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Regulating galactic growth

Silk & Mamon: RAA 2012

• Feedback processes     
 
  — Galactic winds  
+ 
  — AGN outflow



IGM gas accretion
✓ gas depletion time scale  
 
𝜏dep = Mgas / SFR < 1 Gyr  
 

✓ G-dwarf problem: closed-box model fails 

✓ψSFR evolves much faster than ΩHI   

Binney: MNRAS 2000; Larson: Nature 1972; Madau&Dickinson: ARAA 2014; Zafar: MNRAS 2012



IGM gas accretion
✓ Hot mode: 

 T~Tvir gas accreting through the hot atmosphere  
 

✓Cold mode:  
T<105 K cold-dense IGM filaments directly feeding the galaxy

Keres: MNRAS 2009; van de Voort: MNRAS 2011 … 

Putman: 2016

The drop in the cosmic star formation rate below z = 2 5

Figure 1. Evolution of global accretion rate and SFR densities in resolved haloes with well-defined progenitors. The left, middle, and
right panels show global accretion rate densities onto haloes, onto central galaxies, and global SFR densities, respectively. Red and blue
curves show accretion rate densities (left and middle panels) and SFR densities (right panel) resulting from hot- and cold-mode accretion,
respectively. In all panels, the black curve is the sum of the red and blue curves, the green curve shows the global SFR density in the
selected haloes, and the grey curve shows the global SFR density in the entire simulation box. The small ‘step’ visible at z ≈ 4 is caused
by the sudden increase in the time resolution for determining accretion, i.e. ∆z between snapshots decreases by a factor of two at z = 4.
Galaxies accrete most of their gas in the cold mode and this mode is responsible for an even larger fraction of the star formation. Because
of outflows driven by supernovae and AGN, the SFR density is generally lower than the galaxy accretion rate density. The global SFR
declines more rapidly than either the total and hot-mode accretion rate densities. This decline must therefore be caused by the drop in
global cold-mode accretion rate, though with a delay.

global hot accretion rate peaks around z = 2, as does the
SFR density. The hot accretion rate is, however, not nearly
enough to account for all the star formation in these galaxies,
falling short by at least a factor of 2 at all redshifts. At z > 3,
the global cold accretion rate is an order of magnitude higher
than the global hot accretion rate. This difference decreases
to ∼ 0.25 dex by z = 0. At all redshifts, it is mostly cold
accretion that allows for the growth of galaxies, even though
hot accretion dominates the growth of haloes below z ≈ 2.

Comparing the middle panel to the left panel, we notice
that the global cold accretion rate onto galaxies is a factor of
∼ 3−4 lower than the cold accretion rate onto haloes. Not all
cold gas that accretes onto haloes makes it into the central
galaxy to form stars (see also V10). The shapes of the blue
curves are, however, similar, indicating that the fraction of
the gas accreting cold onto the halo that proceeds to accrete
onto the galaxy is roughly constant with time.

The situation is very different for global hot accretion
rates (red curves). Hot accretion onto the ISM has already
peaked at z ≈ 2.5, while hot accretion onto haloes con-
tinues to increase down to z = 0. This can be explained
by noting that as the Universe evolves, gas is heated to
higher temperatures, because haloes become more massive.
In addition, the average density of the Universe goes down.
The lower densities and higher temperatures gives rise to
longer cooling times. Moreover, winds from supernovae and
AGN eject low-entropy gas at high redshift, raising the en-
tropy of the gas in haloes at low redshift (Crain et al. 2010;
McCarthy et al. 2011). Hence, as time goes on, more of the
halo gas is unable to cool and reach the central galaxy. While
the gravitational potential is the most important factor for
the growth of haloes, for the growth of galaxies, the cooling
function and feedback processes also come into play.

The right panel of Figure 1, which shows the global
SFR densities due to hot and cold accretion, confirms that
the main fuel for star formation is gas accreted in the cold

mode. The difference becomes smaller towards lower red-
shift. However, even at z = 0 hot mode gas contributes
0.3 dex less than cold mode gas.

To investigate which haloes contribute most to the
global accretion rates and SFHs, we show the same quan-
tities as in Figure 1 for three different halo mass bins
in Figure 2. From top to bottom, the mass ranges are
1011 ! Mhalo < 1012 M⊙, 1012 ! Mhalo < 1013 M⊙, and
Mhalo " 1013 M⊙, which contain 21813, 2804, and 285 haloes
at z = 0. The shape of the total halo accretion rate density
in the lowest mass range is in agreement with that found by
Bouché et al. (2010) based on an extended Press-Schechter
formalism and a fit to dark matter accretion rates in N-body
simulations.

For z > 2 the global accretion rate densities onto haloes
(left column), galaxies (middle column), and the global star
formation rate density (right column) are all dominated by
haloes with Mhalo < 1012 M⊙ (top row). At that time,
higher-mass haloes are still too rare to contribute signif-
icantly. Below z ≈ 2 haloes with Mhalo = 1012−13 M⊙

(middle row) begin to contribute significantly and for ac-
cretion onto haloes, but not for accretion onto galaxies or
star formation, their contribution is overtaken by Mhalo =
1013−14 M⊙ haloes (bottom row) around z = 1.

Observe that the global halo accretion rate density
starts to decline at z ≈ 3 and z ≈ 2 for the low and mid-
dle halo mass bins, respectively, and that it keeps increasing
down to z = 0 for Mhalo " 1013 M⊙. The global cold ac-
cretion rate density decreases with time for z < 3, z < 2.5,
and z < 1 for the low, middle, and high halo mass bins,
respectively.

Both the galaxy accretion rate density and the SFR
density are dominated by Mhalo < 1012 M⊙ haloes at all
redshifts. Towards lower redshifts, high-mass haloes account
for larger fractions of the total galaxy accretion rate density
and SFR density, though they never dominate. High-mass

© 2011 RAS, MNRAS 000, 1–9
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selected haloes, and the grey curve shows the global SFR density in the entire simulation box. The small ‘step’ visible at z ≈ 4 is caused
by the sudden increase in the time resolution for determining accretion, i.e. ∆z between snapshots decreases by a factor of two at z = 4.
Galaxies accrete most of their gas in the cold mode and this mode is responsible for an even larger fraction of the star formation. Because
of outflows driven by supernovae and AGN, the SFR density is generally lower than the galaxy accretion rate density. The global SFR
declines more rapidly than either the total and hot-mode accretion rate densities. This decline must therefore be caused by the drop in
global cold-mode accretion rate, though with a delay.
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right panels show global accretion rate densities onto haloes, onto central galaxies, and global SFR densities, respectively. Red and blue
curves show accretion rate densities (left and middle panels) and SFR densities (right panel) resulting from hot- and cold-mode accretion,
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selected haloes, and the grey curve shows the global SFR density in the entire simulation box. The small ‘step’ visible at z ≈ 4 is caused
by the sudden increase in the time resolution for determining accretion, i.e. ∆z between snapshots decreases by a factor of two at z = 4.
Galaxies accrete most of their gas in the cold mode and this mode is responsible for an even larger fraction of the star formation. Because
of outflows driven by supernovae and AGN, the SFR density is generally lower than the galaxy accretion rate density. The global SFR
declines more rapidly than either the total and hot-mode accretion rate densities. This decline must therefore be caused by the drop in
global cold-mode accretion rate, though with a delay.
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Bouché et al. (2010) based on an extended Press-Schechter
formalism and a fit to dark matter accretion rates in N-body
simulations.

For z > 2 the global accretion rate densities onto haloes
(left column), galaxies (middle column), and the global star
formation rate density (right column) are all dominated by
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An Introduction to Gas Accretion onto Galaxies 5

strongest in the local universe where the metallicity of individual long-lived stars
can be measured (Holmberg et al. 2007; Kirby et al. 2013; Grillmair et al. 1996),
but it is also consistent with the metallicities derived from the integrated stellar
light observations of galaxies (e.g. Henry & Worhey et al. 1999; Bressan et al. 1994;
Stott et al. 2014; Gallazzi et al. 2005). The metallicity distribution of planetary neb-
ulae has also been used as evidence for gas accretion (e.g. Magrini et al. 2007).
These metallicity results are for a variety of galaxy types and the fact that the ac-
creting gas needs to be relatively low metallicity is considered support for the IGM
being a major source of accretion.

3 Expected Modes of Accretion

Fig. 2 A representation of the three expected sources of accretion with red indicating hot gas and
blue cooler gas. a) (top-left) Accretion from the IGM along filaments where the outer parts are
heated and the inner parts are able to cool. The hot IGM-originated halo gas cooling near the disk
as it mixes with denser gas is also indicated. b) (top-right) Feedback material can accrete as part
of a fountain flow close to the disk with hot gas from stellar feedback rising and then cooling and
falling back down. Gas from a central outflow will mix with existing halo density enhancements
and this may also result in cool clumps that eventually accrete. c) (bottom) Satellites are stripped
of their gas as they move through the diffuse halo medium and this gas will fall to the disk as warm
clouds. As the gas slows and mixes with denser feedback material it can potentially re-cool close
to the disk.
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Regulating galaxy growth
✓ outflow:  

- perpendicular to the disk  
- enriched  

✓IGM accretion  
- coplanar  
- pristine 

✓bimodality?  

✓QSO-galaxy pairs to probe CGM

halo spin

Accreting gas



Bimodality
The Astrophysical Journal Letters, 760:L7 (5pp), 2012 November 20 Kacprzak, Churchill, & Nielsen

Figure 1. Top: binned azimuthal angle mean probability distribution function
for 88 absorbing galaxies (solid line) and 35 non-absorbing galaxies (dashed
line). The areas of the histograms are normalized to the total number of galaxies
in each sub-sample. The shaded regions are 1σ confidence intervals based upon
a jackknife analysis in which 10% of the sub-sample was removed at random.
Given galaxies exist in multiple bins, the size of the 1σ confidence intervals
does not simply scale as the square root of the number of galaxies per bin.
However, the sizes of the confidence intervals will increase if more galaxies
are removed in the jackknife analysis. The non-absorbers are consistent with a
random distribution within the expected Poisson noise. The bimodal distribution
suggests a preference for Mg ii absorbing gas toward the galaxy major axis
(Φ = 0◦) and along the minor axis (Φ = 90◦). Bottom: azimuthal dependence of
the covering fraction with shaded regions providing the 1σ confidence intervals.
Note the higher covering fractions along the major and minor axes.
(A color version of this figure is available in the online journal.)

and minor axis orientation preferences, respectively, far out into
the halo.

The width of each peak in the mean PDF provides rough
constraints on the geometry of outflowing and inflowing Mg ii
gas. The peak at Φ = 0◦ suggests that accreting gas is found
within ∆Φ ≃ ±20◦ of the galaxy plane. For Φ = 90◦, the peak
is initially narrow, suggesting the majority of galaxies expel gas
within ∆Φ ≃ ±10◦ of their minor axis. The much broader tail of
the Φ = 90◦ peak suggests that the opening angle of outflowing
gas may be as large as ∆Φ ≃ ±50◦, but also the frequency at
which this gas is detected decreases for larger opening angles.
Our estimated outflow opening angle is consistent with other

Figure 2. Galaxy color dependence of the azimuthal distribution of Mg ii
absorbers. The solid line (black) is the distribution shown in Figure 1. The
color selection adopted from Chen et al. (2010a) of B − R ! 1.1 represents
late-type galaxies (dashed blue line) and B − R > 1.1 represents early-type
galaxies (dotted red line). Shaded regions are 1σ confidence intervals based on
a jackknife analysis. The data are consistent with star-forming galaxies being
dominated by outflows.
(A color version of this figure is available in the online journal.)

published values determined using different techniques (e.g.,
Walter et al. 2002; Martin et al. 2012). The ratio of the area
between the outflowing and infalling gas, bifurcated at 40◦,
suggests that ≃60% of Mg ii absorbing gas is outflowing.

In Figure 1, we plot the Mg ii gas covering fraction, which
is the ratio of the number of absorbers to the sum of absorbers
and non-absorbers in each azimuthal bin. This first presentation
of the covering fraction as a function of azimuthal angle shows
a peak at 0.8–0.9 along the projected minor axis, a decrease of
20%–30% at intermediate Φ, and an increase again toward the
projected major axis. The mean covering fraction of our sample,
72%, is consistent with previous results (e.g., Kacprzak et al.
2008; Chen et al. 2010a).

3.1. Colors, Equivalent Widths, and Φ

We separated the sample of absorbers into early-type and late-
type galaxies based on their rest-frame B − R colors. Following
Chen et al. (2010a), we adopted the color cut B − R ! 1.1
to represent late-type (blue) galaxies and B − R > 1.1 to
represent early-type (red) galaxies. In Figure 2, we present
the mean azimuthal angle PDF broken down by galaxy color.
The early-type galaxies exhibit a relatively flat distribution
with ∼±1σ fluctuations across bins. However, the elevated
frequency at Φ = 0◦ is suggestive that gas is accreted along the
major axis, which may provide the cool gas reservoirs observed
around early-type galaxies (e.g., Grossi et al. 2009). The late-
type galaxies clearly dominate the overall bimodal distribution.
This result is intuitive if we speculate that red galaxies have
significantly less accreting gas, and therefore little fuel for star
formation, resulting in no outflowing gas. For blue galaxies, the
accretion is higher, providing fuel for star formation that then
produces outflows. We also split the absorber sample by galaxy
color to yield equal numbers of red and blue galaxies in each sub-
sample; the same trend appears. The azimuthal bimodality of

3

Geometry at z~0.1

Bordoloi+11, Bouche+12

aligned with major 
 axis: infall 

align with minor axis: 
outflow

• accretion co-planar to 
disc	

• outflows perpendicular 
along minor axis

Azimuth Angle (𝚽)

Kacprzak: ApJ 2012; Bordoloi: ApJ 2012; …

infall outflow



Bimodality
The Astrophysical Journal, 770:138 (32pp), 2013 June 20 Lehner et al.

Figure 3. Metallicity distribution function of the LLS at z ! 1. The hashed histograms highlight values that are upper limits. The metallicity distribution is bimodal
where the peak values are shown by the vertical dotted lines. For the LLS with [X/H] " −1, the mean metallicity is an upper limit as 6/14 of the [X/H] estimates are
upper limits.
(A color version of this figure is available in the online journal.)

and metal-rich groups. If limits are removed from the sample, the
conclusions would be essentially the same, with D = 4.5 ± 0.9,
except that the metal-poor group would consist of about 36%
of the entire sample. Hence the GMM method and the dip test
demonstrate with a high level of confidence that the (unbinned)
LLS metallicity distribution is bimodal. Note that, as above, µ1
should be considered an upper limit.

In order to compare the LLS metallicity distribution with
that of the optically thick absorbers (SLLS and DLAs), we
systematically searched the literature for SLLS and DLAs at
z ! 1 for which the metallicity has been estimated. The entire
sample is summarized in Table 1 where the absorbers are ordered
by increasing NH i values. SLLS and DLAs were largely pre-
selected based on the observations of strong Mg ii λλ2796,
2802 absorption, with the exception of the SLLS and DLAs
from Tripp et al. (2005) and Battisti et al. (2012). The typical
selection for the DLA sample used a criterion of rest equivalent
width of Mg ii λ2796 Wλ " 0.6 Å (e.g., Rao et al. 2006). For
this cut-off Rao et al. (2006) argued that the DLA sample is
essentially complete and therefore free of metallicity bias. On
the other hand, this might not be the case for the SLLS. We will
therefore treat the metal-selected SLLS sample with that caveat
in mind.

In Figure 4, we show the H i column density distribution for
the entire sample summarized in Table 1. There are 29 LLS
(28 H i-selected, 1 Mg ii-selected), 29 SLLS, and 26 DLAs. For
the LLS, most of the absorbers have 16.2 ! log NH i ! 17,

Figure 4. Distribution of the H i column density for the entire sample (LLS,
SLLS, DLAs).
(A color version of this figure is available in the online journal.)

while 5/29 have higher NH i. The lack of LLS with log NH i #
17.5 (τLL > 1) is primarily an observational bias owing to
the UV selection of the QSOs, and, secondarily due to the
difficulty to reliably estimate NH i at 17.5 ! log NH i ! 18.7.
This observational selection effect therefore affects the H i
distribution, but there is not an obvious bias imparted to the
metallicity distribution.

9

4086 S. Quiret et al.

Figure 9. Metallicity (left-hand panels: [α/H], right-hand panels: [Fe/H]) distribution of sub-DLAs for different redshift bins: z > 2.4 (top panels), 1.25 <

z < 2.4 (middle panels) and z < 1.25 (bottom panels). The black vertical dashed lines represent the mean values derived from the zabs < 1 LLS sub-groups
by Lehner et al. (2013). The black areas represent upper limits. The metallicity distribution is a strong function of redshift and only the lowest redshift range
presents hints of a bimodal distribution for the [Fe/H] metallicity.

MNRAS 458, 4074–4121 (2016)
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(Martin et al. 2012; Schroetter et al. 2015) have been observed to
extend out to 100 kpc along the galaxies’ minor axes (Bordoloi et al.
2011), a fraction of which could be associated with galactic winds.
Outflows are ubiquitous in galaxies at various redshifts (Pettini
et al. 2001, 2002; Cabanac, Valls-Gabaud & Lidman 2008; Heck-
man et al. 2015). Interestingly, the circumgalactic gas has also been
probed in emission by Steidel et al. (2011) who stacked narrow-
band images of z ∼ 2–3 galaxies and revealed diffuse Lyα haloes
extending to 80 kpc. More recently, the Guaranteed Time Observa-
tions (GTO) Multi Unit Spectroscopic Explorer (MUSE) team used
a 27-h deep field to report Lyα haloes in individual emitters down
to a limiting surface brightness of ∼10−19 erg s−1 cm−2 arcsec−2

with a scale length of a few kpc (Wisotzki et al. 2016).
While observational evidence for outflows is growing, direct

probes of infall are notoriously more difficult to gather. So far, the
accretion of cool gaseous material has been directly observed only
in the Milky Way in high-velocity clouds in 21 cm emission at dis-
tances of 5–20 kpc (Lehner & Howk 2011; Richter et al. 2014). At
larger distances, nearby spirals exhibit both extraplanar H I clouds
and morphological disturbances, which may be attributed to gas in-
fall (Sancisi et al. 2008). However, the emission from these diffuse
structures is difficult to map at high redshift. Nevertheless, detec-
tions suggestive of cool gas inflows have recently been reported in
a few objects (Rubin et al. 2011; Martin et al. 2012; Bouché et al.
2013; Diamond-Stanic et al. 2016).

A powerful tool to study the CGM gas is offered by absorption
lines in quasar spectra. We have initiated a novel technique to exam-
ine this gas in absorption against background sources whose lines
of sight pass through the CGM of galaxies using 3D spectroscopy
(Bouché et al. 2007; Péroux et al. 2011a). Over the past few years,
we have demonstrated the power of this technique for studying the
CGM using Very Large Telescope (VLT)/Spectrograph for Integral
Field Observations in the Near Infrared (SINFONI) by successfully
detecting the galaxies responsible for strong N (H I) absorbers at
redshifts z ∼ 1 and ∼2 (Péroux et al. 2011b, 2012, 2013, 2016;
Péroux, Kulkarni & York 2014). These detections have enabled us
to map the kinematics, star formation rate (SFR) and metallicity
of this emitting gas, and to estimate the dynamical masses of these
galaxies. Out of our six detections for absorbers with known N (H I),
we find evidence for the presence of outflows in two of them, while
three are consistent with gas accretion. The remaining system at
z ∼ 2 is poorly constrained (Péroux et al. 2016).

Having demonstrated the power of 3D spectroscopy for study of
the CGM at high-z (Péroux et al. 2016), we now extend the tech-
nique at low redshift with the MUSE optical spectrograph. Here,
we present results from new observations of a sub-damped Lyman
α (DLA) at zabs = 0.42980. The paper is organized as follows.
Section 2 presents the ancillary and new observations of the ab-
sorber and the quasar field. Section 3 shows the analysis performed
on the new MUSE and ancillary observations presented here. Fi-
nally, in Section 4, we explore different scenarios to explain the
gas seen in absorption in relation with the objects observed in the
field. Throughout this paper we adopt an H0 = 70 km s−1 Mpc−1,
"M = 0.3 and "# = 0.7 cosmology.

2 O B S E RVAT I O N S O F TH E Q 2 1 3 1−1 2 0 7 F I E L D

2.1 Quasar spectroscopy: absorption properties

The absorption system at zabs = 0.42980 in the spectrum of
the quasar Q2131−1207 was originally reported by Weymann
et al. (1979) as a Mg II and Fe II absorber. Rao, Turnshek &

Figure 1. Absorption profiles. Excerpts from the high-resolution
Keck/HIRES spectrum of the quasar Q2131−1207 showing absorption lines
of Fe II, Mg II and Mg I. The zero velocity component is set to the redshift
of galaxy ‘a’, zgal = 0.43005. Most of the absorption appears to lie blue-
wards of this systemic redshift. We note however one weak component at
∼+50 km s−1 which is only seen in the strongest transitions (i.e. Mg II).

Nestor (2006) measured log [N(H I)/cm−2] = 19.18 ± 0.03 from
archival Hubble Space Telescope (HST)/Faint Object Spectrograph
(FOS) spectra. Muzahid et al. (2016) used recent HST/ Cosmic
Origins Spectrograph (COS) far-ultraviolet (FUV) data to de-
rive log [N(H I)/cm−2] = 19.50 ± 0.15 which we adopt in the
following.

Som et al. (2015) used HST/COS near-ultraviolet (NUV) spec-
troscopy to determine the absorption metallicity (S, Si and C)
of the absorber using a five-component velocity structure over
∼100 km s−1. They further perform detailed photoionization mod-
elling based on the CLOUDY software to estimate the ionization frac-
tion of gas in this sub-DLA. Using the Si III/Si II ratio, they deduce
an ionization parameter log U < −2.8. The additional HST/COS
FUV quasar spectra presented by Muzahid et al. (2016) confirm
these results while providing additional information on the absorp-
tion properties of the system. Abundances of O, S, Si, C, N, Ar, Fe,
Mg, Mn and Ca have been obtained from HST/COS for the first six
elements and Keck/High Resolution Echelle Spectrometer (HIRES)
archival spectra for the remaining (Som et al. 2015; Muzahid et al.
2016). Excerpts from the velocity profiles in Fe II, Mg II and Mg I are
shown in Fig. 1. The zero velocity component is set to the redshift
of galaxy ‘a’, zgal = 0.43005. Most of the absorption appears to
lie bluewards of this systemic redshift. We note however one weak
component at ∼+50 km s−1 which is only seen in the strongest tran-
sitions (i.e. Mg II). The CLOUDY modelling by Muzahid et al. (2016)
leads to a density of log (nH/cm−2) ∼ −0.2 corresponding to a den-
sity nH ∼ 0.6 cm−3 and an ionization parameter of log U ∼ −5.6 in
agreement with earlier claims. The resulting ionization corrections
vary from element to element, but are, as expected, negligible for
O I, leading to an absorbing metallicity with respect to solar of
[O/H] = −0.26 ± 0.19 (1σ uncertainty).

Here, we apply the multi-element analysis proposed by Jenk-
ins (2009) to estimate the dust content of the absorber. We refer
the reader to Quiret et al. (2016) for a complete description of
the method applied to quasar absorbers. In short, the method com-
pares the dust depletion of dense neutral hydrogen systems to the
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sub-DLA at zabs=0.43, Z~0.3Z⊙
Absorbing gas associated with a galaxy group 2057

Figure 4. Reconstructed white-light image of the combined exposures.
Orientation is north(up)-east(left) and the field-of-view is 59.9 × 60 arcsec2.
All the objects identified in the field are marked with a black or white (colour
depending on contrast) square with an associated id number. The quasar is
object 32, the nearby dwarf galaxy at zgal = 0.74674 is object 31 and the
strong emitter at zgal = 4.8986, coincident with the redshifted wavelength
of [O III] λ5008 at the redshift of the sub-DLA is object 38. Objects 28, 36,
57 and 66 shown with an additional circle have redshifts consistent with the
absorption redshift of the sub-DLA present in the quasar spectrum.

asymmetric emission+absorption line profile and the presence of
narrow N V λ1240.81 emission (Fig. A2 of Appendix A). This object
is marked as ‘LAE’ in Fig. 5 and shown with a red arrow in Fig. 6.

In these MUSE data, we recover the known large galaxy (galaxy
‘a’) reported by Bergeron (1986) at an angular distance of 9.2 arcsec
from the quasar. This bright object is clearly extended and displays

Figure 5. A pseudo-narrow-band filter around [O III] λ5008 at the redshift
of the absorber. The PSF of the bright objects in the field are removed and
marked with black crosses but for the quasar which is shown as a blue cross.
The spectrum of the object labelled Lyα emitter (LAE) is shown in Fig. A2
of Appendix A. The four emitters at the redshift of the sub-DLA are shown
with squares and labelled ‘a’ to ‘d’. These are the same objects as labelled
28, 36, 57 and 66 in Fig. 4.

Figure 6. A 3D rendering of the pseudo-narrow-band filter around [O III]
λ5008 at the redshift of the absorber. The colour bar indicates fluxes in units
of 10−20 erg s−1 cm−2 Å−1. Orientation is north(up)-east(left). Continuum-
detected objects are shown as cylinders. The quasar has been subtracted and
its location is shown as a grid in the wavelength plane. The emitters at the
redshift of the sub-DLA are indicated with green arrows. The northern most
object is clearly detected in the continuum while others are not. The red
arrow indicates a background Lyα emitter at zgal = 4.8986, whose spectrum
is shown in Fig. A2 of Appendix A.

spiral arms or possibly tidal tails from an interacting system. In
addition to this object, we report three new detections at the redshift
of the sub-DLA. One of these, dubbed galaxy ‘b’ is at a similar
angular distance from the quasar as galaxy ‘a’, 10.7 arcsec. It is
significantly fainter than galaxy ‘a’ and barely visible in the HST
images (Muzahid et al. 2016). Two other objects, galaxies ‘c’ and ‘d’
are further away at 26.0 and 30.7 arcsec, respectively, corresponding
to 147 and 174 kpc at the redshift of the sub-DLA and fall outside the
HST field. While we consider these two galaxies to be too far away
from the quasar sightline to be the hosts of the sub-DLAs (Péroux
et al. 2003), they are likely to trace a more general structure at that
redshift. The sky location of each of these objects is reported in
Table 3, including a reference id from Fig. 4.

To extract 1D spectra for each of these galaxies, we adjust the
radius according to the galaxy size to be (for galaxy ‘a’ to ‘d’): 10, 5,
3 and 8 pixels, respectively, and add the 1D spectra for each spaxel
within these radii. Fig. 7 presents the resulting whole spectrum for
galaxy ‘a’. The continuum of galaxy ‘a’ is clearly detected, showing
also numerous emission lines of the unresolved [O II] doublet, Hδ,
Hβ and [O III] as well as absorption lines from Ca H&K and a
prominent Balmer decrement. We note that the absorption lines
from Ca H&K aligned well with the systemic redshift of the galaxy
so that he ‘down-the-barel’ technique indicates no sign of gas flows
at this spectral resolution. The remaining galaxies have a weak
continuum but all show the five emission lines listed above, except
for galaxy ‘c’ for which an upper limit in [O III] 4960 Å can be
derived and galaxy ‘d’ for which an upper limit in [O III] 5008 Å
can be derived. We derive a 3σ upper limit for non-detection based
on the measured rms at the expected position of the line for an
unresolved source spread over 6 spatial pixels and spectral FWHM
= 2.4 pixels = 3 Å. Fig. 8 displays the [O II] (left-hand panel) and
Hβ and [O III] (right-hand panel) regions of all four galaxies.

The fluxes of the detected emission lines are estimated from
Gaussian fit. The Hβ emission line in galaxy ‘a’ has the charac-
teristic broad stellar absorption line component at the base of the
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(Martin et al. 2012; Schroetter et al. 2015) have been observed to
extend out to 100 kpc along the galaxies’ minor axes (Bordoloi et al.
2011), a fraction of which could be associated with galactic winds.
Outflows are ubiquitous in galaxies at various redshifts (Pettini
et al. 2001, 2002; Cabanac, Valls-Gabaud & Lidman 2008; Heck-
man et al. 2015). Interestingly, the circumgalactic gas has also been
probed in emission by Steidel et al. (2011) who stacked narrow-
band images of z ∼ 2–3 galaxies and revealed diffuse Lyα haloes
extending to 80 kpc. More recently, the Guaranteed Time Observa-
tions (GTO) Multi Unit Spectroscopic Explorer (MUSE) team used
a 27-h deep field to report Lyα haloes in individual emitters down
to a limiting surface brightness of ∼10−19 erg s−1 cm−2 arcsec−2

with a scale length of a few kpc (Wisotzki et al. 2016).
While observational evidence for outflows is growing, direct

probes of infall are notoriously more difficult to gather. So far, the
accretion of cool gaseous material has been directly observed only
in the Milky Way in high-velocity clouds in 21 cm emission at dis-
tances of 5–20 kpc (Lehner & Howk 2011; Richter et al. 2014). At
larger distances, nearby spirals exhibit both extraplanar H I clouds
and morphological disturbances, which may be attributed to gas in-
fall (Sancisi et al. 2008). However, the emission from these diffuse
structures is difficult to map at high redshift. Nevertheless, detec-
tions suggestive of cool gas inflows have recently been reported in
a few objects (Rubin et al. 2011; Martin et al. 2012; Bouché et al.
2013; Diamond-Stanic et al. 2016).

A powerful tool to study the CGM gas is offered by absorption
lines in quasar spectra. We have initiated a novel technique to exam-
ine this gas in absorption against background sources whose lines
of sight pass through the CGM of galaxies using 3D spectroscopy
(Bouché et al. 2007; Péroux et al. 2011a). Over the past few years,
we have demonstrated the power of this technique for studying the
CGM using Very Large Telescope (VLT)/Spectrograph for Integral
Field Observations in the Near Infrared (SINFONI) by successfully
detecting the galaxies responsible for strong N (H I) absorbers at
redshifts z ∼ 1 and ∼2 (Péroux et al. 2011b, 2012, 2013, 2016;
Péroux, Kulkarni & York 2014). These detections have enabled us
to map the kinematics, star formation rate (SFR) and metallicity
of this emitting gas, and to estimate the dynamical masses of these
galaxies. Out of our six detections for absorbers with known N (H I),
we find evidence for the presence of outflows in two of them, while
three are consistent with gas accretion. The remaining system at
z ∼ 2 is poorly constrained (Péroux et al. 2016).

Having demonstrated the power of 3D spectroscopy for study of
the CGM at high-z (Péroux et al. 2016), we now extend the tech-
nique at low redshift with the MUSE optical spectrograph. Here,
we present results from new observations of a sub-damped Lyman
α (DLA) at zabs = 0.42980. The paper is organized as follows.
Section 2 presents the ancillary and new observations of the ab-
sorber and the quasar field. Section 3 shows the analysis performed
on the new MUSE and ancillary observations presented here. Fi-
nally, in Section 4, we explore different scenarios to explain the
gas seen in absorption in relation with the objects observed in the
field. Throughout this paper we adopt an H0 = 70 km s−1 Mpc−1,
"M = 0.3 and "# = 0.7 cosmology.

2 O B S E RVAT I O N S O F TH E Q 2 1 3 1−1 2 0 7 F I E L D

2.1 Quasar spectroscopy: absorption properties

The absorption system at zabs = 0.42980 in the spectrum of
the quasar Q2131−1207 was originally reported by Weymann
et al. (1979) as a Mg II and Fe II absorber. Rao, Turnshek &

Figure 1. Absorption profiles. Excerpts from the high-resolution
Keck/HIRES spectrum of the quasar Q2131−1207 showing absorption lines
of Fe II, Mg II and Mg I. The zero velocity component is set to the redshift
of galaxy ‘a’, zgal = 0.43005. Most of the absorption appears to lie blue-
wards of this systemic redshift. We note however one weak component at
∼+50 km s−1 which is only seen in the strongest transitions (i.e. Mg II).

Nestor (2006) measured log [N(H I)/cm−2] = 19.18 ± 0.03 from
archival Hubble Space Telescope (HST)/Faint Object Spectrograph
(FOS) spectra. Muzahid et al. (2016) used recent HST/ Cosmic
Origins Spectrograph (COS) far-ultraviolet (FUV) data to de-
rive log [N(H I)/cm−2] = 19.50 ± 0.15 which we adopt in the
following.

Som et al. (2015) used HST/COS near-ultraviolet (NUV) spec-
troscopy to determine the absorption metallicity (S, Si and C)
of the absorber using a five-component velocity structure over
∼100 km s−1. They further perform detailed photoionization mod-
elling based on the CLOUDY software to estimate the ionization frac-
tion of gas in this sub-DLA. Using the Si III/Si II ratio, they deduce
an ionization parameter log U < −2.8. The additional HST/COS
FUV quasar spectra presented by Muzahid et al. (2016) confirm
these results while providing additional information on the absorp-
tion properties of the system. Abundances of O, S, Si, C, N, Ar, Fe,
Mg, Mn and Ca have been obtained from HST/COS for the first six
elements and Keck/High Resolution Echelle Spectrometer (HIRES)
archival spectra for the remaining (Som et al. 2015; Muzahid et al.
2016). Excerpts from the velocity profiles in Fe II, Mg II and Mg I are
shown in Fig. 1. The zero velocity component is set to the redshift
of galaxy ‘a’, zgal = 0.43005. Most of the absorption appears to
lie bluewards of this systemic redshift. We note however one weak
component at ∼+50 km s−1 which is only seen in the strongest tran-
sitions (i.e. Mg II). The CLOUDY modelling by Muzahid et al. (2016)
leads to a density of log (nH/cm−2) ∼ −0.2 corresponding to a den-
sity nH ∼ 0.6 cm−3 and an ionization parameter of log U ∼ −5.6 in
agreement with earlier claims. The resulting ionization corrections
vary from element to element, but are, as expected, negligible for
O I, leading to an absorbing metallicity with respect to solar of
[O/H] = −0.26 ± 0.19 (1σ uncertainty).

Here, we apply the multi-element analysis proposed by Jenk-
ins (2009) to estimate the dust content of the absorber. We refer
the reader to Quiret et al. (2016) for a complete description of
the method applied to quasar absorbers. In short, the method com-
pares the dust depletion of dense neutral hydrogen systems to the
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zabs=0.43 Absorbing gas associated with a galaxy group 2057

Figure 4. Reconstructed white-light image of the combined exposures.
Orientation is north(up)-east(left) and the field-of-view is 59.9 × 60 arcsec2.
All the objects identified in the field are marked with a black or white (colour
depending on contrast) square with an associated id number. The quasar is
object 32, the nearby dwarf galaxy at zgal = 0.74674 is object 31 and the
strong emitter at zgal = 4.8986, coincident with the redshifted wavelength
of [O III] λ5008 at the redshift of the sub-DLA is object 38. Objects 28, 36,
57 and 66 shown with an additional circle have redshifts consistent with the
absorption redshift of the sub-DLA present in the quasar spectrum.

asymmetric emission+absorption line profile and the presence of
narrow N V λ1240.81 emission (Fig. A2 of Appendix A). This object
is marked as ‘LAE’ in Fig. 5 and shown with a red arrow in Fig. 6.

In these MUSE data, we recover the known large galaxy (galaxy
‘a’) reported by Bergeron (1986) at an angular distance of 9.2 arcsec
from the quasar. This bright object is clearly extended and displays

Figure 5. A pseudo-narrow-band filter around [O III] λ5008 at the redshift
of the absorber. The PSF of the bright objects in the field are removed and
marked with black crosses but for the quasar which is shown as a blue cross.
The spectrum of the object labelled Lyα emitter (LAE) is shown in Fig. A2
of Appendix A. The four emitters at the redshift of the sub-DLA are shown
with squares and labelled ‘a’ to ‘d’. These are the same objects as labelled
28, 36, 57 and 66 in Fig. 4.

Figure 6. A 3D rendering of the pseudo-narrow-band filter around [O III]
λ5008 at the redshift of the absorber. The colour bar indicates fluxes in units
of 10−20 erg s−1 cm−2 Å−1. Orientation is north(up)-east(left). Continuum-
detected objects are shown as cylinders. The quasar has been subtracted and
its location is shown as a grid in the wavelength plane. The emitters at the
redshift of the sub-DLA are indicated with green arrows. The northern most
object is clearly detected in the continuum while others are not. The red
arrow indicates a background Lyα emitter at zgal = 4.8986, whose spectrum
is shown in Fig. A2 of Appendix A.

spiral arms or possibly tidal tails from an interacting system. In
addition to this object, we report three new detections at the redshift
of the sub-DLA. One of these, dubbed galaxy ‘b’ is at a similar
angular distance from the quasar as galaxy ‘a’, 10.7 arcsec. It is
significantly fainter than galaxy ‘a’ and barely visible in the HST
images (Muzahid et al. 2016). Two other objects, galaxies ‘c’ and ‘d’
are further away at 26.0 and 30.7 arcsec, respectively, corresponding
to 147 and 174 kpc at the redshift of the sub-DLA and fall outside the
HST field. While we consider these two galaxies to be too far away
from the quasar sightline to be the hosts of the sub-DLAs (Péroux
et al. 2003), they are likely to trace a more general structure at that
redshift. The sky location of each of these objects is reported in
Table 3, including a reference id from Fig. 4.

To extract 1D spectra for each of these galaxies, we adjust the
radius according to the galaxy size to be (for galaxy ‘a’ to ‘d’): 10, 5,
3 and 8 pixels, respectively, and add the 1D spectra for each spaxel
within these radii. Fig. 7 presents the resulting whole spectrum for
galaxy ‘a’. The continuum of galaxy ‘a’ is clearly detected, showing
also numerous emission lines of the unresolved [O II] doublet, Hδ,
Hβ and [O III] as well as absorption lines from Ca H&K and a
prominent Balmer decrement. We note that the absorption lines
from Ca H&K aligned well with the systemic redshift of the galaxy
so that he ‘down-the-barel’ technique indicates no sign of gas flows
at this spectral resolution. The remaining galaxies have a weak
continuum but all show the five emission lines listed above, except
for galaxy ‘c’ for which an upper limit in [O III] 4960 Å can be
derived and galaxy ‘d’ for which an upper limit in [O III] 5008 Å
can be derived. We derive a 3σ upper limit for non-detection based
on the measured rms at the expected position of the line for an
unresolved source spread over 6 spatial pixels and spectral FWHM
= 2.4 pixels = 3 Å. Fig. 8 displays the [O II] (left-hand panel) and
Hβ and [O III] (right-hand panel) regions of all four galaxies.

The fluxes of the detected emission lines are estimated from
Gaussian fit. The Hβ emission line in galaxy ‘a’ has the charac-
teristic broad stellar absorption line component at the base of the
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Absorbing gas associated with a galaxy group 2057

Figure 4. Reconstructed white-light image of the combined exposures.
Orientation is north(up)-east(left) and the field-of-view is 59.9 × 60 arcsec2.
All the objects identified in the field are marked with a black or white (colour
depending on contrast) square with an associated id number. The quasar is
object 32, the nearby dwarf galaxy at zgal = 0.74674 is object 31 and the
strong emitter at zgal = 4.8986, coincident with the redshifted wavelength
of [O III] λ5008 at the redshift of the sub-DLA is object 38. Objects 28, 36,
57 and 66 shown with an additional circle have redshifts consistent with the
absorption redshift of the sub-DLA present in the quasar spectrum.

asymmetric emission+absorption line profile and the presence of
narrow N V λ1240.81 emission (Fig. A2 of Appendix A). This object
is marked as ‘LAE’ in Fig. 5 and shown with a red arrow in Fig. 6.

In these MUSE data, we recover the known large galaxy (galaxy
‘a’) reported by Bergeron (1986) at an angular distance of 9.2 arcsec
from the quasar. This bright object is clearly extended and displays

Figure 5. A pseudo-narrow-band filter around [O III] λ5008 at the redshift
of the absorber. The PSF of the bright objects in the field are removed and
marked with black crosses but for the quasar which is shown as a blue cross.
The spectrum of the object labelled Lyα emitter (LAE) is shown in Fig. A2
of Appendix A. The four emitters at the redshift of the sub-DLA are shown
with squares and labelled ‘a’ to ‘d’. These are the same objects as labelled
28, 36, 57 and 66 in Fig. 4.

Figure 6. A 3D rendering of the pseudo-narrow-band filter around [O III]
λ5008 at the redshift of the absorber. The colour bar indicates fluxes in units
of 10−20 erg s−1 cm−2 Å−1. Orientation is north(up)-east(left). Continuum-
detected objects are shown as cylinders. The quasar has been subtracted and
its location is shown as a grid in the wavelength plane. The emitters at the
redshift of the sub-DLA are indicated with green arrows. The northern most
object is clearly detected in the continuum while others are not. The red
arrow indicates a background Lyα emitter at zgal = 4.8986, whose spectrum
is shown in Fig. A2 of Appendix A.

spiral arms or possibly tidal tails from an interacting system. In
addition to this object, we report three new detections at the redshift
of the sub-DLA. One of these, dubbed galaxy ‘b’ is at a similar
angular distance from the quasar as galaxy ‘a’, 10.7 arcsec. It is
significantly fainter than galaxy ‘a’ and barely visible in the HST
images (Muzahid et al. 2016). Two other objects, galaxies ‘c’ and ‘d’
are further away at 26.0 and 30.7 arcsec, respectively, corresponding
to 147 and 174 kpc at the redshift of the sub-DLA and fall outside the
HST field. While we consider these two galaxies to be too far away
from the quasar sightline to be the hosts of the sub-DLAs (Péroux
et al. 2003), they are likely to trace a more general structure at that
redshift. The sky location of each of these objects is reported in
Table 3, including a reference id from Fig. 4.

To extract 1D spectra for each of these galaxies, we adjust the
radius according to the galaxy size to be (for galaxy ‘a’ to ‘d’): 10, 5,
3 and 8 pixels, respectively, and add the 1D spectra for each spaxel
within these radii. Fig. 7 presents the resulting whole spectrum for
galaxy ‘a’. The continuum of galaxy ‘a’ is clearly detected, showing
also numerous emission lines of the unresolved [O II] doublet, Hδ,
Hβ and [O III] as well as absorption lines from Ca H&K and a
prominent Balmer decrement. We note that the absorption lines
from Ca H&K aligned well with the systemic redshift of the galaxy
so that he ‘down-the-barel’ technique indicates no sign of gas flows
at this spectral resolution. The remaining galaxies have a weak
continuum but all show the five emission lines listed above, except
for galaxy ‘c’ for which an upper limit in [O III] 4960 Å can be
derived and galaxy ‘d’ for which an upper limit in [O III] 5008 Å
can be derived. We derive a 3σ upper limit for non-detection based
on the measured rms at the expected position of the line for an
unresolved source spread over 6 spatial pixels and spectral FWHM
= 2.4 pixels = 3 Å. Fig. 8 displays the [O II] (left-hand panel) and
Hβ and [O III] (right-hand panel) regions of all four galaxies.

The fluxes of the detected emission lines are estimated from
Gaussian fit. The Hβ emission line in galaxy ‘a’ has the charac-
teristic broad stellar absorption line component at the base of the
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Figure 9. Morphokinematic analysis of galaxy ‘a’. The maps in the top row show the MUSE observations. The maps in the bottom row illustrate the results
from our 3D modelling. The bottom right-hand panel shows the residuals from the subtraction of the model from the observations. The direction to the quasar
is shown with a white arrow in the top right-hand panel. The orientation and scales are indicated on the figures. The maps clearly show the spiral arms of galaxy
‘a’ or possibly tidal tails in an interacting system as well as substructure in [O III] on scales of 1 arcsec. The velocity field and velocity dispersion (peaking in
the centre) maps clearly indicate rotation expected from an extended disc. We measure Vmax = 200 ± 3 km s−1 corresponding to Mdyn = 7.4 ± 0.4 × 1010 M⊙
and Mhalo = 2.9 ± 0.2 × 1012 M⊙.

line-of-sight (see Fig. 9). This is broadly consistent with what is
seen in the absorption profile, with most of the absorption taking
place at velocities between v ≃ −100 and −50 km s−1 from the sys-
temic redshift of galaxy ‘a’ (see Fig. 9). In addition, the metallicity
measured in absorption is comparable with the one expected from
the measured flat internal metallicity gradient at impact parameter δ

= 52 kpc. However, we note that this scenario does not explain the
weak components seen in absorption in the strong lines of Mg II and
redwards of the systemic redshift of the galaxy at v ≃ +50 km s−1.
This further calls for additional physical processes to explain the
gas seen in absorption.

4.2 Gas flows

Simulations indicate that in galaxies driving large-scale outflows the
outflowing gas preferentially leaves the galaxy along its minor axis
(path of least resistance), preventing infall of material from regions
above and below the disc plane (Brook et al. 2011). As a result,
inflowing gas is almost coplanar with the galaxy disc and is seen
preferentially along the major axis (Bordoloi et al. 2011; Stewart
et al. 2011; Shen et al. 2012). Thus, information on orientation
potentially allows one to observationally distinguish winds from
accreting gas (e.g. Péroux et al. 2013; Schroetter et al. 2015).

Because it is compact, we cannot constrain the inclination of
galaxy ‘b’, which prevents us from measuring its azimuthal an-
gle. For galaxy ‘a’, we measure of the azimuthal angle between

the quasar line-of-sight and the projected major axis of the galaxy
on the sky. We find the azimuthal angle to be 12◦ ± 1◦, which
would exclude the outflow scenario. This is further supported by
the fact that the integrated metallicity of the galaxy, 12 + log(O/H)
= 8.98 ± 0.02, is higher than the metallicity of the absorbing gas,
12 + log(O/H) = 8.15 ± 0.20.

On the contrary, based on geometry and orientation arguments,
it is possible that the gas seen in absorption is related to infalling
cold gas on to galaxy ‘a’. This is further supported by the metallic-
ity difference between the galaxy and the sub-DLA absorber. The
object lies in the infalling part of the galaxy to gas metallicity differ-
ence versus azimuthal angle plot proposed by Péroux et al. (2016).
However, with the present data, we cannot exclude that the gas is
possibly (or also) infalling on to galaxy ‘b’.

4.3 Intragroup gas

Galaxies ‘c’ and ‘d’ are too far away from the quasar line-of-sight
at 147 and 174 kpc, respectively, to be directly associated with
the absorber and play a direct role in the possible scenarios above.
However, their presence indicates that they are likely to trace a more
general structure at that redshift. Given the separation between the
galaxies which are the furthest apart in velocity space (galaxies ‘b’
and ‘d’), we calculate that our observations probed a volume of
0.694 Mpc3 at the redshift of the absorber. We use the luminosity
function at this redshift reported by Cowie, Barger & Hu (2010) to
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present the analysis of the absorption line spectra. In Section
(4) we identify the absorbing galaxies from VLT/MUSE and
study the star formation rate, metallicity and morphokine-
matic. We probe the origin of this LLS in section (5) and
summarize the results in Section (6).

2 OBSERVATIONS OF THE FIELD OF

Q0152−020

Q0152−020 (or UM 675) is a bright quasar with a broad
band magnitude of V = 17.4 (Véron-Cetty & Véron 2010).
In this section we review the spectroscopic and imaging ob-
servations of this quasar field that are relevant for the cur-
rent study.

2.1 Quasar spectroscopy

Rao et al. (2006) observed this quasar using the Faint Ob-
ject Spectrograph (FOS) on Hubble Space Telescope (HST)
at a spectral resolution of FW H M ∼ 350 km s−1 to mea-
sure the N(H i) associated with the strong Mg ii absorber
at z ∼ 0.78. This HST/FOS spectrum covers a wavelength
range from 1600 Å to 3200 Å where the expected Lyman-α
absorption from z = 0.38 system falls. We obtained the 1D
reduced HST/FOS quasar spectrum from MAST1 dataset.

Q0152−020 has also been observed using Keck/HIRES
(PI: Tytler, Program ID: U031Hb). This high spectral res-
olution data (R ≡ ∆λ/λ=48000) covers a wavelength range
from 3245 Å to 5995 Å. We obtained the reduced normalized
Keck/HIRES data of this quasar from the Keck Observatory
Database of Ionized Absorbers towards quasars (KODIAQ)
(O’Meara et al. 2015).

2.2 HST imaging

We also obtained the Hubble Space Telescope (HST)
WFPC2/F702W imaging of this quasar field from the Hub-
ble Legacy Archive (HLA) 2 which provides enhanced HST
products. This image has a 150" × 150" field of view with a
0.1" pixel scale where the QSO has ∼ 30" offset with respect
to the center of the field. Using a few point sources in the
field, we measure a spatial resolution of FW H M = 0.2" for
this image.

2.3 New MUSE observation

We have obtained IFU observations of the field of
Q0152−020 using VLT/MUSE under the ESO program
96.A-0303. The observations were carried out in the service
mode with no adaptive optics. The total of ∼ 100 minutes ex-
posure time was achieved using two observing blocks (OBs)
each ∼ 50 minutes. The field was rotated by 90 degrees be-
tween the two OBs to optimize the flat fielding. For details
of the observing strategy and data reduction steps, we refer
the reader to Péroux et al. (2017). In a nutshell, the data
were reduced with version v1.6 of the ESO MUSE pipeline
(Weilbacher 2015). We checked that the flat-fields are the

1 https://mast.stsci.edu
2 http://hla.stsci.edu
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Figure 1.Normalized Keck/HIRES spectrum of Q0152−020. The
observed spectrum and best Voigt profile models are shown using
histogram and continuous lines, respectively (note the different y-
scale in the case of Mg i). The zero velocity is set at the redshift
of the weaker metal absorption component at z = 0.38296. The
bluer Mg i component is consistent with a 3σ upper limit of log

[N(Mg i) cm−2] < 10.9.

closest possible to the science observations in terms of ambi-
ent temperature to minimize spatial shifts. The raw science
data were then processed with the scibasic and then the
scipost recipe is run with the sky subtraction method ”sim-
ple” on. During this step, the wavelength calibration was
corrected to a heliocentric reference. We checked the wave-
length solution using the known wavelengths of the night-sky
OH lines and found it to be accurate within 20 km s−1. The
individual exposures were registered using the point sources
in the field within the exp align recipe, ensuring accurate
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Table 1. Metal absorption line properties as extracted from the Voigt profile modeling of the Keck/HIRES spectrum of the quasar.

component redshift b [km s−1] log[(Mg i)] [cm−2] log[(Mg ii) cm−2] log[N(Fe ii) cm−2]

(1) 0.38296 1.9 ± 0.4 < 10.9 > 12.7 12.5 ± 0.2

(2) 0.38308 3.8 ± 0.3 11.3 ± 0.1 > 13.1 13.0 ± 0.1

total column density of Mg ii: > 13.2

total column density of Fe ii: 13.1 ± 0.1

Notes. The columns of the table are: (1) absorption component; (2) redshift; (3) broadening parameter; (4,5,6) Mg i, Mg ii and Fe ii
column densities.

Figure 2. left: The 1′ × 1′ white light image produced from collapsing the MUSE cube along the wavelength direction. The ”a” to ”f”
letters mark the sky position of the galaxies at a mean redshift of z = 0.3816, ordered by impact parameter, and the QSO resides in the
center of the image as indicated by Q. We have indicated these galaxies with ellipses. The galaxy ”e” is detected only in continuum with
no detectable emission line (see Fig. 3). We estimate a velocity dispersion of 184 km s−1 from the redshifts of these galaxies. right: The
1′ ×1′ HST/WFPC2 image of the same field. As indicated by ellipses and with the same names, all the 6 galaxies matching the absorption
redshift are also detected in the HST/WFPC2 image. The orientation is indicated by the arrows in the space between the two panels.

✻

✛

N

E

Q Q

relative astrometry. Finally, the individual exposures were
combined into a single data cube using the exp combine

recipe. Following Péroux et al. (2017), the removal of OH
emission lines from the night sky was accomplished with an
external routine. After selecting sky regions in the field, we
created PCA components from the spectra which are further
applied to the science data cube to remove sky line residuals
(Husemann et al. 2016).

The resulting data cube covers emission lines from
O ii λλ3726,3729 to Hα at z ∼ 0.38. The spectral resolu-
tion is R=1770 at 4800 Å and R=3590 at 9300 Å resampled
to a spectral sampling of 1.25 Å/pixel. The seeing of the
final combined data has a full width at half maximum of
0.70 ± 0.02 arc second (≡ 3.5 ± 0.1 pixel) at 7000 Å as mea-
sured using the quasar and two stars in the MUSE field of
view.

To test the accuracy of the flux calibration of the MUSE

data, we measure the broad band AB magnitudes of 10 iso-
lated objects over the MUSE field of view and compare them
with those obtained from the HST/WFPC2 image. To do so
we convolve the extracted 1D spectra of these objects with
the response function of F702W filter and integrate to obtain
the broad band magnitudes. We notice that the broad band
fluxes of the MUSE objects can be overestimated by ∼ 10%
with respect to those from HST/WFPC2. To be conserva-
tive we inflate our statistical measured flux errors to include
this possible systematic error from flux calibration.

3 QSO ABSORPTION LINE ANALYSIS

The expected Lyman-α absorption from the Mg ii system at
z = 0.38 corresponds to an observed wavelength of ∼ 1680 Å.
Although, this is covered by the HST/FOS data, it resides
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Figure 1. Normalized Keck/HIRES spectrum of Q0152−020. The
observed and best Voigt profile models are shown using histogram
and continuous lines, respectively (note the different y-scale in the
case of Mg i). The zero velocity is set at redshift of the weaker
metal absorption component at z = 0.38296. Dashed lines indicate
the relative velocities of the 6 galaxies matching the absorption
redshift. The bluer Mg i component is consistent with a 3σ upper
limit of log [N(Mg i) cm−2] < 10.9.

and those of background using sextractor; (4) extract-
ing the 1D spectrum of the object by integrating the flux
of the pixels associated to this object in each wavelength
plane. We estimate the fluxes of each emission line by mod-
eling the profile with a Gaussian. We notice that modeling
[O ii]3727,3729 emission usually requires a double Gaussian,
although it is marginally resolved by the MUSE spectral res-
olution. For the non-detected emission lines we estimate the
flux upper limits based on the flux rms at their expected
position with a spectral FW H M = 2.5 Å. Fig. 3 presents the
spectra of these 6 galaxies. We have marked the observed
wavelengths of the strong nebular emission lines in the first
panel. Furthermore, 6" × 6" size narrow band Hα map and
HST/WFPC2 image of each galaxy is shown along its spec-
trum. The spectrum of galaxy ”a” presents strong Balmer
absorption lines that traces a population of young and inter-
mediate age stars. Galaxies ”b”and ”c”have faint continuum
emission. Galaxy ”d” presents the broadest emission lines in
this group with a FW H M = 257 km s−1. Strong Ca ii H&K
lines along with Balmer and Mgb triplet are detected in the
spectrum of galaxy ”e”which are typical of passive galaxies.
We further detect an emission line at λ ∼ 9090 Å in the spec-
trum of galaxy ”e”. Further inspection indicates that this is
a [OII]3727,3729 emission from a galaxy at z ∼ 1.44. Galaxy
”f” is marginally covered in the MUSE data and we detect
multiple emission lines from this galaxy but no continuum.
We report the mean redshift obtained from all the detected
emission lines as the redshift of each galaxy in Table 2. For
the case of galaxy ”e”, with no detected emission line, we use
the Ca ii absorption lines to estimate the redshift. The total
fluxes of different emission lines along with the redshifts of
galaxies are summarized in Table 2.

To test the accuracy of the flux calibration of the MUSE
data, we measure the broad band AB magnitudes of 10 iso-
lated objects over the MUSE field of view and compare them
with those obtained from the HST/WFPC2 image. To do so
we convolve the extracted 1D spectra of these objects with
the response function of F702W filter and integrate to obtain
the broad band magnitudes. We notice that the broad band
fluxes of the MUSE objects can be overestimated by ∼ 10%
with respect to those from HST/WFPC2. To be conserva-
tive we inflate our statistical measured flux errors to include
this possible systematic error from flux calibration.

We use the luminosity function of the Lyman-α emitters
at low redshifts (Cowie et al. 2010) to estimate the number
of expected galaxies in this 1′ × 1′ field of view to be ∼
0.05. This number is ∼ 100 time smaller than the number of
galaxies we detect which is a clear sign of an overdensity of
galaxies. The dispersion in the redshift distribution of these
galaxies is equivalent to a velocity dispersion of 184 km s−1.
This translates to a Virial radius and mass of 450 kpc and
3.8 × 1012 M⊙ which puts this galaxy group in the range of
intermediate masses.

4.1 Extinction correction

Accurate Hα and Hβ flux measurements allow to have pre-
cise estimates of the intrinsic dust attenuation in these
galaxies. To calculate the intrinsic dust extinction of galaxies
we utilize the Balmer decrement between Hα and Hβ. For a
case B recombination at a temperature of T = 104 K and an
electron density of ne = 102–104 cm−3 the intrinsic value of
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Table 5. Morphokinematic parameters of the galaxy ”a” obtained from 3D analysis of the Hα1 emission line using galpak.

Galaxy r1/2 sin i position angle azimuthal angle Vmax Mdyn Mhalo Rvir Mstellar

[kpc] [degree] [degree] [km s−1] [1010M⊙ ] [1012M⊙ ] kpc [1010M⊙ ]

a 5.4 ± 0.1 0.98 ± 0.01 142 ± 1 10 ± 1 148 ± 2 2.8 ± 0.1 1.2 ± 0.1 160 1.5 ± 0.6

Note. The columns of the table are: (1) galaxy ID; (2) half light radius; (3) sin of inclination angle; (4) position angle; (5) azimuthal
angle; (6) maximum rotation velocity; (7) dynamical mas; (8) halo mass; (9) virial radius; (10) total stellar mass.
1 We obtain a consistent set of parameters based on O iii emission line in this galaxy using galpak.

Figure 7. Observed and modeled morphokinematic properties of galaxy ”a”. (a,c): Hα flux map and the best obtained model based on
galpak. The red arrow over the galaxy indicates the direction towards the quasar. The orientation of the maps is noted in the bottom
left of the panel (a). Both axes are in pixel units with a scale indicated by an arrow in the bottom right of panel (a). The maps present a
very smooth disk like distribution of Hα emission without noticeable distortions. (b,d): Observed and modeled rotation velocity of galaxy
”a”. The modeled velocity have a maximum rotation velocity of Vmax = 148± 2 km s−1 that translates to Mdyn = 2.8 ± 0.1 × 1010 M⊙ and
Mhalo = 1.2 ± 0.1 × 1012 M⊙(e): Observed velocity dispersion that peaks close to the center of the galaxy. (f): The residual obtained by
subtraction of the best model from observed data. The parameters obtained based on such a model are summarized in Table 5.

To have reliable parameter estimate from galpak two
conditions need to be satisfied for a given emission line: (1)
a minimum of 3σ detection of the brightest spaxel; (2) a
half light radius that satisfies r1/2/FW H M > 0.75. The lat-
ter translates to r1/2 > 0.53" (≡ 2.6 pixel) that converts to
2.8 kpc at z = 0.38. We notice that galaxy ”a” is the only one
satisfying these two conditions simultaneously. Therefore, we
use the galpak results to estimate the morphokinematics of
this galaxy. Table 5 summarizes the extracted morphokine-
matic parameters for galaxy ”a”.

The best morphokinematic model obtained for the
galaxy ”a” is presented in Fig. 7. We do not find any sig-
nificant feature in the residual map which means an expo-
nential light profile with an arctan rotation curve provides
a good description for the morphokinematic of this galaxy.
For a consistency check we also extracted the best galpak

morphokinematic parameters of this galaxy using [O iii]5007
emission line and find it to be in agreement with those ob-
tained from Hα.

Galaxy ”a” is a highly inclined galaxy with i = 81° and
rotates with a maximum rotation velocity of 148 ± 2 km
s−1. The velocity dispersion peaks close to the center of the
galaxy which is typical for the large rotating disks. From the
best obtained half light radius (r1/2 = 5.4±0.1) and the max-
imum rotation speed we estimate its enclosed mass within
r1/2 to be Mdyn (r < r1/2) ≡ r1/2V2

max/G = 2.8±0.1×1010 M⊙ .
Assuming a spherical virialized collapse model (Mo & White
2002):

Mh = 0.1H−1
0 G−1

Ω
−0.5
m (1 + z)−1.5V3

max (3)

we also estimate the halo mass of this galaxy to be Mh =

1.2 ± 0.1 × 1012 M⊙ . Such a halo mass translates to a virial
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Table 5. Morphokinematic parameters of the galaxy ”a” obtained from 3D analysis of the Hα1 emission line using galpak.

Galaxy r1/2 sin i position angle azimuthal angle Vmax Mdyn Mhalo Rvir Mstellar

[kpc] [degree] [degree] [km s−1] [1010M⊙ ] [1012M⊙ ] kpc [1010M⊙ ]

a 5.4 ± 0.1 0.98 ± 0.01 142 ± 1 10 ± 1 148 ± 2 2.8 ± 0.1 1.2 ± 0.1 160 1.5 ± 0.6

Note. The columns of the table are: (1) galaxy ID; (2) half light radius; (3) sin of inclination angle; (4) position angle; (5) azimuthal
angle; (6) maximum rotation velocity; (7) dynamical mas; (8) halo mass; (9) virial radius; (10) total stellar mass.
1 We obtain a consistent set of parameters based on O iii emission line in this galaxy using galpak.

Figure 7. Observed and modeled morphokinematic properties of galaxy ”a”. (a,c): Hα flux map and the best obtained model based on
galpak. The red arrow over the galaxy indicates the direction towards the quasar. The orientation of the maps is noted in the bottom
left of the panel (a). Both axes are in pixel units with a scale indicated by an arrow in the bottom right of panel (a). The maps present a
very smooth disk like distribution of Hα emission without noticeable distortions. (b,d): Observed and modeled rotation velocity of galaxy
”a”. The modeled velocity have a maximum rotation velocity of Vmax = 148± 2 km s−1 that translates to Mdyn = 2.8 ± 0.1 × 1010 M⊙ and
Mhalo = 1.2 ± 0.1 × 1012 M⊙(e): Observed velocity dispersion that peaks close to the center of the galaxy. (f): The residual obtained by
subtraction of the best model from observed data. The parameters obtained based on such a model are summarized in Table 5.

To have reliable parameter estimate from galpak two
conditions need to be satisfied for a given emission line: (1)
a minimum of 3σ detection of the brightest spaxel; (2) a
half light radius that satisfies r1/2/FW H M > 0.75. The lat-
ter translates to r1/2 > 0.53" (≡ 2.6 pixel) that converts to
2.8 kpc at z = 0.38. We notice that galaxy ”a” is the only one
satisfying these two conditions simultaneously. Therefore, we
use the galpak results to estimate the morphokinematics of
this galaxy. Table 5 summarizes the extracted morphokine-
matic parameters for galaxy ”a”.

The best morphokinematic model obtained for the
galaxy ”a” is presented in Fig. 7. We do not find any sig-
nificant feature in the residual map which means an expo-
nential light profile with an arctan rotation curve provides
a good description for the morphokinematic of this galaxy.
For a consistency check we also extracted the best galpak

morphokinematic parameters of this galaxy using [O iii]5007
emission line and find it to be in agreement with those ob-
tained from Hα.

Galaxy ”a” is a highly inclined galaxy with i = 81° and
rotates with a maximum rotation velocity of 148 ± 2 km
s−1. The velocity dispersion peaks close to the center of the
galaxy which is typical for the large rotating disks. From the
best obtained half light radius (r1/2 = 5.4±0.1) and the max-
imum rotation speed we estimate its enclosed mass within
r1/2 to be Mdyn (r < r1/2) ≡ r1/2V2

max/G = 2.8±0.1×1010 M⊙ .
Assuming a spherical virialized collapse model (Mo & White
2002):

Mh = 0.1H−1
0 G−1

Ω
−0.5
m (1 + z)−1.5V3

max (3)

we also estimate the halo mass of this galaxy to be Mh =

1.2 ± 0.1 × 1012 M⊙ . Such a halo mass translates to a virial
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Table 5. Morphokinematic parameters of the galaxy ”a” obtained from 3D analysis of the Hα1 emission line using galpak.

Galaxy r1/2 sin i position angle azimuthal angle Vmax Mdyn Mhalo Rvir Mstellar

[kpc] [degree] [degree] [km s−1] [1010M⊙ ] [1012M⊙ ] kpc [1010M⊙ ]

a 5.4 ± 0.1 0.98 ± 0.01 142 ± 1 10 ± 1 148 ± 2 2.8 ± 0.1 1.2 ± 0.1 160 1.5 ± 0.6

Note. The columns of the table are: (1) galaxy ID; (2) half light radius; (3) sin of inclination angle; (4) position angle; (5) azimuthal
angle; (6) maximum rotation velocity; (7) dynamical mas; (8) halo mass; (9) virial radius; (10) total stellar mass.
1 We obtain a consistent set of parameters based on O iii emission line in this galaxy using galpak.

Figure 7. Observed and modeled morphokinematic properties of galaxy ”a”. (a,c): Hα flux map and the best obtained model based on
galpak. The red arrow over the galaxy indicates the direction towards the quasar. The orientation of the maps is noted in the bottom
left of the panel (a). Both axes are in pixel units with a scale indicated by an arrow in the bottom right of panel (a). The maps present a
very smooth disk like distribution of Hα emission without noticeable distortions. (b,d): Observed and modeled rotation velocity of galaxy
”a”. The modeled velocity have a maximum rotation velocity of Vmax = 148± 2 km s−1 that translates to Mdyn = 2.8 ± 0.1 × 1010 M⊙ and
Mhalo = 1.2 ± 0.1 × 1012 M⊙(e): Observed velocity dispersion that peaks close to the center of the galaxy. (f): The residual obtained by
subtraction of the best model from observed data. The parameters obtained based on such a model are summarized in Table 5.

To have reliable parameter estimate from galpak two
conditions need to be satisfied for a given emission line: (1)
a minimum of 3σ detection of the brightest spaxel; (2) a
half light radius that satisfies r1/2/FW H M > 0.75. The lat-
ter translates to r1/2 > 0.53" (≡ 2.6 pixel) that converts to
2.8 kpc at z = 0.38. We notice that galaxy ”a” is the only one
satisfying these two conditions simultaneously. Therefore, we
use the galpak results to estimate the morphokinematics of
this galaxy. Table 5 summarizes the extracted morphokine-
matic parameters for galaxy ”a”.

The best morphokinematic model obtained for the
galaxy ”a” is presented in Fig. 7. We do not find any sig-
nificant feature in the residual map which means an expo-
nential light profile with an arctan rotation curve provides
a good description for the morphokinematic of this galaxy.
For a consistency check we also extracted the best galpak

morphokinematic parameters of this galaxy using [O iii]5007
emission line and find it to be in agreement with those ob-
tained from Hα.

Galaxy ”a” is a highly inclined galaxy with i = 81° and
rotates with a maximum rotation velocity of 148 ± 2 km
s−1. The velocity dispersion peaks close to the center of the
galaxy which is typical for the large rotating disks. From the
best obtained half light radius (r1/2 = 5.4±0.1) and the max-
imum rotation speed we estimate its enclosed mass within
r1/2 to be Mdyn (r < r1/2) ≡ r1/2V2

max/G = 2.8±0.1×1010 M⊙ .
Assuming a spherical virialized collapse model (Mo & White
2002):

Mh = 0.1H−1
0 G−1

Ω
−0.5
m (1 + z)−1.5V3

max (3)

we also estimate the halo mass of this galaxy to be Mh =

1.2 ± 0.1 × 1012 M⊙ . Such a halo mass translates to a virial
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Table 5. Morphokinematic parameters of the galaxy ”a” obtained from 3D analysis of the Hα1 emission line using galpak.

Galaxy r1/2 sin i position angle azimuthal angle Vmax Mdyn Mhalo Rvir Mstellar

[kpc] [degree] [degree] [km s−1] [1010M⊙ ] [1012M⊙ ] kpc [1010M⊙ ]

a 5.4 ± 0.1 0.98 ± 0.01 142 ± 1 10 ± 1 148 ± 2 2.8 ± 0.1 1.2 ± 0.1 160 1.5 ± 0.6

Note. The columns of the table are: (1) galaxy ID; (2) half light radius; (3) sin of inclination angle; (4) position angle; (5) azimuthal
angle; (6) maximum rotation velocity; (7) dynamical mas; (8) halo mass; (9) virial radius; (10) total stellar mass.
1 We obtain a consistent set of parameters based on O iii emission line in this galaxy using galpak.

Figure 7. Observed and modeled morphokinematic properties of galaxy ”a”. (a,c): Hα flux map and the best obtained model based on
galpak. The red arrow over the galaxy indicates the direction towards the quasar. The orientation of the maps is noted in the bottom
left of the panel (a). Both axes are in pixel units with a scale indicated by an arrow in the bottom right of panel (a). The maps present a
very smooth disk like distribution of Hα emission without noticeable distortions. (b,d): Observed and modeled rotation velocity of galaxy
”a”. The modeled velocity have a maximum rotation velocity of Vmax = 148± 2 km s−1 that translates to Mdyn = 2.8 ± 0.1 × 1010 M⊙ and
Mhalo = 1.2 ± 0.1 × 1012 M⊙(e): Observed velocity dispersion that peaks close to the center of the galaxy. (f): The residual obtained by
subtraction of the best model from observed data. The parameters obtained based on such a model are summarized in Table 5.

To have reliable parameter estimate from galpak two
conditions need to be satisfied for a given emission line: (1)
a minimum of 3σ detection of the brightest spaxel; (2) a
half light radius that satisfies r1/2/FW H M > 0.75. The lat-
ter translates to r1/2 > 0.53" (≡ 2.6 pixel) that converts to
2.8 kpc at z = 0.38. We notice that galaxy ”a” is the only one
satisfying these two conditions simultaneously. Therefore, we
use the galpak results to estimate the morphokinematics of
this galaxy. Table 5 summarizes the extracted morphokine-
matic parameters for galaxy ”a”.

The best morphokinematic model obtained for the
galaxy ”a” is presented in Fig. 7. We do not find any sig-
nificant feature in the residual map which means an expo-
nential light profile with an arctan rotation curve provides
a good description for the morphokinematic of this galaxy.
For a consistency check we also extracted the best galpak

morphokinematic parameters of this galaxy using [O iii]5007
emission line and find it to be in agreement with those ob-
tained from Hα.

Galaxy ”a” is a highly inclined galaxy with i = 81° and
rotates with a maximum rotation velocity of 148 ± 2 km
s−1. The velocity dispersion peaks close to the center of the
galaxy which is typical for the large rotating disks. From the
best obtained half light radius (r1/2 = 5.4±0.1) and the max-
imum rotation speed we estimate its enclosed mass within
r1/2 to be Mdyn (r < r1/2) ≡ r1/2V2

max/G = 2.8±0.1×1010 M⊙ .
Assuming a spherical virialized collapse model (Mo & White
2002):

Mh = 0.1H−1
0 G−1

Ω
−0.5
m (1 + z)−1.5V3

max (3)

we also estimate the halo mass of this galaxy to be Mh =

1.2 ± 0.1 × 1012 M⊙ . Such a halo mass translates to a virial
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Figure 5. The 2D map of the emission metallicity for galaxy
”a” and ”b”, respectively. Contours are drawn for iso-metallicity
curves with 12+[O/H] = 8.53, 8.61 for galaxy ”a” and 12+[O/H] =

8.53, 8.59 for galaxy ”b”. The arrow indicates the direction to-
wards the QSO. The cross sign indicates the galactic center as
determined from the stellar continuum light distribution. The
mismatch between the metallicity peak and the center of galaxy
”b” is due to the low detection significance of [NII]6583.

of the galaxy. However, in the case of galaxy ”b”, there isn’t
a symmetrical distribution of metallicity and there seems to
be a small offset (∼ 0.4") between the centre of the stellar
continuum and the location of highest oxygen abundance.
This is partly due to the weaker [N ii]6583 flux compared to
the other emission lines. Such features do not exist in the
metallicity map obtained based on R23 for galaxy ”b”. There-
fore, we restrict the study of the metallicity distribution to
galaxy ”a”.

We further extract the 1D metallicity distribution of
the galaxy ”a” along its major axis that crosses the quasar
at b = 60 kpc. To obtain the 1D metallicity profile we average
the metallicities of the spaxels along the direction perpendic-
ular to the major axis. We consider the galaxy center as the
origin and average the metallicity profiles from either side
of it to obtain the final profile. Fig. 6 presents the metal-
licity distribution of galaxy ”a” along its major axis. The
filled circles and bars indicate the data points and the esti-

Figure 6. The 1D profile of the emission metallicity for galaxy ”a”
where metallicities are averaged along the major axis. For the top
x-axis we have assumed a half light radius of R1/2 = 5.4 kpc which
is based on the morphokinematic model of Hα emission line (see
Table 5). The filled circles indicated the measured metallicities.
The best linear fit, shown as a solid line, results in a metallicity
gradient of −0.010 ± 0.004 dex kpc−1.

mated standard deviation errors. Also, the best fitted line is
shown using a solid line. The slope of this line translates to
a metallicity gradient of −0.010 ± 0.001 dex kpc−1.

In the procedure of obtaining the 2D metallicity map
and then its 1D profile we applied a smoothing. Such a
smoothing produces correlation between the adjacent pix-
els that underestimates the errors. We have not corrected
the given errors in Fig. 6 for such effects. Instead, we gen-
erate the metallicity profiles for either sides of the galaxy
center independently and fit them with straight lines. The
two estimated metallicity gradients based on these two pro-
files differ by 0.04 dex. Such a difference can originate from
the flux uncertainties. Hence, we inflate the errors to have a
metallicity gradient of −0.010 ± 0.004 dex kpc−1.

The estimated metallicity gradient of −0.010 ± 0.004

dex kpc−1 is consistent with that obtained for the host
galaxy of a sub-DLA studied by Péroux et al. (2017). Fur-
thermore, this slope is consistent with the average metallic-
ity difference in emission and absorption phases reported by
Rahmani et al. (2016) for DLA-galaxies. This suggests that
neutral gas abundances are good tracers of the metallicity
of galaxies (see also Péroux et al. 2014). However, this is a
factor of two shallower than the average value of metallicity
gradients for the high luminosity sub-sample of spiral galax-
ies in the local Universe which is −0.026 ± 0.002 dex kpc−1

(Ho et al. 2015). Such a difference may reflect fundamental
distinctions between the processes governing the formation
and evolution of such galaxies.

The distribution of metals has proven to be fun-
damental in understanding the role of interaction,
mergers and feedback in galaxy formation and evo-
lution (Cescutti et al. 2007; Di Matteo et al. 2009;
Kewley et al. 2010; Rupke et al. 2010; Pilkington et al.
2012; Gibson et al. 2013; Barrera-Ballesteros et al. 2015;
Leethochawalit et al. 2016). A smoother metal distribution
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Figure 5. The 2D map of the emission metallicity for galaxy
”a” and ”b”, respectively. Contours are drawn for iso-metallicity
curves with 12+[O/H] = 8.53, 8.61 for galaxy ”a” and 12+[O/H] =

8.53, 8.59 for galaxy ”b”. The arrow indicates the direction to-
wards the QSO. The cross sign indicates the galactic center as
determined from the stellar continuum light distribution. The
mismatch between the metallicity peak and the center of galaxy
”b” is due to the low detection significance of [NII]6583.

of the galaxy. However, in the case of galaxy ”b”, there isn’t
a symmetrical distribution of metallicity and there seems to
be a small offset (∼ 0.4") between the centre of the stellar
continuum and the location of highest oxygen abundance.
This is partly due to the weaker [N ii]6583 flux compared to
the other emission lines. Such features do not exist in the
metallicity map obtained based on R23 for galaxy ”b”. There-
fore, we restrict the study of the metallicity distribution to
galaxy ”a”.

We further extract the 1D metallicity distribution of
the galaxy ”a” along its major axis that crosses the quasar
at b = 60 kpc. To obtain the 1D metallicity profile we average
the metallicities of the spaxels along the direction perpendic-
ular to the major axis. We consider the galaxy center as the
origin and average the metallicity profiles from either side
of it to obtain the final profile. Fig. 6 presents the metal-
licity distribution of galaxy ”a” along its major axis. The
filled circles and bars indicate the data points and the esti-

Figure 6. The 1D profile of the emission metallicity for galaxy ”a”
where metallicities are averaged along the major axis. For the top
x-axis we have assumed a half light radius of R1/2 = 5.4 kpc which
is based on the morphokinematic model of Hα emission line (see
Table 5). The filled circles indicated the measured metallicities.
The best linear fit, shown as a solid line, results in a metallicity
gradient of −0.010 ± 0.004 dex kpc−1.

mated standard deviation errors. Also, the best fitted line is
shown using a solid line. The slope of this line translates to
a metallicity gradient of −0.010 ± 0.001 dex kpc−1.

In the procedure of obtaining the 2D metallicity map
and then its 1D profile we applied a smoothing. Such a
smoothing produces correlation between the adjacent pix-
els that underestimates the errors. We have not corrected
the given errors in Fig. 6 for such effects. Instead, we gen-
erate the metallicity profiles for either sides of the galaxy
center independently and fit them with straight lines. The
two estimated metallicity gradients based on these two pro-
files differ by 0.04 dex. Such a difference can originate from
the flux uncertainties. Hence, we inflate the errors to have a
metallicity gradient of −0.010 ± 0.004 dex kpc−1.

The estimated metallicity gradient of −0.010 ± 0.004

dex kpc−1 is consistent with that obtained for the host
galaxy of a sub-DLA studied by Péroux et al. (2017). Fur-
thermore, this slope is consistent with the average metallic-
ity difference in emission and absorption phases reported by
Rahmani et al. (2016) for DLA-galaxies. This suggests that
neutral gas abundances are good tracers of the metallicity
of galaxies (see also Péroux et al. 2014). However, this is a
factor of two shallower than the average value of metallicity
gradients for the high luminosity sub-sample of spiral galax-
ies in the local Universe which is −0.026 ± 0.002 dex kpc−1

(Ho et al. 2015). Such a difference may reflect fundamental
distinctions between the processes governing the formation
and evolution of such galaxies.

The distribution of metals has proven to be fun-
damental in understanding the role of interaction,
mergers and feedback in galaxy formation and evo-
lution (Cescutti et al. 2007; Di Matteo et al. 2009;
Kewley et al. 2010; Rupke et al. 2010; Pilkington et al.
2012; Gibson et al. 2013; Barrera-Ballesteros et al. 2015;
Leethochawalit et al. 2016). A smoother metal distribution
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Figure 5. The 2D map of the emission metallicity for galaxy
”a” and ”b”, respectively. Contours are drawn for iso-metallicity
curves with 12+[O/H] = 8.53, 8.61 for galaxy ”a” and 12+[O/H] =

8.53, 8.59 for galaxy ”b”. The arrow indicates the direction to-
wards the QSO. The cross sign indicates the galactic center as
determined from the stellar continuum light distribution. The
mismatch between the metallicity peak and the center of galaxy
”b” is due to the low detection significance of [NII]6583.

of the galaxy. However, in the case of galaxy ”b”, there isn’t
a symmetrical distribution of metallicity and there seems to
be a small offset (∼ 0.4") between the centre of the stellar
continuum and the location of highest oxygen abundance.
This is partly due to the weaker [N ii]6583 flux compared to
the other emission lines. Such features do not exist in the
metallicity map obtained based on R23 for galaxy ”b”. There-
fore, we restrict the study of the metallicity distribution to
galaxy ”a”.

We further extract the 1D metallicity distribution of
the galaxy ”a” along its major axis that crosses the quasar
at b = 60 kpc. To obtain the 1D metallicity profile we average
the metallicities of the spaxels along the direction perpendic-
ular to the major axis. We consider the galaxy center as the
origin and average the metallicity profiles from either side
of it to obtain the final profile. Fig. 6 presents the metal-
licity distribution of galaxy ”a” along its major axis. The
filled circles and bars indicate the data points and the esti-

Figure 6. The 1D profile of the emission metallicity for galaxy ”a”
where metallicities are averaged along the major axis. For the top
x-axis we have assumed a half light radius of R1/2 = 5.4 kpc which
is based on the morphokinematic model of Hα emission line (see
Table 5). The filled circles indicated the measured metallicities.
The best linear fit, shown as a solid line, results in a metallicity
gradient of −0.010 ± 0.004 dex kpc−1.

mated standard deviation errors. Also, the best fitted line is
shown using a solid line. The slope of this line translates to
a metallicity gradient of −0.010 ± 0.001 dex kpc−1.

In the procedure of obtaining the 2D metallicity map
and then its 1D profile we applied a smoothing. Such a
smoothing produces correlation between the adjacent pix-
els that underestimates the errors. We have not corrected
the given errors in Fig. 6 for such effects. Instead, we gen-
erate the metallicity profiles for either sides of the galaxy
center independently and fit them with straight lines. The
two estimated metallicity gradients based on these two pro-
files differ by 0.04 dex. Such a difference can originate from
the flux uncertainties. Hence, we inflate the errors to have a
metallicity gradient of −0.010 ± 0.004 dex kpc−1.

The estimated metallicity gradient of −0.010 ± 0.004

dex kpc−1 is consistent with that obtained for the host
galaxy of a sub-DLA studied by Péroux et al. (2017). Fur-
thermore, this slope is consistent with the average metallic-
ity difference in emission and absorption phases reported by
Rahmani et al. (2016) for DLA-galaxies. This suggests that
neutral gas abundances are good tracers of the metallicity
of galaxies (see also Péroux et al. 2014). However, this is a
factor of two shallower than the average value of metallicity
gradients for the high luminosity sub-sample of spiral galax-
ies in the local Universe which is −0.026 ± 0.002 dex kpc−1

(Ho et al. 2015). Such a difference may reflect fundamental
distinctions between the processes governing the formation
and evolution of such galaxies.

The distribution of metals has proven to be fun-
damental in understanding the role of interaction,
mergers and feedback in galaxy formation and evo-
lution (Cescutti et al. 2007; Di Matteo et al. 2009;
Kewley et al. 2010; Rupke et al. 2010; Pilkington et al.
2012; Gibson et al. 2013; Barrera-Ballesteros et al. 2015;
Leethochawalit et al. 2016). A smoother metal distribution
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Table 1. Metal absorption line properties as extracted from the Voigt profile modeling of the Keck/HIRES spectrum of the quasar.

component redshift b [km s−1] log[(Mg i)] [cm−2] log[(Mg ii) cm−2] log[N(Fe ii) cm−2]

(1) 0.38296 1.9 ± 0.4 < 10.9 > 12.7 12.5 ± 0.2

(2) 0.38308 3.8 ± 0.3 11.3 ± 0.1 > 13.1 13.0 ± 0.1

total column density of Mg ii: > 13.2

total column density of Fe ii: 13.1 ± 0.1

Notes. The columns of the table are: (1) absorption component; (2) redshift; (3) broadening parameter; (4,5,6) Mg i, Mg ii and Fe ii
column densities.

Figure 2. left: The 1′ × 1′ white light image produced from collapsing the MUSE cube along the wavelength direction. The ”a” to ”f”
letters mark the sky position of the galaxies at a mean redshift of z = 0.3816, ordered by impact parameter, and the QSO resides in the
center of the image as indicated by Q. We have indicated these galaxies with ellipses. The galaxy ”e” is detected only in continuum with
no detectable emission line (see Fig. 3). We estimate a velocity dispersion of 184 km s−1 from the redshifts of these galaxies. right: The
1′ ×1′ HST/WFPC2 image of the same field. As indicated by ellipses and with the same names, all the 6 galaxies matching the absorption
redshift are also detected in the HST/WFPC2 image. The orientation is indicated by the arrows in the space between the two panels.
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relative astrometry. Finally, the individual exposures were
combined into a single data cube using the exp combine

recipe. Following Péroux et al. (2017), the removal of OH
emission lines from the night sky was accomplished with an
external routine. After selecting sky regions in the field, we
created PCA components from the spectra which are further
applied to the science data cube to remove sky line residuals
(Husemann et al. 2016).

The resulting data cube covers emission lines from
O ii λλ3726,3729 to Hα at z ∼ 0.38. The spectral resolu-
tion is R=1770 at 4800 Å and R=3590 at 9300 Å resampled
to a spectral sampling of 1.25 Å/pixel. The seeing of the
final combined data has a full width at half maximum of
0.70 ± 0.02 arc second (≡ 3.5 ± 0.1 pixel) at 7000 Å as mea-
sured using the quasar and two stars in the MUSE field of
view.

To test the accuracy of the flux calibration of the MUSE

data, we measure the broad band AB magnitudes of 10 iso-
lated objects over the MUSE field of view and compare them
with those obtained from the HST/WFPC2 image. To do so
we convolve the extracted 1D spectra of these objects with
the response function of F702W filter and integrate to obtain
the broad band magnitudes. We notice that the broad band
fluxes of the MUSE objects can be overestimated by ∼ 10%
with respect to those from HST/WFPC2. To be conserva-
tive we inflate our statistical measured flux errors to include
this possible systematic error from flux calibration.

3 QSO ABSORPTION LINE ANALYSIS

The expected Lyman-α absorption from the Mg ii system at
z = 0.38 corresponds to an observed wavelength of ∼ 1680 Å.
Although, this is covered by the HST/FOS data, it resides
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Outflow? 

๏ very wide opening angle  
(Ωoutflow>140°) 
 

๏ more complicated  
absorption profiles  
 

๏ΣSFR~0.01 M⊙ yr-1 kpc-2  
(≪0.1 M⊙ yr-1 kpc-2) 

Heckman: ASPC 2002
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present the analysis of the absorption line spectra. In Section
(4) we identify the absorbing galaxies from VLT/MUSE and
study the star formation rate, metallicity and morphokine-
matic. We probe the origin of this LLS in section (5) and
summarize the results in Section (6).

2 OBSERVATIONS OF THE FIELD OF

Q0152−020

Q0152−020 (or UM 675) is a bright quasar with a broad
band magnitude of V = 17.4 (Véron-Cetty & Véron 2010).
In this section we review the spectroscopic and imaging ob-
servations of this quasar field that are relevant for the cur-
rent study.

2.1 Quasar spectroscopy

Rao et al. (2006) observed this quasar using the Faint Ob-
ject Spectrograph (FOS) on Hubble Space Telescope (HST)
at a spectral resolution of FW H M ∼ 350 km s−1 to mea-
sure the N(H i) associated with the strong Mg ii absorber
at z ∼ 0.78. This HST/FOS spectrum covers a wavelength
range from 1600 Å to 3200 Å where the expected Lyman-α
absorption from z = 0.38 system falls. We obtained the 1D
reduced HST/FOS quasar spectrum from MAST1 dataset.

Q0152−020 has also been observed using Keck/HIRES
(PI: Tytler, Program ID: U031Hb). This high spectral res-
olution data (R ≡ ∆λ/λ=48000) covers a wavelength range
from 3245 Å to 5995 Å. We obtained the reduced normalized
Keck/HIRES data of this quasar from the Keck Observatory
Database of Ionized Absorbers towards quasars (KODIAQ)
(O’Meara et al. 2015).

2.2 HST imaging

We also obtained the Hubble Space Telescope (HST)
WFPC2/F702W imaging of this quasar field from the Hub-
ble Legacy Archive (HLA) 2 which provides enhanced HST
products. This image has a 150" × 150" field of view with a
0.1" pixel scale where the QSO has ∼ 30" offset with respect
to the center of the field. Using a few point sources in the
field, we measure a spatial resolution of FW H M = 0.2" for
this image.

2.3 New MUSE observation

We have obtained IFU observations of the field of
Q0152−020 using VLT/MUSE under the ESO program
96.A-0303. The observations were carried out in the service
mode with no adaptive optics. The total of ∼ 100 minutes ex-
posure time was achieved using two observing blocks (OBs)
each ∼ 50 minutes. The field was rotated by 90 degrees be-
tween the two OBs to optimize the flat fielding. For details
of the observing strategy and data reduction steps, we refer
the reader to Péroux et al. (2017). In a nutshell, the data
were reduced with version v1.6 of the ESO MUSE pipeline
(Weilbacher 2015). We checked that the flat-fields are the

1 https://mast.stsci.edu
2 http://hla.stsci.edu
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Figure 1.Normalized Keck/HIRES spectrum of Q0152−020. The
observed spectrum and best Voigt profile models are shown using
histogram and continuous lines, respectively (note the different y-
scale in the case of Mg i). The zero velocity is set at the redshift
of the weaker metal absorption component at z = 0.38296. The
bluer Mg i component is consistent with a 3σ upper limit of log

[N(Mg i) cm−2] < 10.9.

closest possible to the science observations in terms of ambi-
ent temperature to minimize spatial shifts. The raw science
data were then processed with the scibasic and then the
scipost recipe is run with the sky subtraction method ”sim-
ple” on. During this step, the wavelength calibration was
corrected to a heliocentric reference. We checked the wave-
length solution using the known wavelengths of the night-sky
OH lines and found it to be accurate within 20 km s−1. The
individual exposures were registered using the point sources
in the field within the exp align recipe, ensuring accurate
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Table 1. Metal absorption line properties as extracted from the Voigt profile modeling of the Keck/HIRES spectrum of the quasar.

component redshift b [km s−1] log[(Mg i)] [cm−2] log[(Mg ii) cm−2] log[N(Fe ii) cm−2]

(1) 0.38296 1.9 ± 0.4 < 10.9 > 12.7 12.5 ± 0.2

(2) 0.38308 3.8 ± 0.3 11.3 ± 0.1 > 13.1 13.0 ± 0.1

total column density of Mg ii: > 13.2

total column density of Fe ii: 13.1 ± 0.1

Notes. The columns of the table are: (1) absorption component; (2) redshift; (3) broadening parameter; (4,5,6) Mg i, Mg ii and Fe ii
column densities.

Figure 2. left: The 1′ × 1′ white light image produced from collapsing the MUSE cube along the wavelength direction. The ”a” to ”f”
letters mark the sky position of the galaxies at a mean redshift of z = 0.3816, ordered by impact parameter, and the QSO resides in the
center of the image as indicated by Q. We have indicated these galaxies with ellipses. The galaxy ”e” is detected only in continuum with
no detectable emission line (see Fig. 3). We estimate a velocity dispersion of 184 km s−1 from the redshifts of these galaxies. right: The
1′ ×1′ HST/WFPC2 image of the same field. As indicated by ellipses and with the same names, all the 6 galaxies matching the absorption
redshift are also detected in the HST/WFPC2 image. The orientation is indicated by the arrows in the space between the two panels.
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relative astrometry. Finally, the individual exposures were
combined into a single data cube using the exp combine

recipe. Following Péroux et al. (2017), the removal of OH
emission lines from the night sky was accomplished with an
external routine. After selecting sky regions in the field, we
created PCA components from the spectra which are further
applied to the science data cube to remove sky line residuals
(Husemann et al. 2016).

The resulting data cube covers emission lines from
O ii λλ3726,3729 to Hα at z ∼ 0.38. The spectral resolu-
tion is R=1770 at 4800 Å and R=3590 at 9300 Å resampled
to a spectral sampling of 1.25 Å/pixel. The seeing of the
final combined data has a full width at half maximum of
0.70 ± 0.02 arc second (≡ 3.5 ± 0.1 pixel) at 7000 Å as mea-
sured using the quasar and two stars in the MUSE field of
view.

To test the accuracy of the flux calibration of the MUSE

data, we measure the broad band AB magnitudes of 10 iso-
lated objects over the MUSE field of view and compare them
with those obtained from the HST/WFPC2 image. To do so
we convolve the extracted 1D spectra of these objects with
the response function of F702W filter and integrate to obtain
the broad band magnitudes. We notice that the broad band
fluxes of the MUSE objects can be overestimated by ∼ 10%
with respect to those from HST/WFPC2. To be conserva-
tive we inflate our statistical measured flux errors to include
this possible systematic error from flux calibration.

3 QSO ABSORPTION LINE ANALYSIS

The expected Lyman-α absorption from the Mg ii system at
z = 0.38 corresponds to an observed wavelength of ∼ 1680 Å.
Although, this is covered by the HST/FOS data, it resides
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Recycled gas (fountain)? 
 
๏ if ballistic: “j” conserved   

r1/2 x Vmax ~ b x Vabs  

  Vabsfountain ~ 12 km s-1 

(<<Vabs ~80 km s-1) 

๏angular momentum lose✕  
  

๏angular momentum gain: 2-3 
times  
8-10 times gain in “j” not 
expected  

Bregman: ApJ 1980; Fraternali & Binney: MNRAS 2006; Christensen: ApJ 2016 
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Table 1. Metal absorption line properties as extracted from the Voigt profile modeling of the Keck/HIRES spectrum of the quasar.

component redshift b [km s−1] log[(Mg i)] [cm−2] log[(Mg ii) cm−2] log[N(Fe ii) cm−2]

(1) 0.38296 1.9 ± 0.4 < 10.9 > 12.7 12.5 ± 0.2

(2) 0.38308 3.8 ± 0.3 11.3 ± 0.1 > 13.1 13.0 ± 0.1

total column density of Mg ii: > 13.2

total column density of Fe ii: 13.1 ± 0.1

Notes. The columns of the table are: (1) absorption component; (2) redshift; (3) broadening parameter; (4,5,6) Mg i, Mg ii and Fe ii
column densities.

Figure 2. left: The 1′ × 1′ white light image produced from collapsing the MUSE cube along the wavelength direction. The ”a” to ”f”
letters mark the sky position of the galaxies at a mean redshift of z = 0.3816, ordered by impact parameter, and the QSO resides in the
center of the image as indicated by Q. We have indicated these galaxies with ellipses. The galaxy ”e” is detected only in continuum with
no detectable emission line (see Fig. 3). We estimate a velocity dispersion of 184 km s−1 from the redshifts of these galaxies. right: The
1′ ×1′ HST/WFPC2 image of the same field. As indicated by ellipses and with the same names, all the 6 galaxies matching the absorption
redshift are also detected in the HST/WFPC2 image. The orientation is indicated by the arrows in the space between the two panels.
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relative astrometry. Finally, the individual exposures were
combined into a single data cube using the exp combine

recipe. Following Péroux et al. (2017), the removal of OH
emission lines from the night sky was accomplished with an
external routine. After selecting sky regions in the field, we
created PCA components from the spectra which are further
applied to the science data cube to remove sky line residuals
(Husemann et al. 2016).

The resulting data cube covers emission lines from
O ii λλ3726,3729 to Hα at z ∼ 0.38. The spectral resolu-
tion is R=1770 at 4800 Å and R=3590 at 9300 Å resampled
to a spectral sampling of 1.25 Å/pixel. The seeing of the
final combined data has a full width at half maximum of
0.70 ± 0.02 arc second (≡ 3.5 ± 0.1 pixel) at 7000 Å as mea-
sured using the quasar and two stars in the MUSE field of
view.

To test the accuracy of the flux calibration of the MUSE

data, we measure the broad band AB magnitudes of 10 iso-
lated objects over the MUSE field of view and compare them
with those obtained from the HST/WFPC2 image. To do so
we convolve the extracted 1D spectra of these objects with
the response function of F702W filter and integrate to obtain
the broad band magnitudes. We notice that the broad band
fluxes of the MUSE objects can be overestimated by ∼ 10%
with respect to those from HST/WFPC2. To be conserva-
tive we inflate our statistical measured flux errors to include
this possible systematic error from flux calibration.

3 QSO ABSORPTION LINE ANALYSIS

The expected Lyman-α absorption from the Mg ii system at
z = 0.38 corresponds to an observed wavelength of ∼ 1680 Å.
Although, this is covered by the HST/FOS data, it resides
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Warped disk? 
 

๏ δv~ 50-100  

(Vabs ~ 80 km s-1) ✔ 

๏ coplanar with the disk ✔  

๏  jw-d ~ 3 jdisk ✔ 

Stewart: ApJ 2011



Summary
✓ QSO-galaxy pairs with MUSE at intermediate 
redshifts  
 
- case 1: disk component + intra-group gas  
 
- case 2:  
           intra-group gas ✕  
           kinematic disk  ✔  
           outflow ✕  
           recycled/fountain ✕  
           warped-disk (cold-flow disk) ✔  

✓ Powerful tool for CGM study at intermediate 
redshifts  


