers (Briggs & Wolle 1983;
Kanekar & Chengalur 2003; Curran etlal. 2005; Gupta et alg200
2012;| Srianand et al. 2012; Kanekar €tlal. 2014), as well as th
large number of H 21-cm absorbers expected to be detected from
upcoming blind surveys (e.g. MeerKAT Absorption Line Swyive
using Square Kilometre Array pathfinders and precursors.
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