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ABSTRACT

Gas flows in and out of galaxies are one of the key unknowns in today’s galaxy evolution
studies. Because gas flows carry mass, energy, and metals, they are believed to be closely
connected to the star formation history of galaxies. Most of these processes take place in
the circum-galactic medium (CGM) which remains challenging to observe in emission. A
powerful tool to study the CGM gas is offered by combining observations of the gas traced
by absorption lines in quasar spectra with detection of the stellar component of the same
absorbing-galaxy. To this end, we have targeted the z,,s = 1.825 sub-damped Ly« absorber
(sub-DLA) towards the z;,, = 2.102 quasar 2dF J 223941.8-294955 (hereafter Q 2239-2949)
with the ESO VLT/X-Shooter spectrograph. Our aim is to investigate the relation between
its properties in emission and in absorption. The derived metallicity of the sub-DLA with
log N(H 1) = 19.84 £ 0.14 cm~2 is [M/H] > —0.75. Using the Voigt profile optical depth
method, we measure Avgy(Fe 1) = 64kms~'. The sub-DLA galaxy counterpart is located at
an impact parameter of 274 £+ 072 (20.8 £ 1.7 kpc at z = 1.825). We have detected Lyx and
marginal [O n] emissions. The mean measured flux of the Ly« line is Fiy, ~ 5.7 x 1018
erg s~ cm~2 A~!, corresponding to a dust uncorrected SFR of ~0.13 Mg yr~ L.

Key words: galaxies: abundances — galaxies: evolution—galaxies: formation —intergalactic
medium — galaxies: ISM — quasars: absorption lines.

1 INTRODUCTION

One of the key unknowns in the study of galaxy evolution is how
galaxies acquire their gas and how they exchange this gas with their
surroundings. Since gas, stars, and metals are intimately connected,
gas flows affect the history of star formation and chemical enrich-
ment in galaxies. Therefore study of the circum-galactic medium
(CGM, extending over ~300 kpc around galaxies; Shull, Danforth
& Tilton 2014) is crucial for understanding both the inflows of gas
accreted on to galaxies and the outflows carrying away the energy
and metals generated inside galaxies (Keres et al. 2012; Ceverino
etal. 2016). A powerful tool to study the CGM gas is offered by ab-
sorption lines in quasar spectra. Indeed, quasar sightlines provide a
wealth of information about the CGM of galaxies through the anal-
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ysis of the intervening absorption line systems. The detection of
the damped Lyo systems (DLAs; log N(H 1) >20.3 cm~?2) and sub-
damped Ly« systems [sub-DLAs; 19.0 < log N(H1) <20.3 cm™2]in
absorption against bright background quasars is in principle not lim-
ited by the luminosity of the associated galaxies but depends on the
cross-section of the neutral hydrogen gas (e.g. Wolfe et al. 1986). It
is now established that gas accretion on global scales is required to
reconcile the lack of evolution in the neutral gas mass over large cos-
mological times with the observed star formation rate (SFR) density
evolution (e.g. Noterdaeme et al. 2009; Zafar et al. 2013a; Sanchez-
Ramirez et al. 2016). The DLAs and sub-DLAs are therefore excel-
lent laboratories to study metals, molecules, dust, and atomic gas,
an indirect indicator of star formation (e.g. Krumholz 2012; Zafar
et al. 2013a).

However, the background quasar probes only a single sightline
through the galaxy, and it is difficult to study gas flows in the
underlying galaxy as a whole from the gas along a single sight-
line. To establish the connection of the CGM gas probed by the
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Table 1. Log of spectroscopic observations of Q 2239-2949 from UVES archival and X-Shooter PI time.

Date Texp Instrument Settings Slit PA Resolving power Prog. ID Seeing (arcsec)  Airmass
(sec) width (arcsec)  (deg) for each arm
17 Jun, 2002 1512 x 2 UVES BLUE437, RED860 1.1 39090, 42310 69.A-0586(A) 1.0 1.1
12 Aug, 2002 3065 x 3 UVES BLUE346, RED580 1.1 39090, 37820 69.A-0586(A) 0.9 1.0
27 May, 2006 3000 UVES BLUE346, RED580 1.0 40970, 42310 077.A-0714(A) 1.2 1.8
28 Jun, 2006 3000 UVES BLUE346, RED580 1.0 40970, 42310 077.A-0714(A) 0.5 1.0
27 Jul, 2006 3000 UVES BLUE437, RED760 1.0 40970, 42310 077.A-0714(A) 1.5 1.0
15 Jul, 2013 3028¢ X-Shooter UVB, VIS, NIR 1.3,12,1.2  —142 4000, 6700,3890 091.A-0246(A) 0.7 1.0
31 Jul, 2013 3028 X-Shooter UVB, VIS, NIR 1.3,1.2,1.2 =721 4000, 6700,3890 091.A-0246(A) 1.0 1.0
3028 X-Shooter UVB, VIS, NIR 1.3,12,1.2 29.2 4000, 6700, 3890  091.A-0246(A) 1.0 1.0
03 Aug, 2013 3028 X-Shooter UVB, VIS, NIR 1.3,1.2,1.2 =763 4000, 6700,3890 091.A-0246(A) 0.9 1.0
3028 X-Shooter UVB, VIS, NIR 13,12, 1.2 —5.2 4000, 6700, 3890  091.A-0246(A) 0.9 1.0
31 Aug, 2013 3028 X-Shooter UVB, VIS, NIR 1.3,1.2,1.2  —855 4000, 6700,3890 091.A-0246(A) 0.8 1.0

“The exposure time for all X-Shooter data is 3000 (UVB), 3028 (VIS), and 960 x 3 (NIR) s. PA convention is East-of-North. The UVES data were obtained
with the slit rotating on the sky to follow parallactic angle, so the PA was changing during the exposure.

quasar sightline to the underlying galaxy, it is essential to com-
plement the absorption spectroscopy with studies of the absorbing
galaxy in emission, and determine the kinematics and metallic-
ity of the emission-line gas. To reach this goal the first step is to
identify DLA host-galaxies in emission in large enough numbers
to be able to perform statistical studies (e.g. Péroux et al. 2011;
Krogager et al. 2012; Peroux et al. 2017). Until recently, deep,
high spatial resolution images were obtained to identify potential
DLA galaxies nearby the quasar line of sight (Warren et al. 2001),
followed by spectroscopic observations to verify that the galaxies
lie at the same redshifts as the DLAs (Weatherley et al. 2005).
Today, improved selection strategies using long-slit triangulations
(e.g. Fynbo et al. 2011; Noterdaeme et al. 2012; Fynbo et al. 2013;
Krogager et al. 2013) or integral field units (e.g. Bouché et al. 2007;
Péroux et al. 2012, 2013) have led to several new spectroscopic
detections of DLA galaxies in emission.

In parallel, the discovery that high-z DLA galaxies obey
luminosity—metallicity and velocity—metallicity relations with sim-
ilar slopes as in the local Universe, Mgller, Fynbo & Fall (2004),
Ledoux et al. (2006), and Neeleman et al. (2013) allow one to re-
late flux limited galaxy samples and DLA selected samples (Mgller
et al. 2013; Christensen et al. 2014). Establishing this connection
reinforces the possibility of quasar absorbers to trace the evolution
of faint galaxies even back to redshifts where they are too faint
to be seen in emission (Fynbo et al. 2008). It is therefore of high
importance to extend the sample of DLA galaxies seen in emission,
and to extend the parameter space of detections [e.g. to lower H 1
column densities (sub-DLAs) and to lower metallicities] to better
probe the faint-end of the galaxy luminosity function.

Here, we report the detection of a new absorbing-galaxy in the
field of Q 2239-2949. The quasar (zem = 2.102, B = 19.31 mag)
was first discovered in the 2-degree Field (2dF) survey at the Anglo
Australian Telescope (Croom et al. 2001). Using ESO/UV and Vi-
sual Echelle Spectrograph (UVES) archival data, Zafar, Popping &
Péroux (2013b) report the detection of Ly« flux in emission in the
trough of the sub-DLA at z = 1.825 in the sightline towards Q 2239-
2949. In this paper, we present new X-Shooter observations of the
absorbing-galaxy detected in emission which allows one to charac-
terize the properties of its stellar components as well as a complete
analysis of archival UVES data to extract fundamental parameters
of the neutral gas seen in absorption.

We adopt the standard ACDM cosmology with the cos-
mological parameters Q4 =0.73, @, = 027, and Hy =
70kms~! Mpc~!.
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2 OBSERVATIONS AND DATA REDUCTION

2.1 UVES spectroscopy

The quasar Q 2239-2949 was first observed with UVES (Dekker
et al. 2000) with three different settings as part of the tomography
of the intergalactic medium programmes (69.A-0586(A) PI: Cris-
tiani, 077.A-0714(A) PI: D’Odorico). The EUADP (ESO UVES
Advanced Data Products) archival data (Zafar et al. 2013a,b) did
not include all the data taken on that object, therefore, we retrieved
the additionally available raw data and reduced it using the UVES
pipeline 5.4.0 (Ballester et al. 2000). The complete log of observa-
tions is provided in Table 1.

The raw frames are corrected for bias level, flat-field, and rectified
in wavelength space using a wavelength solution obtained from
calibration frames. The orders are then merged and 1D spectra
are extracted from the merged 2D spectra. The resulting spectrum
ranges from 3024 to 10433 A. The spectra from different settings are
corrected to the vacuum heliocentric reference system and merged
into a single spectrum following the method described by Zafar
etal. (2013b). The merged quasar continuum is then normalized by
fitting a spline function passing through spectral chunks of 200 A
apparently devoid of absorption lines.

2.2 X-Shooter spectroscopy

During our inspection of the initial UVES data, we noted that Lyo
emission flux from the absorbing galaxy is detected in the trough
of the absorption in individual UVES spectra [see fig. 20 of Zafar
et al. (2013b)]. In order to precisely measure the position on sky,
impact parameter as well as the emission properties of the galaxy
traced by its Lya emission, we then re-observed Q 2239-2949 with
VLT/X-Shooter (Vernet et al. 2011) using six different ‘Observation
Blocks’ under program ID 091.A-0246(A) (PI: Zafar; observing
log provided in Table 1). The exposure times were 1 h each. The
observations were made in ‘STARE mode’ because the position of
the sub-DLA galaxy on sky was unknown. Indeed, the ‘STARE
mode’ helps to avoid the quasar counter-image to fall on top of
the galaxy, but the absence of telescope nodding then limits the
quality of the NIR arm. The slit widths were 1.3 arcsec, 1.2 arcsec,
and 1.2 arcsec in the UVB, VIS, and NIR arms, respectively. The
expected resolving power with the above set-up, and for seeing
matching the slits, is 4000, 6700 and 3890 in the UVB, VIS and
NIR arms, respectively. Those resolutions are computed from the slit
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Figure 1. Slit positions used for the X-Shooter observations of Q 2239-
2949 (marked by a star). The dashed lines show the slit positions PA =
—14° and —5°, where we detect emission-line flux from the sub-DLA
galaxy. The probable position of the galaxy is marked by a cross and a blue
circle at an impact parameter of 274. At other slit positions (dotted lines) no
emission-line flux is detected.

widths, assuming that the slit is matched to the seeing. However,
since we were searching for line emission from a source at an
unknown position we used slits wider than the seeing, and the actual
point-source resolutions, based on the median seeing of 0.9 arcsec,
are 5330, 8930, and 5190. We requested the observations to be
performed in service mode but erroneously set the rotator angle to
parallactic at the start of each observations. Fortunately, the PAs
cover the regions around the QSO fairly well (see Fig. 1) and we
detect the source in the spectra with PA of —14° and —5° (East-of-
North).

The X-Shooter spectra are reduced with the X-Shooter pipeline
2.4.0 (Modigliani et al. 2010). The standard procedures within
STARE mode for master bias, master dark, flat-fielding, wavelength
calibration, and the 2D maps for rectification of the spectra are per-
formed. The flux standard stars EG 274 (on 2013 July 15 and August
31) and Feige 110 (on 2013 July 31 and August 03) are observed
and used to flux calibrate the science spectra of the correspond-
ing nights. The resulting flux-calibration is not absolute, but rather
removes the instrumental effects from the quasar continuum.

The spectra were corrected for galactic extinction (Ep_y =
0.019) using the extinction maps of Schlegel, Finkbeiner & Davis
(1998). In Fig. 2, we present the section around the DLA of the
extracted 2D spectra at PAs = —14° and —5° (top two panels) and
the final combined 1D QSO spectrum (bottom panel). We clearly
detect the Lyo emission in both spectra (the dark blobs above the 2D
QSO spectrum). The Ly emission is well separated from the QSO
spectrum and is therefore not present into the 1D QSO spectrum.

3 RESULTS

3.1 Gas absorption properties and metallicity

Zafar et al. (2013b) reported an H 1 column density of the sub-DLA
of log N(H 1) =19.84 & 0.14 cm™2. The X-Shooter data are also
used to derive the H 1 column density and the estimated column
density is log N(H 1) =19.78 4 0.11 cm~?2 (Fig. 2), consistent with
the UVES results within lo.

The high-resolution UVES spectrum allows us to perform ab-
sorption line profile fitting and determine the column densities from

Galaxy counterpart of the sub-DLA 1615
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Figure 2. The sub-DLA emission and absorption. The upper two panels
show the 2D spectra from the PAs —14° and —5°. The Ly« emission from the
sub-DLA-galaxy counterpart is seen close to the red wing of its absorption
line, offset by 2.4 arcsec upwards from the quasar spectrum. In the lower
panel we show the combined, extracted 1D spectrum of the QSO and its
corresponding noise spectrum (dotted line). The red solid and dashed lines
show the best-fitting H 1 column density profile (z = 1.825, log N(H 1) =
19.78 £ 0.11 cm~2) and its 1o uncertainty, respectively.

lines that are not heavily saturated. The column densities have been
derived using the Voigt profile fitting, x > minimization routine FITLY-
MAN within the MipAs environment (Fontana & Ballester 1995). Lab-
oratory wavelengths and oscillator strengths are taken from Morton
(2003). The global fit returns the best-fitting parameters for the cen-
tral wavelength, column density, and Doppler turbulent broadening
(b), as well as 1o errors on each quantity.

Absorption lines detected from Si 11, Fe 11, and Al mr display a mul-
ticomponent structure covering ~80 km s~! around z,, = 1.825. A
first velocity profile estimation is manually derived for Fe 11 2260,
1608, 2374 and 2344 A. Seven components are used to model the
observed absorption lines. This approach forces FITLYMAN to con-
verge towards the optimal solution. Si i1 1808 and 1304 A lines are
added, maintaining the redshifts and Doppler parameters previously
derived, thereby providing the initial solution for the Si 11 column
density. Thus, the software is run again fully using these parameters
as first guest solutions. We finally added Al m 1862 and perform
again the previous operation. The resulting Doppler parameter for
the third component (b= 1.2kms™') is so small that it might be
unphysical. For this reason, a value of b = 3km ! is enforced and
the fit is performed again. The simultaneous multiple Voigt pro-
file fitting is shown in Fig. 3. For saturated and non-detected lines,
we report 30 column density lower and upper limits, respectively
(see Table 2). The overall measured, i.e. before considering a pos-
sible ionization correction, sub-DLA metallicity is found to be
[Si/H] = —0.67 £ 0.15.

As a consistency check we compare our absorption line results
with the X-Shooter data. We measure the rest equivalent widths
of unsaturated lines and find W'*%% = 0.02 +0.03 A, W/>7* =
0.16 £0.04 A, and W*'%? = 0.08 +0.03 A, for Si 1, Fe 1, and
Al 1, respectively. Using those equivalent widths, and assuming the
lines to be on the linear part of the curve-of-growth, we determine
the column densities log N(Si 1) =14.48 4 0.19 cm~2, log N(Fe n)
=14.01 4 0.10 cm 2, and log N(Al m) =12.97 & 0.14 cm™2 in full
agreement with the UVES data.

The error on the [Si/H] metallicity given above includes only the
observational errors. It is well known that for sub-DLAs there may

MNRAS 465, 1613-1620 (2017)
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Figure 3. Voigt-profile fits (red overlay) of metal lines for the sub-DLA at z,ps = 1.82516 (zero velocity) in Q 2239-2949. Normalized quasar spectrum and
error spectrum are shown in black and blue dotted lines, respectively. The blue tick marks indicate the locations of the velocity components. The grey shaded
area marks contamination from a telluric absorption line. The top three rows present the UVES data and fits, the bottom row presents some of the same lines
from the X-Shooter spectrum as useful comparison. For instance, it is seen that the depression of Al m (1854 A) at around —100 km s~! in the UVES spectrum
is not seen in the X-Shooter spectrum so it is probably not real. All the other lines are fully consistent in both spectra.

Table 2. Metallicity with respect to solar of the sub-DLA.

X log Nx [X/H] [X/H]G,
(cm™?)
Hi 19.84 £ 0.14 - -
N1 <14.71 <—0.96 -
Znn <12.30 <—0.10 -
Sin 14.68 + 0.06 —0.67 £0.15 -
O1 >16.08 >—0.45 -
Cn >15.97 >—0.30 -
Fen 14.11 £ 0.04 —1.23£0.15 -
Al m 12.87 + 0.07 - -
Al >13.61 >—0.68 >—0.61
Cru <12.79 <—0.69 -
Mgu >14.86 >—0.58 >—0.58
Mg1 <12.96 - -

“Total abundances from the sum of all listed ionization states.

be a large range of possible ionization levels, which would cause ad-
ditional uncertainty on the metallicity unless the ionization param-
eter can be constrained. While the gas in the sub-DLAs is found to
range from predominantly ionized to predominantly neutral (Meir-
ing et al. 2007, 2009; Lehner et al. 2014; Fumagalli, O’Meara &
Prochaska 2016), the relative ionization correction varies from el-
ement to element (e.g. <0.2 dex for Fe 1). Our [Si/H] metallicity
could therefore be affected by ionization effects, by dust depletion,
or the combination of both. The measured [Si/Fe] ratio indeed in-

MNRAS 465, 1613-1620 (2017)

dicates that at least one of these two effects is at play, if not both of
them.

Unfortunately we have, in the present case, only a limit on the
Al m/Al 1 ratio, which may not be a reliable indicator of the ion-
ization parameter because the recombination coefficient of Al 1 is
likely overestimated (Nussbaumer & Storey 1986). Our best con-
straint is therefore that of [O/H]>—0.45 which is independent of
the ionization effects for this H 1 column density, and we will simply
rely on this throughout the paper. Because «-elements may be en-
hanced by up to a factor of 2, the lower limit on the actual metallicity
is —0.75 (3 o).

3.2 Emission lines

The detection of Ly« in emission above the position of the QSO
is clear from Fig. 2. The impact parameter is large enough that
the faint Lyo emission does not show up in the extracted QSO
spectrum, but there is a small overlap which would leave a residual
of the bright QSO in the DLA galaxy spectrum if not corrected for.
Therefore, in order to extract the 1D spectrum of the Ly emission
line we must first spectral point spread function (SPSF) subtract
the QSO 2D spectrum in the overlapping region (Mgller 2000).
Because the seeing is different in the two exposures, we perform
the SPSF subtraction on the two spectra individually, then add them.
The resulting 2D frame is seen in the lower panel of Fig. 4 (boxcar
smoothed for presentation purposes).

From the non-smoothed, summed, and SPSF subtracted 2D spec-
trum we then extract the 1D spectrum shown in the top panel of
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Figured4. Stack of Ly« emission from the sub-DLA observed at PA = —14°
and —5°. The top panel shows the direct stack, while in the lower panel each
spectrum was SPSF subtracted at the red side of the DLA line prior to the
summing. There is evidence that the Ly« emission has two peaks.

Fig. 6. Itis seen that all Ly emission is to the right-hand (high red-
shift) side of the absorber, i.e. that the profile matches the typical
high-redshift profile with a blue cut-off and a red tail (e.g. Francis
et al. 1996; Castro-Tirado et al. 2010; Hu et al. 2010; Noterdaecme
et al. 2014). However, in this case it is also seen that the profile
appears to be double peaked. In the figure, we have therefore fitted
the profile with a double Gaussian, and find that it is fitted well by
two Gaussian profiles (shown red in overlay) centred on 3435.9 and
3438.6 A with the measured FWHM of 1.7 A and 2.1 A, respec-
tively. After correction for resolution the intrinsic FWHM is found
to be 1.5 and 1.9 A, corresponding to 130 and 165kms~". The
separation between the two peaks corresponds to 230 & 40kms ™.
The two peaks are seen to be clearly separated also in the stacked
2D spectrum.

The measured flux of the Ly« emission line in the two spectra is
Fiye=51+08x10"%ergs'cm2A'and6.2+0.8 x 10°'8
erg s~! em™2 A~! for PA = —14° and —5°, respectively. The two
measurements are fully consistent with each other, but they obvi-
ously only include the flux passing through the slit in each case.
Different slit PA and different seeing causes the slit loss to be dif-
ferent for the two observations, so part of the difference may reflect
the two setups. Together the two measurements provide a 10o de-
tection of the Ly emission. We convert the Ly luminosity density
to SFR using the relation from Kennicutt (1998): SFR (M, yr= 1)
=7.9 x L(He) (erg s~') and case B recombination theory for flux
ratio conversion: Lya/Ha = 8.7. We find that the measured fluxes
correspond to a dust uncorrected SFRyy, of 0.13 £ 0.02 M yrfl.
The true value is likely to be somewhat higher due to unknown slit
loss corrections. We estimate (based on slit width and seeing) that
this correction is less than a factor of 2, i.e. SFRy, is in the range
0.11-0.26 M yr'.

We searched the spectrum for other emission lines and found
marginal evidence for [O 11] line emission in the NIR spectrum at
the same impact parameter as for Lya (2.4 arcsec) and is roughly
centred on the sub-DLA absorption lines, contrary to the Ly emis-
sion. Also as for Ly the line is found to be stronger and better
detected at PA = —5° than at PA = —14°. In Fig. 5, we show the
sum of the two spectra. The [O 1] doublet is partly hidden behind
the strong residuals left from the subtraction of an airglow line. For
presentation purposes, in Fig. 5 we have smoothed the spectrum

Galaxy counterpart of the sub-DLA 1617

Il

Figure 5. Section of the 2D spectrum (sum of PA = —5° and —14° spectra)
around the expected wavelength of the [O 1] doublet. The spectrum has
been smoothed along the dispersion direction to enhance the visibility of the
[O 1] line which is seen as a dark feature above the quasar spectrum. The
residuals from the subtraction of two strong air glow lines have been masked
out (vertical bands) and the horizontal blue line in the rightmost of those
marks the 2.4 arcsec impact parameter of the Ly« emission for comparison.
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Figure 6. Velocities of absorption and emission components relative to
z=1.82516. In the middle panel the H 1 absorption profile is overlaid on the
un-saturated profile of a Fe i absorption line. Note the additional absorption
component at v & 300kms~! in the H 1 absorption profile (black vertical
dotted line). In the top panel, we show the double-peaked profile of the Lyo
emission from the galaxy (black) with a fit of two Gaussian profiles (red).
The bottom panel shows the extracted spectrum at the expected position of
the [O 1] doublet (grey shaded areas mark positions of masked air glow
lines). A marginal detection is achieved.

along the dispersion direction and masked out the residuals of the
two strong airglow lines. The 1D spectrum of the [O 1] line is shown
in the lower panel of Fig. 6.

3.3 Gas kinematics

We have detected Ly and [O 1] emission from the host galaxy
of the sub-DLA system, providing us with an opportunity to study
the gas kinematics of the galaxy probed at two different locations.
In Fig. 6, we summarize the kinematic information of all the gas
components, plotting them in velocity relative to a fiducial redshift
chosen to be z = 1.82516. It is seen that H 1 and the low-ion metal
lines are lined up at the same central redshift in the absorption
sightline, but also that the [O 1] emitting gas some 20.8 kpc away
has the same redshift. We measure a central wavelength of the [O 11]
doublet of 10533.9 A £ 1.5 corresponding to a relative velocity
of v =10 & 42kms~'. In effect this means that the neutral sub-
DLA gas is at rest (radially) with respect to the galaxy, whereas the
Mg 1 absorbing gas extends out to +170kms~! in radial velocity
(Fig. 3). L.e. where the narrow line sub-DLA phase appears to be
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Figure 7. VPOD method (Quiret et al. 2016) relying on the Voigt profile
fit of multiple transitions of the same ion. The fit is shown here in red,
the integrated optical depth in blue and the observed spectrum for the Fe u
(2374 A) transition is shown in black for illustration purpose. This method
is therefore independent of blending, saturation, and noise in the spectrum.

at rest inside the extended halo, at least part of the Mg i absorbing
gas belongs to a more turbulent component.

In contrast to the relative velocity agreement for [O 1], the Lyo
emission has a complex ‘double hump’ structure with both peaks
offset towards higher redshifts. Double-peaked Ly« emission has
been reported in relation to DLAS in the past (e.g. Fynbo et al. 2010;
Zafar et al. 2011; Noterdaeme et al. 2012), but in the form of two
peaks straddling a central absorption feature at the systemic redshift.
Verhamme et al. (2008) analysed Ly emission lines in a sample
of 11 high-redshift galaxies from the FORS deep field. To obtain
high enough signal-to-noise ratio (S/N) for their analysis they were
restricted to include only the intrinsically brightest galaxies, and
only those with the largest Ly equivalent widths. All 11 galaxies
feature the sharp blue cut-off of the Ly emission, as well as the
tail towards the red. Interestingly two of the galaxies also show
a secondary hump well to the red of the first peak and at about
+300kms~! with respect to the galaxy redshift. In that work this
was taken as evidence for gas outflow, but the same line structure
could simply be the result of superposition of two single lines, i.e.
two individual Ly emitting clouds, at slightly different velocities.

In the case of Q2239-2949 the secondary peak is offset by
+400kms~!, and we note that on the red side of the sub-DLA
trough an additional absorption feature is seen at ~300kms~!.
This is most likely a Lya absorption line and could in that case be
arising in a separate absorbing cloud in the CGM of the galaxy. In
this case it might be related to the second peak of the Ly emis-
sion complex. We do not detect any metal lines associated with the
secondary absorption component.

In order to derive the internal kinematics of the absorbing gas,
we calculate the absorption line velocity width, Avgy (Prochaska &
Wolfe 1997; Ledoux et al. 2006). For this, it is standard practice to
carefully select a line (if possible more than one) which is unsatu-
rated, unblended, and of sufficiently high S/N [for details see e.g.
Ledoux et al. (2006)]. An alternative method is to measure Avgg
on the combined information from several lines of the same transi-
tion via the Voigt profile optical depth (VPOD; Quiret et al. 2016).
This method also overcomes possible effects from the differential
instrumental resolutions, line spread functions and SNRs as well as
blending/saturation in the absorption profiles.

In the UVES spectrum of Q 2239-2949 there is no perfect line
to measure, and we have therefore adopted the VPOD method and
used a combined Voigt profile fit to two lines of Fe 1. Fig. 7 shows
the resulting integrated optical depth for the Fe 1 (2374 A) with
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inferred velocity widths of Avgy(Fe m) = 64 kms~!. The X-Shooter
data have lower resolution, but higher S/N, and since we know from
the model fit that the Fe 1 (2374 A) line is unsaturated, we can
obtain a direct measurement from this line, and we find 83kms~'.
Because of the lower resolution of X-Shooter this value needs to
be corrected for resolution, and following the method described in
equation (1) of Arabsalmani et al. (2015) we obtain an intrinsic
value of 68kms~'. The two methods and the two data sets are
therefore in excellent agreement.

3.4 Impact parameter

We detect Lyx emission (see Fig. 4) at the —14° and —5° position
angles. We also detect [O 1] at lower S/N (see Fig. 5). Unfortunately,
the H o, H B, [N 1], and [O m1] lines all fall on telluric regions, and
are therefore unaccessible. The angular separation between the QSO
and the sub-DLA galaxy can be converted to the projected galaxy
impact parameter, yielding information about the gaseous extent of
the galaxy halo. Using both the Ly« and the [O 11] lines we measure
the impact parameter between the QSO and the sub-DLA galaxy
(Figs 4 and 5) to be b = 24 £ (02, corresponding to 20.8 & 1.7 kpc
at z = 1.825.

3.5 Dust properties

Presence of dust within the absorber will have two effects. First it
will result in a depletion of certain metals on to the dust grains,
secondly it could cause a general reddening of the continuum. The
non-detections of many elements and the saturation of other lines
make it hard to infer precise dust depletion fractions, instead we are
able to set limits on the depletion factor of iron compared to zinc:
[Zn/Fe] <1.13. The value indicates higher amount of depletion with
respect to the typical values for DLAs (Noterdaeme et al. 2008; De
Cia et al. 2016).

Comparing our X-Shooter spectrum of Q 2239-2949 (scaled to
the 2dF b-band photometry) to the quasar template spectrum from
Vanden Berk et al. (2001) and Glikman, Helfand & White (2006),
and using the Small Magellanic Cloud extinction law from Pei
(1992), we find no evidence of dust reddening with E(B — V) < 0.02.
However, we stress the limitations of this approach. First, the X-
Shooter flux calibration is not absolute and we performed no cor-
rection for slit-loss. Given that quasars are known to be variable
objects (Palanque-Delabrouille et al. 2016), the rescaling to the 2dF
b-band photometry might not totally overcome these drawbacks.
Furthermore, intrinsic colours of quasars are also known to vary
from one object to another so that a comparison to a quasar tem-
plate does not directly untangle reddening of the background quasar
from reddening of the intervening absorber (Péroux et al. 2014).

4 SUMMARY AND DISCUSSION

We have presented new X-Shooter data, as well as previously unpub-
lished archival UVES data, of the z = 1.82516 intervening sub-DLA
absorber towards the quasar Q 2239-2949. We combined those data
with a re-analysis of previously published archival UVES data. Our
results can be summarized as follows.

(i) We report the detection of the absorbing galaxy in emission.
The galaxy is clearly detected in Lyx at high S/N and the emis-
sion line is resolved. In addition a tentative detection of [O 1] is
reported. However, the sky subtraction residuals in the X-shooter
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data are significant, and the reality of the [O 1] line detection re-
quires independent confirmation.

(ii) PA and impact parameter. The detection of the absorbing
galaxy was secured using the ‘slit triangulation’ technique. It was
detected at slit position angles PA = —14° and —5°. Using this,
together with its position in the slits, we find that the most likely
position of the galaxy is at a PA (E of N) of —10° £ 15°, and an
impact parameter of 24 £ 072, or 20.8 & 1.7 kpc.

(iii) SFR. We measure a Lya line flux of Fiy, = 5.7 x 10-'8
erg s~ ecm™2 A~!, corresponding to a dust uncorrected SFR of
0.13 Mg yr~!. Because of the large impact parameter, the uncer-
tainty in the position angle of the emitter, and the unknown physical
size of the line-emitting region, slit losses are likely to be significant
(we estimate up to a factor of 2), and the inferred SFR will then be
a similar factor higher.

The unknown dust correction could be even more important. It
is well known that the dust absorption of Lya photons can cause
an additional underestimate of the SFR. An estimate of this effect
can be obtained from the observation of both IR continuum and
Lya-based SFRs, in a sample of narrow band Ly« selected galaxies
out to a redshift of z = 2.3 (Nilsson & Mgller 2009). From their fig.
3 itis seen that the measured correction ranges from a factor of 1 to
2 x 10, It is also seen that the correction strongly correlates with
the reddening, and the largest corrections are all corresponding to
super massive ULIRGs. In Section 3.5, we report evidence for a
relatively high amount of dust depletion in this sub-DLA, but we
see no direct evidence for reddening of the QSO continuum. We
conclude that in this sightline there is some dust present, but not
enough to cause a detectable reddening signature. From Nilsson &
Mgller (2009) we then conclude that if this sightline is typical for
the galaxy, then the SFR dust correction is almost certainly less than
a factor of 10. It is possible that other sightlines through the galaxy
may contain more dust, additional data are required to answer this
question.

(iv) Kinematics and velocity width. We measure the Avgy pa-
rameter of the absorption system both directly on the data, and on
the fitted Voigt profile model. We find that the two methods give
consistent results, and we adopt Avgy = 64 km s~! as the best value.
The Lyo emission line displays the typical features of a sharp blue
cut-off at the absorption redshift and an extended red tail. In this
object the red tail appears to have an additional hump, which is
significantly offset (4230 & 40kms~') from the main peak. This
second peak may be interpreted in terms of radiation transfer in the
case of large-scale outflows, but could also simply be related to the
Lyo absorption line seen at a similar redshift.

The tentative detection of an [O 1] emission line is at a relative
velocity of +10 + 40kms~!. From the compilation of relative
velocities of [O 1] emission in table 6 of Fynbo et al. (2013), we
find that values lie in the range 9-200kms~! with a median of
38kms~!. This new system is therefore in excellent agreement
with previous studies. Since the [O 1] redshift is our best estimator
for the systemic redshift, we take this to mean that the absorbing
sub-DLA phase kinematics is not only internally very narrow, but it
also appears to be almost at rest with respect to the galaxy 20.8 kpc
away. Le. the cold CGM at this position does not seem to be wildly
turbulent or disturbed.

(V) Metallicity and impact parameter relations. We measure a
metallicity of [O/H] >—0.75 for the sub-DLA at z = 1.82516
with N(H 1) = 19.84 4 0.14 cm™2. A larger impact parame-
ter for lower column density systems has been consistently pre-
dicted by numerical simulations for decades (e.g. Katz et al. 1996;
Pontzen et al. 2008), and has equally consistently been confirmed by

Galaxy counterpart of the sub-DLA 1619

observations (Mgller & Warren 1998; Monier, Turnshek &
Rao 2009; Péroux et al. 2011; Rao et al. 2011). Similarly, an impact
parameter versus metallicity relation was predicted by Mgller et al.
(2004) and confirmed by Krogager et al. (2012).

Based on observations of several types of high-redshift galaxies,
Fynbo et al. (2008) formulated an empirical model to fit DLA galax-
ies, GRB host galaxies, and Lyman Break Galaxies with a single
model. The model has proven useful for predicting and describing
the statistical distributions of the DLA galaxy scaling relations, and
has been confirmed by the current larger statistical sample compiled
by Krogager et al. (2012). Comparing our new sub-DLA galaxy to
the relations shown in fig. 3 of that paper, shows that it falls perfectly
on both relations. It seems to be a prototypical sub-DLA galaxy.

(vi) Are sub-DLAs dynamically different from DLAs? Meiring
et al. (2007) and Kulkarni et al. (2010) have shown that the sub-
DLAs have higher metallicity than the DLAs when the two systems
have the same Avgyy. They suggest that this could mean that the sub-
DLA galaxies and DLA galaxies are different, and have different
masses. The observation could however more simply be understood
by stating that, for the same metallicity (i.e. same mass) a sub-
DLA has a narrower absorption line profile than a DLA. In the
context of the galaxy we report here, we confirm that indeed the
absorption would be expected to have Avgy > 207 kms~! fora DLA
[using the optimal fits from Mgller et al. (2013) and including the
redshift evolution], which is significantly wider than the 64 km s~!
we measure. We also find a large impact parameter (20.8 kpc), and
further find that the absorber has a very low velocity with respect
to the systemic velocity of the galaxy. We take those observations
to support the view that the sub-DLAs likely belong to the same
galaxies as the DLAs, but that they are caused by gas in the outskirts
of the galaxy haloes whereas the DLAs belong to gas closer to
the galaxy itself, or even to gas inside the galaxy. Support for
this also comes from the observations of GRB sightlines which go
through the central parts of galaxies and follow the same relations
as intervening DLAs (Arabsalmani et al. 2015).

(vii) Is this sub-DLA on the main sequence of star formation?
Based on the observed metallicity lower limit, redshift, and impact
parameter, we use the prescription in Christensen et al. [2014, their
equation (3)] to determine the corresponding stellar mass limit and
find log(M,./M@) > 9.5 £ 0.4. We have here adopted the reported
scatter (0.39) as the error, but it should be kept in mind that for
the sub-DLAs the scatter of that relation may be larger (Kulkarni
et al. 2010). In Section 3.2, we found a dust uncorrected SFR of
0.13 Mg yr~!, but at z = 1.8 a main sequence galaxy of this
mass has a much higher SFR (Whitaker et al. 2014; Kochiashvili
et al. 2015). Even applying the maximum correction for dust and
slit losses (a factor of 20) it is still about one order of magnitude
too low. This indicates that either the true SFR correction is indeed
an order of magnitude higher (i.e. there is more dust closer to the
centre of the galaxy), or this galaxy has been quenched and is well
below the main sequence. An observational determination of both
the stellar mass and SFR for this galaxy is possible with current
instrumentation, and would settle the issue directly.
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