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S O M E  N U M B E R S  R E L AT E D  T O  T H E  M G I I  A B S O R B E R S
Useful numbers for Mg II

• �r = 2796 and 2804 Å. In the case of SDSS/BOSS one can detect it beyond
z ⇠ 0.28 upto z ⇠ 2.3. In principle good UV spectrographs allow one to go
upto z ⇠ 0.1 in the blue.

• Mg I, Mg II and Mg III � > 7.646, 15.036, 80.143 eV – In LLS Mg will be mostly
in Mg II. The corresponding energy for Fe are 7.86, 16.6, 30.651 eV.

• Mg and Fe have identical abundance in Sun. When shielded Mg II and Fe II will
have identical column densities. W(Fe II�2600)/W(Mg II�2796)>0.5.

• For SDSS spectrum with a s/n of 5 per pixel a typical 5� detection limit is 0.6Å.
You will be comfortably detecting Mg II doublets with rest equivalent width in
excess of 1Å. This is the detection threshold for most statistical samples.

b= 10 km/s 20 km/s > 50 km/s
log N(Mg II) 17.00 16.00 13.5

log N(H I), Z = Z� 21.42 20.42 17.9
log N(H I), Z = 0.1 Z� 22.42 21.42 18.9

DR 1.00 1.00 2.00
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Galaxy metal absorption connections:low z

Churchill et al. 2005
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• Main argument is, absorber based galaxy selection is a luminosity unbiased way 
of  detecting galaxies!. Does it probe a new population of galaxies.
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Figure 7. The scatter in the W 2796 –D anticorrelations. The top panel shows 
various Mg II absorption systems in the W 2796 –D space from this work and 
the literature. The solid black line represents the best-fitting log-linear curve. 
This plot is the same as the left panel of Fig. 4 . The bottom panel shows the 
difference between the observed log (W 2796 ) and the best-fitting model for 
that impact parameter. 

Figure 8. Redshift evolution of the W 2796 –D anticorrelation. The blue and 
orange lines correspond to the best-fitting W 2796 –D curve for the redshift 
range 0.4 ≤ z < 0.6 and 0.6 ≤ z ≤ 0.9, respectively. The green curve is taken 
from Lundgren et al. ( 2021 ) and corresponds to the best-fitting W 2796 –D 
anticorrelation for the redshift range z ≥ 1. The grey dot–dashed and dashed 
horizontal lines correspond to W 2796 = 1 Å and W 2796 = 0 . 5 Å respectively. 

Dutta et al. ( 2020 ) have obtained β = −0 . 05 + 0 . 42 
−0 . 38 and α = 

−0.010 ± 0.003 for closest galaxies at z ∼ 0.8 −1.5 to the line 
of sight to 28 background quasars. Their α values are consistent with 
our v alues. Ho we ver, the inferred W 2796 ( D = 0) value is lower than 
ours, albeit with large errors. This is related to the poor representation 

of galaxies with low impact parameters (i.e. D < 20 kpc) in their 
sample. 

How the W 2796 −D relationship evolves with z has an important 
consequence on the redshift evolution of the number of Mg II 
absorbers per unit redshift path length (i.e. d N /d z ). For absorbers 
with W 2796 > 1 Å, d N /d z = 0.16, 0.20, and 0.31 for z = 0.5, 0.7, and 
1.3, respectively (Zhu & M ́enard 2013 ). When we consider W 2796 
> 0.5 Å, the corresponding values are 0.41, 0.47, and 0.62. Thus 
systems with the largest equi v alent width tend to show a slightly 
more rapid increase with redshift compared to those with the lowest 
equi v alent width. In a simple model where all-known galaxies have 
a spherical gaseous halo of the same radius and gas co v ering factor 
f c , the average number of Mg II absorbers per unit redshift interval is 
given by 〈 d N/ d z〉 = f c πD 2 max ∫ ∞ 

L min φ( L, z)d L × d l/ d z. Here, D max 
is the maximum impact parameter for a given value of W cut 

2796 for 
which d N /d z is computed. φ( L , z) is the galaxy luminosity function 
at redshift z, and d l /d z is the differential comoving path length per 
unit redshift interval. 

From Faber et al. ( 2007 ) we find the average number density 
of galaxies (with −30 ≤ M B ≤ −10 and M ∗B ∼ −21 . 3) per unit 
physical volume is ∼0.90 and ∼1.74 Mpc −3 at z = 0.5 and 1.1, 
respectively. Thus a factor of 2 change in d N /d z o v er the redshift 
range 0.5 ≤ z ≤ 1.1 can purely originate from the redshift evolution of 
the galaxy luminosity function. From Fig. 8 , if the co v ering fraction 
is independent of D , then the number density of low W 2796 is expected 
to show stronger redshift evolution. This is contrary to the observed 
results quoted abo v e. Thus, one requires the co v ering fraction to 
change with D . This expectation is consistent with the finding of Lan 
( 2020 ). Their results suggest that o v er the redshift range 0.5 ≤ z ≤
1.1, the co v ering fraction of star-forming galaxies ( M $ ∼ 10 10 M *) 
associated with strong Mg II absorption ( W 2796 ≥ 1 Å) increases from 
0.19 to 0.41, implying an increase of the co v ering fraction by a factor 
of ∼2. The same for weak absorbers ( W 2796 < 1 Å) changes from 0.15 
to 0.24, implying an increase by a factor of ∼1.5. 
4.3.3 Dependence on stellar mass 
Churchill et al. ( 2013a ) have noted that for a given W 2796 , the host 
galaxies at high impact parameters tend to have larger halo masses. 
This section investigates the presence of such a trend in our USMg II 
sample. In column 6 of Table 3 , we provide the present sample’s 
stellar masses of the USMg II host galaxies. The stellar mass of the 
USMg II host galaxies at z ∼ 0.7 ranges from 10.35 ≤ log ( M $ /M *) 
≤ 12.01 with a median value of 10.86. In the combined sample 
of USMg II host galaxies, the stellar mass ranges from 10.21 ≤
log ( M $ /M *) ≤ 12.01 with the median of log ( M $ /M *) = 10.73. 
We find a mild evolution in the stellar masses of the USMg II host 
galaxies o v er the redshift range 0.4 ≤ z ≤ 0.8 (Spearman correlation 
coefficient, r s = 0.48 with p -value 0.01). As mentioned before, some 
redshift evolution may be influenced by the fact that we are using 
a magnitude-limited sample. For the MAGIICAT host galaxies, the 
stellar masses are found to be in the range 8.65 ≤ log ( M $ /M *) ≤
12.12 with a median value of 10.51. Even though the two samples 
o v erlap in M ∗ ranges, the USMg II host galaxies tend to have higher 
M ∗ values as suggested by the median values. 

In the left panel of Fig. 9 , we show the scatter plot of M $ versus 
D for host galaxies of the general Mg II system population from 
the MAGIICAT sample and USMg II systems in our sample colour- 
coded according to the W 2796 . For the MAGIICAT host galaxies, we 
also find a correlation between M $ and D , which can be characterized 
by a linear fit of the form log ( M $ / M *) = (0 . 036 ± 0 . 006) D ( kpc ) + 
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• The Mg II absorbing gas is associated with 
foreground galaxies. 

• At any given impact parameter (D) one has a 
large scatter in W. There are other parameters 
(stellar mass, star-formation rate, environment 
etc.,) at play.

For a given impact parameter  
absorption will depend on the 
velocity and density field of 
gas associated with the 
satellite galaxies and gas from 
Interactions.
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PA R A M E T E R

• Instead of impact parameter, one tries to use the 
impact parameters scaled by the viral radius. 

•  There is a feeling that the scatter is reduced 
when we use the scaled impact parameter. 

• Still for a given scaled impact parameter there is 
large scatter in the equivalent width.  

• Also are we sure we estimate the correct Virial 
radius (Stellar mass—>halo mass—>Viral radius).

Host galaxies of USMg II at z ∼ 0.7 5087 
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the findings of Chen et al. ( 2010 ); Huang et al. ( 2021 ), who reported 
that brighter galaxies produce stronger absorption for a given impact 
parameter. Like the MAGIICAT host galaxies, we find that M B − M ! B 
of USMg II host galaxies are also anticorrelated with D . A Spearman 
rank correlation analysis provides r S = −0.58 with p -value 0.002. A 
linear fit to the data for the USMg II galaxies alone gives M B − M ! B = 
( −0 . 028 ± 0 . 009) D ( kpc ) + (1 . 234 ± 0 . 252). The solid blue line in 
the left panel of Fig. 9 corresponds to this fit. At the median impact 
parameter for the USMg II host galaxies (i.e. D = 23 kpc), the host 
galaxies of the USMg II absorbers are ∼1 mag brighter than that of 
the host galaxies in the MAGIICAT sample. 

Just like the stellar mass, for the MAGIICAT sample, we find 
that the anti-correlation is stronger for the quantity D (kpc) −
0 . 153(M B + 20 . 08) and W 2796 compared to simple W 2796 − D anti- 
correlation. The correlation coefficient increases from r s = −0.37 ( p - 
value ∼10 −3 ) to r s = −0.49 ( p -v alue ∼10 −5 ). Ho we ver, such a linear 
combination does not significantly alter the correlation coefficients 
for the USMg II host galaxies. If we use the relationship between 
W 2796 , D , and M B found by Huang et al. ( 2021 ) the expected W 2796 
is 1.17 Å when we use the median D and M B . Thus, even though 
the host galaxies of USMg II are bright at a given D compare to 
the host galaxies of normal Mg II absorbers they do not follow the 
relationship between W 2796 , D , and M B obtained for the general Mg II 
host galaxies. 
4.3.5 W 2796 versus normalized impact parameter 
Churchill et al. ( 2013b ) have suggested the scatter in the W 2796 − D 
plane is substantially reduced if one uses the normalized impact 
parameter (i.e. D scaled by the virial radius, R vir ) instead of D. In 
Fig. 10 , we plot the W 2796 versus the normalized impact parameter 
for both the MAGIICAT host galaxies (squares) and the USMg II 
host galaxies (circle) from our sample. The halo masses for the 
MAGIICAT host galaxies are obtained from abundance matching 
techniques (Nielsen et al. 2013 ). In contrast, the halo masses for 
the USMg II galaxies are measured using the stellar mass to halo 
relations (see Sections 4.3.3 and 5.2 for details). Churchill et al. 
( 2013b ) found a strong anticorrelation between two quantities best 
characterized by a power law with a power-law index of ∼−2 (shown 
in the figure with an orange dashed line), albeit a large scatter. When 
we considered only the USMg II host galaxies, we found no significant 
anti-correlation (i.e. r s = −0.17 and p-value = 0.59). As the W 2796 
range probed by the USMg II sample is narrow, we expect the scatter 
in the normalized impact parameter to be lower than that of D if 
the scaling works as in the case of MAGIICAT host galaxies. In 
the bottom panel of Fig. 10 , we show the residual of log W 2796 as 
a function of the normalized impact parameter. The deviation of 
USMg II point from the best fit is consistent with the scatter seen for 
the general population of Mg II absorbers. 
4.3.6 Comparison of USMg II and DLAs 
A large fraction of these USMg II absorbers is expected to be DLAs 
and sub-DLAs (Rao, Turnshek & Nestor 2006 ; Nestor et al. 2007 ). 
It is also well known that for a given z, a strong correlation exists 
between N (H I ) and W 2796 . Using the latest relationship between the 
two quantities found by Lan & Fukugita ( 2017 ) for the USMg II 
systems, we find log N (H I ) ≥ 20.20 at z ∼ 0.7. Therefore, it is most 
likely that the USMg II absorbers in our sample are either sub-DLAs 
or DLAs. It is also well known that DLAs and sub-DLAs show a 

Figure 10. Top panel: Scatter plot of W 2796 against the normalized impact 
parameter. Blue points correspond to the USMg II absorbers from our surv e y 
and the red points correspond to the MAGIICAT surv e y. The black dashed line 
shows the power law fit from Churchill et al. ( 2013b ) with the shaded region 
corresponding to the 1 σ uncertainty. Bottom panel: The difference between 
the observed log ( W 2796 ) and the best-fitting model for that normalized impact 
parameter. 
significant anti-correlation between N (H I ) and D (see e.g. Rao et al. 
2011 ; Rahmani et al. 2016 ; Kulkarni et al. 2022 ). 

Information on the impact parameter for these low- z DLA and 
the sub-DLA host galaxies are obtained from Rahmani et al. ( 2016 ), 
who compiled all the available DLAs and sub-DLAs at low- z from 
the literature. We obtained W 2796 for each DLA and sub-DLA from 
the original references. The W 2796 associated with the DLAs and the 
sub-DLAs varies from 0.2 Å to 3.11 Å with a median value of 1.67 Å. 
In the bottom panel of Fig. 5 , we plot the W 2796 −D relationship for 
DLAs and sub-DLAs at 0.4 ! z ! 1.0. It is evident from Fig. 5 that 
DLAs and USMg II systems probe similar impact parameter ranges. 
The KS-test suggests no statistically significant difference between 
the two impact parameter distributions with a p-value of 0.32. It is 
clear from Fig. 5 that there is no correlation between W 2796 and D 
even in the case of low- z DLAs and sub-DLAs. The rank correlation 
test provides the correlation coefficient of r s = −0.17 and p -value 
= 0.38. This is consistent with our finding that the anticorrelation 
weakens when we consider strong Mg II absorbers. Interestingly, for 
the same DLA sample, the anticorrelation between N (H I ) and D is 
also not statistically significant (with r s = −0.31 and p -value of 0.11 
for the Spearman rank correlation test). 
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E Q U I VA L E N T  W I D T H  D I S T R I B U T I O N  AT  D I F F E R E N T  
S C A L E S ?

1916 R. Joshi et al.

Figure 7. Upper panel: a comparison of the Mg II equivalent width (W2796)
distribution of GOTOQs (solid histogram) with the Mg II systems having
6 < ρ < 25 kpc (dotted histogram, shaded with vertical lines) and those
through the Milky Way [MW] ISM+halo (dashed histogram, shaded with
slanted lines at 45◦) and MW halo ( dot–dashed histogram, shaded with
horizontal lines). For the MW systems, a correction factor of 2 is applied
as sightlines are intercepted halfway through the disc/halo. The median
W2796 for each sample is marked as an arrow on top. Lower-left panel:
distribution of Mg II rest equivalent widths for the overall SDSS-DR12 Mg II

sample (with zabs= 0.3–1.1, unfilled histogram) and the Mg II absorbers
that show nebular emission (hatched histogram). The two distributions are
represented with different scales for presentation purpose only (SDSS in the
left, galaxy sample in the right-hand side ordinates). The dotted and solid
curves represent the parametrization by Zhu & Ménard (2013), scaled to
match the number of systems with W2796≥2 Å. Lower-right panel: same as
left for the SDSS-DR7 Mg II absorbers.

if the Mg II absorbers that show nebular line emission occupy any
preferred location in the parameter space defined by the equivalent
width ratios of metal absorption, we plot the DR versus R in Fig. 8,
for systems with and without nebular emission detection over var-
ious W2796 bins (i.e. ≥ 1, 2 and 3 Å). It is clear from the figure
that among the strong Mg II absorbers, the systems showing nebular
emission are preferentially having a small DR, close to unity, and
the R parameter greater than 0.5, plotted as dotted horizontal line.
These differences were also confirmed when we do the KS statistics.

Interestingly, Rao et al. (2006) have shown that the success rate of
identifying DLAs can be enhanced if one puts additional constraints
based on other metal lines, e.g. R > 0.5 and W(Mg I) >0.1 Å. In
recent efforts to detect cold gas in strong Mg II systems, by using
H I 21-cm absorption, it has been found that the detection rate of H I

21-cm absorption is about four times higher in systems with strong
Fe II at 0.5 < z < 1.5 (see Gupta et al. 2012; Dutta et al. 2017). For
the average W2796 (i.e. ∼2 Å) seen in our sample, the probability
of Mg II system being DLA is found to be ∼50 per cent (Rao et al.
2017, see their fig. 2). In addition, the N(H I) versus W2796 relation
by Ménard & Chelouche (2009) shows that the GOTOQs belong
to the sub-DLA systems with log N(H I) of ∼20.1, albeit having a

Figure 8. The Mg II DR versus R parameter of Mg II absorbers with and
without nebular emission line detection for W2796≥1 Å (top), ≥2 Å (middle)
and ≥3 Å(bottom) in the SDSS-DR12 (left-hand panel) and SDSS-DR7
(right-hand panel) samples. Open circles are for the full sample and red
stars are for Mg II systems with nebular emission.

large scatter in N(H I) up to about 3 orders of magnitude. Therefore,
a good fraction of our systems will be DLAs.

4.2 Detection probability of nebular emission lines in strong
Mg II systems

The detection of the nebular emission from the Mg II systems not
only depends on the emission line flux but also on (i) the flux of
the background quasar, (ii) the dust attenuation of emission lines
in the host galaxy and (iii) the bias due to fibre size effects, as
discussed above. Here, we compute the fraction of [O II] nebular
emission line detections as a function of W2796 in the SDSS fibre
spectra centred around distant quasar that are detected above the
luminosity threshold of 0.3, 0.5 and 0.7 L"

[O II]. For this, we restrict
ourselves to a common redshift range of 0.36 ≤ z ≤ 0.8 in SDSS-
DR7 and DR12 and consider the log L"

[O II] (erg s−1) = 41.6 at the
average redshift of z = 0.6 (Comparat et al. 2016). First, we find the
number of sightlines suitable for detecting the [O II] line with a given
luminosity threshold at ≥4σ level by integrating the error spectra
across the expected location of [O II] doublet, typically comprises
of ∼ 12 pixels. Further, the fraction of systems is computed as a ratio
between the number of Mg II systems with [O II] emission above a
given luminosity threshold to the total number of Mg II systems for
which such a line is detectable.

In Fig. 9, we show the detection probability of [O II] emission line
as a function of W2796 for the luminosity threshold of 0.3 (top panel),
0.5 (middle panel) and 0.7 times (bottom panel) L"

[O II]. It is apparent
from the figure that the detection probability of nebular emission
lines increases with the strength of the W2796. The fraction of Mg II

systems detected in emission for various luminosity thresholds (in
column 1) are listed in the columns 2 and 3 of Table 3. It is also
clear from the table that the fractional detection of [O II] in Mg II

systems is higher for the low-luminosity threshold. Last column

MNRAS 471, 1910–1925 (2017)
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• Correlation emerges only when a wide 
range of equivalent widths are 
considered. 

• Absorbers selected based on DLAs does 
not show any clear W vs. D correlation.

5084 L. K. Guha, R. Srianand and P. Petitjean 
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Figure 4. The left panel shows the impact parameter (D) versus the W 2796 anticorrelation o v er the full redshift range for the isolated galaxies. The red squares 
correspond to the high-redshift USMg II absorption systems. The red (circle), orange, blue, violet, grey, brown, green, and pink points are taken from the low 
redshift USMg II surv e y (Guha et al. 2022 ), GOTOQs (Guha & Srianand 2023 ), MAGIICAT surv e y (Nielsen et al. 2013 ), Huang et al. ( 2021 ), MAGG surv e y 
(Dutta et al. 2020 ), Kacprzak et al. ( 2013 ), DLAs and sub-DLAs, and Rubin et al. ( 2018 ), respectively. The solid black line corresponds to the best-fitting 
log-linear model, and the shaded region corresponds to the 1 σ errors associated with it. The middle and right panels show the same, but only for the redshift 
ranges, 0.4 ≤ z abs < 0.6, and 0.6 ≤ z abs ≤ 0.9, respectively. 

Figure 5. W 2796 versus the impact parameters ( D ) for the USMg II host 
galaxies colour coded by their absorption redshifts. The diamonds (circles) 
indicate our measurements for 0.4 ≤z≤ 0.6 (0.6 ≤z≤ 0.9) USMg II sample. 
Squares show the data from the existing literature. The open stars are for the 
DLAs and sub-DLAs in the redshift range 0.4 ! z ! 1.0 (Rahmani et al. 
2016 ). The top panels show the distribution of impact parameters for the 
USMg II absorbers. 
measured α and β of 500 random sub-samples from our sample that 
have the same number of absorbers having the distribution of W 2796 
similar to that of the sample of Lundgren et al. ( 2021 ). Using the 
log-linear fits of these realizations, we obtain α = −0.011 ± 0.001 

Figure 6. The Sprearmann rank correlation coefficient between the W 2796 
and D for a given W cut 

2796 colour-coded according to the p values with the null 
hypothesis that these two data sets are uncorrelated. For a small W cut 

2796 , there 
is a significant anticorrelation between W 2796 and D . Ho we ver, as W cut 

2796 
increases, the significance of the anticorrelation keeps on decreasing and 
completely vanishes for W cut 

2796 of 1.5 Å. 
Table 4. Best-fitting parameters for the log-linear characterization of the 
W 2796 versus D anticorrelations for different redshift ranges. 
Redshift α β σ

0 < z < 1.5 −0.019 ± 0.002 0.540 ± 0.028 1.09 ± 0.05 
0.4 ≤ z < 0.6 −0.015 ± 0.003 0.538 ± 0.045 1.13 ± 0.10 
0.6 ≤ z ≤ 0.9 −0.010 ± 0.002 0.514 ± 0.044 1.29 ± 0.10 
and β = 0 . 48 + 0 . 02 

−0 . 01 . This again confirms the lack of strong redshift 
evolution in α and β. In Fig. 8 , we also show the best-fit relationship 
for the high- z sample of Lundgren et al. ( 2021 ). As before, we notice 
that at large impact parameters, the best fits suggest higher W 2796 at 
high- z. This figure also suggests no significant redshift evolution in 
the W 2796 versus D relationship at D < 20 kpc. 
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Squares show the data from the existing literature. The open stars are for the 
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−0 . 01 . This again confirms the lack of strong redshift 
evolution in α and β. In Fig. 8 , we also show the best-fit relationship 
for the high- z sample of Lundgren et al. ( 2021 ). As before, we notice 
that at large impact parameters, the best fits suggest higher W 2796 at 
high- z. This figure also suggests no significant redshift evolution in 
the W 2796 versus D relationship at D < 20 kpc. 
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Meaning of equivalent width from low-resolution spectrum

Pettini 1985

High resolution is 120 km/s and the low resolution is 20 km/s.

SDSS spectrum has a resolution of about 180 km/s. The equivalent width most of the time reflects the number of

components and not necessarily the column density (or density!).
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W H AT  A R E  T H E S E  C L O U D S ?

• Multiphase medium in pressure equilibrium? - 
what keeps the phase structure?- is there 
hydrostatic equilibrium? 

• Instabilities: cooling instability, Rayleigh–
Taylor instability etc.. 

• Survival issues: Evaporation, destruction due 
to high speed, collisions with other gas 
clouds, falling to the galaxy due to 
gravitational forces. 

• Time scales: free fall time, collision time, 
cooling time, typical reheating frequency/
time,  interaction and stripping time-scales.



A N Y  H I N T S  O N  T H E  P H Y S I C S  O F  C L O U D S ?

A strong anti-correlation is seen between L and metallicity (and density) at low 
as well as high-z. 

It seems one can easily explain this if we related L to the cooling length as for a 
given density the cooling rates are higher for higher metallicities. 

As all time scales are small we need a steady state formation of such clouds to 
explain the observations.



G A S  A R O U N D  G A L A X I E S :
Redshift evolution

Strong Mg II absorbers evolve strongly compared to weak ones.

Zhu & Menard, 2013, ApJ, 770, 130Also dependence on physical conditions?
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Mg II absorber cross-section

Steidel et al. 1997
what about including gas covering factor?
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Figure 7. The scatter in the W 2796 –D anticorrelations. The top panel shows 
various Mg II absorption systems in the W 2796 –D space from this work and 
the literature. The solid black line represents the best-fitting log-linear curve. 
This plot is the same as the left panel of Fig. 4 . The bottom panel shows the 
difference between the observed log (W 2796 ) and the best-fitting model for 
that impact parameter. 

Figure 8. Redshift evolution of the W 2796 –D anticorrelation. The blue and 
orange lines correspond to the best-fitting W 2796 –D curve for the redshift 
range 0.4 ≤ z < 0.6 and 0.6 ≤ z ≤ 0.9, respectively. The green curve is taken 
from Lundgren et al. ( 2021 ) and corresponds to the best-fitting W 2796 –D 
anticorrelation for the redshift range z ≥ 1. The grey dot–dashed and dashed 
horizontal lines correspond to W 2796 = 1 Å and W 2796 = 0 . 5 Å respectively. 

Dutta et al. ( 2020 ) have obtained β = −0 . 05 + 0 . 42 
−0 . 38 and α = 

−0.010 ± 0.003 for closest galaxies at z ∼ 0.8 −1.5 to the line 
of sight to 28 background quasars. Their α values are consistent with 
our v alues. Ho we ver, the inferred W 2796 ( D = 0) value is lower than 
ours, albeit with large errors. This is related to the poor representation 

of galaxies with low impact parameters (i.e. D < 20 kpc) in their 
sample. 

How the W 2796 −D relationship evolves with z has an important 
consequence on the redshift evolution of the number of Mg II 
absorbers per unit redshift path length (i.e. d N /d z ). For absorbers 
with W 2796 > 1 Å, d N /d z = 0.16, 0.20, and 0.31 for z = 0.5, 0.7, and 
1.3, respectively (Zhu & M ́enard 2013 ). When we consider W 2796 
> 0.5 Å, the corresponding values are 0.41, 0.47, and 0.62. Thus 
systems with the largest equi v alent width tend to show a slightly 
more rapid increase with redshift compared to those with the lowest 
equi v alent width. In a simple model where all-known galaxies have 
a spherical gaseous halo of the same radius and gas co v ering factor 
f c , the average number of Mg II absorbers per unit redshift interval is 
given by 〈 d N/ d z〉 = f c πD 2 max ∫ ∞ 

L min φ( L, z)d L × d l/ d z. Here, D max 
is the maximum impact parameter for a given value of W cut 

2796 for 
which d N /d z is computed. φ( L , z) is the galaxy luminosity function 
at redshift z, and d l /d z is the differential comoving path length per 
unit redshift interval. 

From Faber et al. ( 2007 ) we find the average number density 
of galaxies (with −30 ≤ M B ≤ −10 and M ∗B ∼ −21 . 3) per unit 
physical volume is ∼0.90 and ∼1.74 Mpc −3 at z = 0.5 and 1.1, 
respectively. Thus a factor of 2 change in d N /d z o v er the redshift 
range 0.5 ≤ z ≤ 1.1 can purely originate from the redshift evolution of 
the galaxy luminosity function. From Fig. 8 , if the co v ering fraction 
is independent of D , then the number density of low W 2796 is expected 
to show stronger redshift evolution. This is contrary to the observed 
results quoted abo v e. Thus, one requires the co v ering fraction to 
change with D . This expectation is consistent with the finding of Lan 
( 2020 ). Their results suggest that o v er the redshift range 0.5 ≤ z ≤
1.1, the co v ering fraction of star-forming galaxies ( M $ ∼ 10 10 M *) 
associated with strong Mg II absorption ( W 2796 ≥ 1 Å) increases from 
0.19 to 0.41, implying an increase of the co v ering fraction by a factor 
of ∼2. The same for weak absorbers ( W 2796 < 1 Å) changes from 0.15 
to 0.24, implying an increase by a factor of ∼1.5. 
4.3.3 Dependence on stellar mass 
Churchill et al. ( 2013a ) have noted that for a given W 2796 , the host 
galaxies at high impact parameters tend to have larger halo masses. 
This section investigates the presence of such a trend in our USMg II 
sample. In column 6 of Table 3 , we provide the present sample’s 
stellar masses of the USMg II host galaxies. The stellar mass of the 
USMg II host galaxies at z ∼ 0.7 ranges from 10.35 ≤ log ( M $ /M *) 
≤ 12.01 with a median value of 10.86. In the combined sample 
of USMg II host galaxies, the stellar mass ranges from 10.21 ≤
log ( M $ /M *) ≤ 12.01 with the median of log ( M $ /M *) = 10.73. 
We find a mild evolution in the stellar masses of the USMg II host 
galaxies o v er the redshift range 0.4 ≤ z ≤ 0.8 (Spearman correlation 
coefficient, r s = 0.48 with p -value 0.01). As mentioned before, some 
redshift evolution may be influenced by the fact that we are using 
a magnitude-limited sample. For the MAGIICAT host galaxies, the 
stellar masses are found to be in the range 8.65 ≤ log ( M $ /M *) ≤
12.12 with a median value of 10.51. Even though the two samples 
o v erlap in M ∗ ranges, the USMg II host galaxies tend to have higher 
M ∗ values as suggested by the median values. 

In the left panel of Fig. 9 , we show the scatter plot of M $ versus 
D for host galaxies of the general Mg II system population from 
the MAGIICAT sample and USMg II systems in our sample colour- 
coded according to the W 2796 . For the MAGIICAT host galaxies, we 
also find a correlation between M $ and D , which can be characterized 
by a linear fit of the form log ( M $ / M *) = (0 . 036 ± 0 . 006) D ( kpc ) + 
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Figure 7. The scatter in the W 2796 –D anticorrelations. The top panel shows 
various Mg II absorption systems in the W 2796 –D space from this work and 
the literature. The solid black line represents the best-fitting log-linear curve. 
This plot is the same as the left panel of Fig. 4 . The bottom panel shows the 
difference between the observed log (W 2796 ) and the best-fitting model for 
that impact parameter. 

Figure 8. Redshift evolution of the W 2796 –D anticorrelation. The blue and 
orange lines correspond to the best-fitting W 2796 –D curve for the redshift 
range 0.4 ≤ z < 0.6 and 0.6 ≤ z ≤ 0.9, respectively. The green curve is taken 
from Lundgren et al. ( 2021 ) and corresponds to the best-fitting W 2796 –D 
anticorrelation for the redshift range z ≥ 1. The grey dot–dashed and dashed 
horizontal lines correspond to W 2796 = 1 Å and W 2796 = 0 . 5 Å respectively. 

Dutta et al. ( 2020 ) have obtained β = −0 . 05 + 0 . 42 
−0 . 38 and α = 

−0.010 ± 0.003 for closest galaxies at z ∼ 0.8 −1.5 to the line 
of sight to 28 background quasars. Their α values are consistent with 
our v alues. Ho we ver, the inferred W 2796 ( D = 0) value is lower than 
ours, albeit with large errors. This is related to the poor representation 

of galaxies with low impact parameters (i.e. D < 20 kpc) in their 
sample. 

How the W 2796 −D relationship evolves with z has an important 
consequence on the redshift evolution of the number of Mg II 
absorbers per unit redshift path length (i.e. d N /d z ). For absorbers 
with W 2796 > 1 Å, d N /d z = 0.16, 0.20, and 0.31 for z = 0.5, 0.7, and 
1.3, respectively (Zhu & M ́enard 2013 ). When we consider W 2796 
> 0.5 Å, the corresponding values are 0.41, 0.47, and 0.62. Thus 
systems with the largest equi v alent width tend to show a slightly 
more rapid increase with redshift compared to those with the lowest 
equi v alent width. In a simple model where all-known galaxies have 
a spherical gaseous halo of the same radius and gas co v ering factor 
f c , the average number of Mg II absorbers per unit redshift interval is 
given by 〈 d N/ d z〉 = f c πD 2 max ∫ ∞ 

L min φ( L, z)d L × d l/ d z. Here, D max 
is the maximum impact parameter for a given value of W cut 

2796 for 
which d N /d z is computed. φ( L , z) is the galaxy luminosity function 
at redshift z, and d l /d z is the differential comoving path length per 
unit redshift interval. 

From Faber et al. ( 2007 ) we find the average number density 
of galaxies (with −30 ≤ M B ≤ −10 and M ∗B ∼ −21 . 3) per unit 
physical volume is ∼0.90 and ∼1.74 Mpc −3 at z = 0.5 and 1.1, 
respectively. Thus a factor of 2 change in d N /d z o v er the redshift 
range 0.5 ≤ z ≤ 1.1 can purely originate from the redshift evolution of 
the galaxy luminosity function. From Fig. 8 , if the co v ering fraction 
is independent of D , then the number density of low W 2796 is expected 
to show stronger redshift evolution. This is contrary to the observed 
results quoted abo v e. Thus, one requires the co v ering fraction to 
change with D . This expectation is consistent with the finding of Lan 
( 2020 ). Their results suggest that o v er the redshift range 0.5 ≤ z ≤
1.1, the co v ering fraction of star-forming galaxies ( M $ ∼ 10 10 M *) 
associated with strong Mg II absorption ( W 2796 ≥ 1 Å) increases from 
0.19 to 0.41, implying an increase of the co v ering fraction by a factor 
of ∼2. The same for weak absorbers ( W 2796 < 1 Å) changes from 0.15 
to 0.24, implying an increase by a factor of ∼1.5. 
4.3.3 Dependence on stellar mass 
Churchill et al. ( 2013a ) have noted that for a given W 2796 , the host 
galaxies at high impact parameters tend to have larger halo masses. 
This section investigates the presence of such a trend in our USMg II 
sample. In column 6 of Table 3 , we provide the present sample’s 
stellar masses of the USMg II host galaxies. The stellar mass of the 
USMg II host galaxies at z ∼ 0.7 ranges from 10.35 ≤ log ( M $ /M *) 
≤ 12.01 with a median value of 10.86. In the combined sample 
of USMg II host galaxies, the stellar mass ranges from 10.21 ≤
log ( M $ /M *) ≤ 12.01 with the median of log ( M $ /M *) = 10.73. 
We find a mild evolution in the stellar masses of the USMg II host 
galaxies o v er the redshift range 0.4 ≤ z ≤ 0.8 (Spearman correlation 
coefficient, r s = 0.48 with p -value 0.01). As mentioned before, some 
redshift evolution may be influenced by the fact that we are using 
a magnitude-limited sample. For the MAGIICAT host galaxies, the 
stellar masses are found to be in the range 8.65 ≤ log ( M $ /M *) ≤
12.12 with a median value of 10.51. Even though the two samples 
o v erlap in M ∗ ranges, the USMg II host galaxies tend to have higher 
M ∗ values as suggested by the median values. 

In the left panel of Fig. 9 , we show the scatter plot of M $ versus 
D for host galaxies of the general Mg II system population from 
the MAGIICAT sample and USMg II systems in our sample colour- 
coded according to the W 2796 . For the MAGIICAT host galaxies, we 
also find a correlation between M $ and D , which can be characterized 
by a linear fit of the form log ( M $ / M *) = (0 . 036 ± 0 . 006) D ( kpc ) + 
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Figure 7. The scatter in the W 2796 –D anticorrelations. The top panel shows 
various Mg II absorption systems in the W 2796 –D space from this work and 
the literature. The solid black line represents the best-fitting log-linear curve. 
This plot is the same as the left panel of Fig. 4 . The bottom panel shows the 
difference between the observed log (W 2796 ) and the best-fitting model for 
that impact parameter. 

Figure 8. Redshift evolution of the W 2796 –D anticorrelation. The blue and 
orange lines correspond to the best-fitting W 2796 –D curve for the redshift 
range 0.4 ≤ z < 0.6 and 0.6 ≤ z ≤ 0.9, respectively. The green curve is taken 
from Lundgren et al. ( 2021 ) and corresponds to the best-fitting W 2796 –D 
anticorrelation for the redshift range z ≥ 1. The grey dot–dashed and dashed 
horizontal lines correspond to W 2796 = 1 Å and W 2796 = 0 . 5 Å respectively. 

Dutta et al. ( 2020 ) have obtained β = −0 . 05 + 0 . 42 
−0 . 38 and α = 

−0.010 ± 0.003 for closest galaxies at z ∼ 0.8 −1.5 to the line 
of sight to 28 background quasars. Their α values are consistent with 
our v alues. Ho we ver, the inferred W 2796 ( D = 0) value is lower than 
ours, albeit with large errors. This is related to the poor representation 

of galaxies with low impact parameters (i.e. D < 20 kpc) in their 
sample. 

How the W 2796 −D relationship evolves with z has an important 
consequence on the redshift evolution of the number of Mg II 
absorbers per unit redshift path length (i.e. d N /d z ). For absorbers 
with W 2796 > 1 Å, d N /d z = 0.16, 0.20, and 0.31 for z = 0.5, 0.7, and 
1.3, respectively (Zhu & M ́enard 2013 ). When we consider W 2796 
> 0.5 Å, the corresponding values are 0.41, 0.47, and 0.62. Thus 
systems with the largest equi v alent width tend to show a slightly 
more rapid increase with redshift compared to those with the lowest 
equi v alent width. In a simple model where all-known galaxies have 
a spherical gaseous halo of the same radius and gas co v ering factor 
f c , the average number of Mg II absorbers per unit redshift interval is 
given by 〈 d N/ d z〉 = f c πD 2 max ∫ ∞ 

L min φ( L, z)d L × d l/ d z. Here, D max 
is the maximum impact parameter for a given value of W cut 

2796 for 
which d N /d z is computed. φ( L , z) is the galaxy luminosity function 
at redshift z, and d l /d z is the differential comoving path length per 
unit redshift interval. 

From Faber et al. ( 2007 ) we find the average number density 
of galaxies (with −30 ≤ M B ≤ −10 and M ∗B ∼ −21 . 3) per unit 
physical volume is ∼0.90 and ∼1.74 Mpc −3 at z = 0.5 and 1.1, 
respectively. Thus a factor of 2 change in d N /d z o v er the redshift 
range 0.5 ≤ z ≤ 1.1 can purely originate from the redshift evolution of 
the galaxy luminosity function. From Fig. 8 , if the co v ering fraction 
is independent of D , then the number density of low W 2796 is expected 
to show stronger redshift evolution. This is contrary to the observed 
results quoted abo v e. Thus, one requires the co v ering fraction to 
change with D . This expectation is consistent with the finding of Lan 
( 2020 ). Their results suggest that o v er the redshift range 0.5 ≤ z ≤
1.1, the co v ering fraction of star-forming galaxies ( M $ ∼ 10 10 M *) 
associated with strong Mg II absorption ( W 2796 ≥ 1 Å) increases from 
0.19 to 0.41, implying an increase of the co v ering fraction by a factor 
of ∼2. The same for weak absorbers ( W 2796 < 1 Å) changes from 0.15 
to 0.24, implying an increase by a factor of ∼1.5. 
4.3.3 Dependence on stellar mass 
Churchill et al. ( 2013a ) have noted that for a given W 2796 , the host 
galaxies at high impact parameters tend to have larger halo masses. 
This section investigates the presence of such a trend in our USMg II 
sample. In column 6 of Table 3 , we provide the present sample’s 
stellar masses of the USMg II host galaxies. The stellar mass of the 
USMg II host galaxies at z ∼ 0.7 ranges from 10.35 ≤ log ( M $ /M *) 
≤ 12.01 with a median value of 10.86. In the combined sample 
of USMg II host galaxies, the stellar mass ranges from 10.21 ≤
log ( M $ /M *) ≤ 12.01 with the median of log ( M $ /M *) = 10.73. 
We find a mild evolution in the stellar masses of the USMg II host 
galaxies o v er the redshift range 0.4 ≤ z ≤ 0.8 (Spearman correlation 
coefficient, r s = 0.48 with p -value 0.01). As mentioned before, some 
redshift evolution may be influenced by the fact that we are using 
a magnitude-limited sample. For the MAGIICAT host galaxies, the 
stellar masses are found to be in the range 8.65 ≤ log ( M $ /M *) ≤
12.12 with a median value of 10.51. Even though the two samples 
o v erlap in M ∗ ranges, the USMg II host galaxies tend to have higher 
M ∗ values as suggested by the median values. 

In the left panel of Fig. 9 , we show the scatter plot of M $ versus 
D for host galaxies of the general Mg II system population from 
the MAGIICAT sample and USMg II systems in our sample colour- 
coded according to the W 2796 . For the MAGIICAT host galaxies, we 
also find a correlation between M $ and D , which can be characterized 
by a linear fit of the form log ( M $ / M *) = (0 . 036 ± 0 . 006) D ( kpc ) + 
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G A S  A R O U N D  G A L A X I E S :  C O V E R I N G  FA C T O R

fraction around passive galaxies has a weaker dependence with
~M 0.3
* . This stellar mass dependence is consistent with the

results of Chen et al. (2010), who reported that scaling the
Mg II gas distribution by the luminosity of galaxies with~LB

0.35

reduced the scatters of gas distribution. It is also consistent with
the results of Prochaska et al. (2014), showing that the covering
fraction of C II absorption lines increases with stellar mass of
galaxies. We also note that the covering fraction of neutral

hydrogen at local universe obtained by Bordoloi et al. (2018)
follows the same trend, showing that the covering fraction
scales with stellar mass by M 0.3

* .
The parameter values for the redshift dependence, α, are

consistent with no evolution for weak absorbers around passive
galaxies and with a weak evolution around star-forming
galaxies ( )~ + z1 1, but they indicate significant evolution for
strong absorbers with ( )~ + -z1 2 2.5. These redshift trends are

Figure 3. Redshift evolution of the covering fraction of Mg II absorbers. Data points show the best-fitting covering fraction at 100 kpc. Upper panel shows the results
for weak absorbers ( Å< <lW0.4 12796 ). Lower panel shows the results for strong absorbers ( Å>lW 12796 ). Left and right columns show the results for star-forming
and passive galaxies, respectively. Solid, color-coded lines show the best-fit redshift and mass relation (Equation (6)). Gray, dashed line in lower left panel shows the
redshift evolution of SFR of galaxies with a fixed stellar mass from Whitaker et al. (2012).

Table 2
Best-fitting Parameters for Mg II Covering Fraction from < <r50 600 kpcp (Top) and for Neutral Hydrogen Mass within rvir (Bottom)

Star-forming Passive galaxies

A α β A α β

Å< <lW0.4 12796 0.026±0.006 1.2±0.4 0.50±0.05 0.040±0.010 −0.1±0.4 0.34±0.07
Å>lW 12796 0.008±0.002 2.2±0.4 0.53±0.05 0.007±0.002 2.5±0.4 0.20±0.07

( Å)( )< <lM W M0.4 1 10H I 2796
9 0.18±0.05 1.6±0.5 0.75±0.07 0.12±0.04 0.3±0.5 1.17±0.12

( Å)( )>lM W M1 10H I 2796
9 0.23±0.06 3.1±0.4 0.64±0.06 0.10±0.03 2.9±0.5 0.95±0.12
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is not due to the incompleteness of the imaging survey, as the
decline starts at around 20 magnitude—which is 2.5 magni-
tudes brighter than the survey limiting magnitude indicated by
the vertical dashed lines.
We find that the shape of the magnitude distribution is

inconsistent with the shape of the global magnitude distribution
of galaxies at the same redshift, with fainter galaxies
dominating the number counts. We further explore the
corresponding stellar mass distribution and find that Mg II
associated galaxies with stellar mass > M1010 contribute to
about 70% of the total signal. This result illustrates that Mg II
absorbers preferentially trace galaxies with stellar mass

> M1010 , consistent with clustering measurements (e.g.,
Bouché et al. 2006; Lundgren et al. 2009) showing galaxies
associated with strong absorbers on average residing in dark
matter halos with ~ M1012 . It is also consistent with the
galaxy population inferred from the stellar mass and metallicity
relation (e.g., Mannucci et al. 2009), having sufficiently high
metallicity to produce about solar metallicity of the circumga-
lactic Mg II absorbers (Lan & Fukugita 2017).

3.2. Redshift Evolution of Gas Distribution

We now explore the distribution of cool gas traced by Mg II
absorbers around galaxies. To do so, we measure the covering
fraction of Mg II absorbers around galaxies from 20 to 600 kpc
as a function of stellar mass, galaxy type, and redshift, and fit
the covering fraction with

( )
⎛
⎝⎜

⎞
⎠⎟= ´
g

f A
r

100 kpc
, 6c

p
100

where the γ values are obtained from a global fitting for each
galaxy type and rest-equivalent width cut as listed in Table 1.
In the Appendix, we show the measured covering fraction and
the best-fit power-law profiles.
Figure 3 shows the best-fit values of A100 as a function of

stellar mass and redshift from 0.4 to 1.3. We find that the gas
distribution depends on the stellar mass; the trend is observed
not only in galaxy types but also in absorption strength. In
addition, we find that the A100 of strong absorbers for both star-
forming and passive galaxies evolves significantly with
redshift, increasing by a factor of 3 from redshift 0.4 to 1.3
with a given stellar mass, while such a trend is not observed for
weak absorbers. To quantify the redshift evolution and the
stellar mass dependence, we characterize A100 with

( ) ( )
⎛
⎝⎜

⎞
⎠⎟

= ´ + a
b

A A z
M

M
1

10
. 7100 10

*

The best-fit relations are shown by the solid, color-coded lines
in Figure 3, and the best-fit parameter values are listed in
Table 2.
We find that the A100 for star-forming galaxies scales with

the stellar mass of galaxies by ~M 0.5
* , while the covering

Figure 2. Magnitude distribution of associated galaxies as a function of
redshift. The 5σ limiting magnitude is 22.5, as indicated by the vertical dashed
lines.

Table 1
Best-fitting slopes for 50–600 kpc

Star-forming Passive galaxies

Å< <lW0.4 12796 −1.42±0.06 −1.01±0.05
Å>lW 12796 −1.40±0.06 −1.33±0.06
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matter halos with ~ M1012 . It is also consistent with the
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We now explore the distribution of cool gas traced by Mg II
absorbers around galaxies. To do so, we measure the covering
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In the Appendix, we show the measured covering fraction and
the best-fit power-law profiles.
Figure 3 shows the best-fit values of A100 as a function of

stellar mass and redshift from 0.4 to 1.3. We find that the gas
distribution depends on the stellar mass; the trend is observed
not only in galaxy types but also in absorption strength. In
addition, we find that the A100 of strong absorbers for both star-
forming and passive galaxies evolves significantly with
redshift, increasing by a factor of 3 from redshift 0.4 to 1.3
with a given stellar mass, while such a trend is not observed for
weak absorbers. To quantify the redshift evolution and the
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fraction around passive galaxies has a weaker dependence with
~M 0.3
* . This stellar mass dependence is consistent with the

results of Chen et al. (2010), who reported that scaling the
Mg II gas distribution by the luminosity of galaxies with~LB

0.35

reduced the scatters of gas distribution. It is also consistent with
the results of Prochaska et al. (2014), showing that the covering
fraction of C II absorption lines increases with stellar mass of
galaxies. We also note that the covering fraction of neutral

hydrogen at local universe obtained by Bordoloi et al. (2018)
follows the same trend, showing that the covering fraction
scales with stellar mass by M 0.3

* .
The parameter values for the redshift dependence, α, are

consistent with no evolution for weak absorbers around passive
galaxies and with a weak evolution around star-forming
galaxies ( )~ + z1 1, but they indicate significant evolution for
strong absorbers with ( )~ + -z1 2 2.5. These redshift trends are

Figure 3. Redshift evolution of the covering fraction of Mg II absorbers. Data points show the best-fitting covering fraction at 100 kpc. Upper panel shows the results
for weak absorbers ( Å< <lW0.4 12796 ). Lower panel shows the results for strong absorbers ( Å>lW 12796 ). Left and right columns show the results for star-forming
and passive galaxies, respectively. Solid, color-coded lines show the best-fit redshift and mass relation (Equation (6)). Gray, dashed line in lower left panel shows the
redshift evolution of SFR of galaxies with a fixed stellar mass from Whitaker et al. (2012).

Table 2
Best-fitting Parameters for Mg II Covering Fraction from < <r50 600 kpcp (Top) and for Neutral Hydrogen Mass within rvir (Bottom)

Star-forming Passive galaxies

A α β A α β

Å< <lW0.4 12796 0.026±0.006 1.2±0.4 0.50±0.05 0.040±0.010 −0.1±0.4 0.34±0.07
Å>lW 12796 0.008±0.002 2.2±0.4 0.53±0.05 0.007±0.002 2.5±0.4 0.20±0.07

( Å)( )< <lM W M0.4 1 10H I 2796
9 0.18±0.05 1.6±0.5 0.75±0.07 0.12±0.04 0.3±0.5 1.17±0.12

( Å)( )>lM W M1 10H I 2796
9 0.23±0.06 3.1±0.4 0.64±0.06 0.10±0.03 2.9±0.5 0.95±0.12
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observed in both types of galaxies. The redshift evolution
indicates that, in addition to stellar mass, there are more
parameters that are connected to the covering fraction of strong
absorbers. One possible parameter is the SFR of galaxies,
which evolves in a manner similar to that of the covering
fraction of strong absorbers, as shown by the gray dashed line
in Figure 3. We will further explore such a possibility in
Section 3.4.

3.3. Gas Distribution in Dark Matter Halos

A fixed physical scale corresponds to different virial radius
of dark matter halos. Therefore, in addition to characterize the
covering fraction in physical space, we explore the gas
distribution with respect to the size of dark matter halos. To
do so, we obtain the halo mass based on the stellar mass-halo
mass relation from Behroozi et al. (2013) and the virial radius
based on the analytic formula from Bryan & Norman (1998).
We normalize the impact parameters by the virial radius of dark
matter halos. Figure 4 shows the covering fraction of strong
absorbers ( Å>lW 12796 ) around star-forming (top) and passive
galaxies (bottom) as a function of redshift. The colors show the
covering fraction measurements of galaxies with different
stellar mass. We find that, after normalization, the covering
fractions of star-forming galaxies with different masses now
align with each other. We also observe that the profiles of inner
(< r0.5 vir) and outer regions (> r0.5 vir) have different slopes; this
trend has also been seen in previous studies (e.g., Lan &
Mo 2018), showing that the covering fraction at small scales
around star-forming galaxies is systematically higher than the
extrapolation from the best-fit profile obtained at larger scales.

To characterize the inner and outer regions of the covering
fraction of strong absorbers around star-forming galaxies as a
function of redshift, we use a global function with a
combination of an exponential profile and a power-law profile:

( )= +f f f , 8c c c
exp power

where

( )
( )
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r r
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The best-fit profiles are shown with the color dashed lines in
the upper panel of Figure 4. We apply the same function form
to fit the gas profiles of strong absorbers around passive
galaxies, and find that the power law fc

power alone is sufficient
to describe the profiles around passive galaxies (as shown in
the lower panel of Figure 4). Similarly, we also find that the
power law fc

power alone is sufficient to describe the gas profiles
of weak absorbers around both types of galaxies. The best-fit
values are listed in Table 3.
For strong absorbers around star-forming galaxies, we find

that both fc
exp and fc

power evolve with redshift. We find that the
covering fraction of strong absorbers around passive galaxies
evolves with redshift by ( )+ z1 4 0.4, similar to evolution of
fc

power for star-forming galaxies. For weak absorbers, the
covering fraction does not show strong evolution with redshift,
similarly to the measurements in physical space.

Figure 4. Covering fraction of strong absorbers with impact parameters normalized by the virial radius of dark matter halos as a function of redshift. Top: gas around
star-forming galaxies. Bottom: gas around passive galaxies. Colors indicate the stellar mass of galaxies. Red and orange lines show the best-fit functions for ( )<f r2c vir .
Best-fit profiles for star-forming galaxies with M1010.5 are also shown in blue in the lower panels, for comparison.
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G A S  D I S T R I B U T I O N  I N  R E A L I T Y

Disk, Disk halo 
interface, halo,  infall, 

outflow

Gas gravitationally 
bound to each galaxy 

and bound to the 
group.

Gas associated with 
large scale distribution .

• When you measure absorption as a function of D you 
are actually measuring the clustering of gas around 
that point.  

• Clustering at different scale is dominated by different 
physical process.  

• How good a given species behaves as a tracer 
depends on what drives the physics of the tracer.  

• Metal lines: metal pollution, correct ionization state 
which makes interpretation very difficult.



C R O S S  C O R R E L AT I O N  O F  M G I I  A B S O R B E R S  A N D  
G A L A X I E S

Cross-correlation of Mg II absorption and Galaxies

Ref: Perez-Rafols, 2015, MNRAS, 447, 2784

8,95,472 galaxies @z > 0.35; �3 QSO sight lines per galaxy @ <30 h�1 Mpc

�⌧e(rp, v) =
⌧0p

(1+(xHrp�0)
2)

(
rp
rp0

)�↵ ⇥ [e�(v�v1)2/2�2 + qe�(v�v1)2/2�2]

v1 = �265.05 km s�1, v2 = +513.28 km s�1, rp0 = 1 Mpc; �0 = 250 km s�1

⌧0 = 0.0060 ± 0.0001; ↵ = 0.70 ± 0.01; x = 1.35 ± 0.06; W0e = 6.27 ± 0.10

km s�1.
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Figure 9. Left panel: Stellar masses of the Mg II host galaxies against their impact parameters, colour-coded as W 2796 . Right panel: Rest-frame absolute B -band 
magnitudes of the Mg II host galaxies relative to the characteristic B -band magnitude at the same redshift against their impact parameters. For both panels, 
the diamond, circle, and square markers correspond to the high redshift USMg II host galaxies, low redshift USMg II host galaxies, and the MAGIICAT host 
galaxies. The solid black lines correspond to the linear regression fit to the MAGIICAT host galaxies, and the grey regions correspond to the 1 σ uncertainty to 
the fit. The solid blue line corresponds to the linear fit, but only for the USMg II host galaxies from our surv e y. 
(9 . 301 ± 0 . 225) (see Guha et al. 2022 ). The solid black straight line 
corresponds to this fit, and the gre y re gion to the 1 σ uncertainty 
to the fit. This aligns with the findings of Churchill et al. ( 2013b ); 
Rubin et al. ( 2018 ); Huang et al. ( 2021 ), who reported that massive 
galaxies produce stronger absorption for a similar impact parameter. 
Considering the USMg II host galaxies alone, we find a possible mild 
correlation between M " and D . A Spearman rank correlation analysis 
returns a correlation coefficient of r S = 0.5 and a p -value of 0.009. A 
linear fit to the data for the USMg II galaxies gives log ( M " / M !) = 
(0 . 019 ± 0 . 007) D ( kpc ) + (10 . 341 ± 0 . 203). The solid blue line in 
the left-hand panel of Fig. 9 corresponds to this fit. For a given impact 
parameter, the stellar mass of host galaxies of USMg II absorbers is 
systematically higher than the lo w equi v alent width systems. For 
example, at median D ∼ 23 kpc (or D ∼ 0 kpc) of the USMg II 
sample, the host galaxies of USMg II systems are a factor 4 (or ∼ 10) 
times higher than absorbers seen in the MAGIICAT sample. 

In the MAGIICAT sample, when we consider all cases with W 2796 
measurements and not upper limits, we find that the correlation is 
stronger between W 2796 and D + 0 . 16( log (M " / M !) − 10 . 51) (i.e. 
r s = −0.47 with a p-value of ∼10 −4 ) compared to the correlation 
between W 2796 and D (i.e. r s = −0.37 with a p -value of ∼10 −3 ). We 
repeated the same e x ercise for USMg II absorbers alone. We find for 
W 2796 −D relation the correlation coefficient is r s = −0.113 with p - 
value = 0.59. After minimizing the mass-dependent scatter (i.e W 2796 
versus D + 0 . 017(log( M ∗/ M !) − 10 . 73)) correlation coefficient is r s 
= −0.112 with p -value = 0.590. 

We quantify this further using the relationship between W 2796 , D , 
and M ∗ found by Huang et al. ( 2021 ). For the median stellar mass 
(i.e. log ( M ∗/M !) = 10.73) and impact parameter ( D ∼ 24 kpc), their 
best-fitted relationship predicts W 2796 ∼ 1.15 Å. On the contrary, to 
have W 2796 > 3 Å, D should be less than 9.5 kpc for the host galaxy 
with M ∗ close to the median value of the USMg II host galaxies. 
While USMg II absorbers are massive for a given impact parameter 
(as found for the general population of Mg II absorbers), they do 

not follow the best-fitting relationship between W 2796 , D , and M " 
obtained for the general Mg II population. This could be related to 
any pre v ailing physical conditions specific to USMg II absorbers or 
some of the high impact parameter USMg II absorbers originating 
from more than one galaxy. 
4.3.4 Dependence on rest frame B-band absolute magnitude 
Next, we consider the rest-frame absolute B -band magnitudes of 
the USMg II and the host galaxies in the MAGIICAT sample. The 
rest-frame absolute B -band magnitudes ( M B ) are obtained from 
the synthetic SED fitted spectra of the galaxies using the method 
described in Guha et al. ( 2022 ). The rest-frame B -band magnitude 
for the USMg II host galaxies at z ∼ 0.7 ranges from −22.46 ≤ M B 
≤ −20.27 with a median value of −21.23. Upon combining with our 
z ∼ 0.5 USMg II host galaxies (Guha et al. 2022 ), the rest frame B - 
band magnitude ranges from −22.46 ≤ M B ≤ −19.05 with a median 
value of −20.85. For the MAGIICAT galaxies, M B ranges −22.56 ≤
M B ≤ −16.53 with a median value of −20.08. Column 7 of Table 3 
provides the M B of the USMg II host galaxies identified in this work. 
Note, as in the case of M " , M B measurements are possible only for 26 
out of 36 host galaxies as there is the contamination of quasar light 
in the remaining cases. 

In the right panel of Fig. 9 , we show the scatter plot of M B 
relative to the B -band characteristic magnitude ( M " B , Faber et al. 
2007 ) at the galaxy redshift versus D colour-coded according to 
the W 2796 . For the MAGIICAT host galaxies, just like for the 
stellar mass, we also find a correlation between host galaxy B -band 
absolute magnitude and D , which can be characterized by a linear 
fit of the form M B − M " B = ( −0 . 037 ± 0 . 008) D ( kpc ) + (2 . 445 ±
0 . 302). The solid black straight line corresponds to this fit, and the 
gre y re gion associated 1 σ uncertainty to the fit. It is evident from the 
figure that compared to the MAGIICAT host galaxies, for a given 
D , the USMg II host galaxies tend to be brighter. This aligns with 
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Figure 2. Scatter plot of W 2796 against the [O II ] line luminosity ( L [O II ] ) of 
the associated Mg II host galaxies. To correct for redshift evolution, we have 
scaled the L [O II ] according to the characteristic [O II ] line luminosity ( L ! [O II ] ) 
at that redshift. The orange, green, purple, and blue points (diamond/circle) 
correspond to the Mg II host galaxies from the GOTOQs (Joshi et al. 2017 ), 
MAGG surv e y (Dutta et al. 2020 ), MEGAFLOW surv e y (Schroetter et al. 
2019 ), and the USMg II host galaxies (high redshift/low redshift), respectively. 
The horizontal and vertical black dashed lines correspond to the W cut 

2796 of 
USMg II host galaxies and L ! [O II ] galaxies, respectively. 
driven by weak Mg II absorbers. The correlation gets weaker as we 
restrict ourselves to the stronger Mg II absorbers (see Guha et al. 
2022 for details). For example, for W 2796 > 1 Å, Spearman rank 
correlation analysis gives r S = 0.16 and p -value = 0.008, while for 
W 2796 > 2 Å, we get r S = 0.05 and p -value = 0.52. It is also clear 
from Fig. 2 that there is no clear trend among the USMg II absorbers 
between W 2796 and L [O II ] . 

Next, we look for any redshift evolution in the [O II ] luminosity of 
USMg II host galaxies o v er the redshift range 0.4 ≤ z ≤ 0.8. We do not 
find any redshift evolution in the [O II ] luminosities of the USMg II 
host galaxies with a Spearman correlation coefficient r s = 0.07 with 
p -value of 0.68. This is contrary to the mild evolution shown by L ! [O II ] 
o v er the same redshift range (Comparat et al. 2016 ). It will be useful 
to confirm this with better quality spectra after applying appropriate 
dust corrections. 
4.2.2 Star formation rates 
Next, we consider the current SFRs of the USMg II host galaxies. 
We measure the SFRs using two different methods. The first method 
is based on the [O II ] nebular line luminosity (K ennicutt 1998 , gi ven 
inside the brackets in the last column of Table 3 ), and the second 
method is based on the SED fitting (the last column of Table 3 ). The 
SFR obtained using the [O II ] emission line has systematic uncer- 
tainties that depend on variation in reddening, chemical abundance 
(stellar mass through the mass metallicity relations), and ionization 
(Moustakas, Kennicutt & Tremonti 2006 ; Gilbank et al. 2010 ). The 
inferred SFR using [O II ] nebular emission is less than measured 
using SED fitting and as in Guha et al. ( 2022 ), for the reasons 

Figure 3. Scatter plot of the ongoing SFRs (SFR) scaled by the SFR of 
a main-sequence galaxy (SFR MS ) of the same mass at the same redshift, 
colour-coded as W 2796 against the stellar masses of the Mg II absorbers. The 
diamond, circle, and square markers correspond to the high redshift USMg II 
host galaxies, low redshift USMg II host galaxies, and the MAGIICAT host 
galaxies, respectively. The solid black line corresponds to the main sequence 
SFR. The dotted and the dash-dotted line correspond to the median SFR of 
MAGIICAT and USMg II host galaxies, respectively. 
mentioned abo v e, we use the SFR measurements based on SED 
fitting in our analysis. 

We find a mild redshift evolution of the SFR of the USMg II host 
galaxies, obtained using SED fitting, o v er the redshift range 0.4 ≤ z 
≤ 0.8. The Spearman correlation coefficient between the SFR and z, 
r s = 0.61, with p- value being ∼0.001. Since our host galaxy sample 
is magnitude limited some of the redshift evolution may be biased by 
this. In Fig. 3 , we show the scatter plot between the ongoing SFRs 
obtained from the SED fitting scaled by the SFR of a main-sequence 
galaxy (SFR MS ) of the same mass at the same redshift (Speagle 
et al. 2014 ), against their stellar masses. We scale the SFR with the 
main-sequence SFR to account for redshift evolution. The points are 
colour-coded by W 2796 . The solid black line corresponds to the main- 
sequence SFR. The dotted and the dash–dotted line corresponds to the 
median SFR of MAGIICAT and USMg II host galaxies, respectively. 
The new data added from this work confirms that the USMg II host 
galaxies are not starburst galaxies and have SFRs slightly lower than 
that expected for the main-sequence galaxies (Guha et al. 2022 ). 
Ho we ver, note that the SFRs are obtained from SED fittings based 
on the multiband galaxy photometries without the galaxy spectra 
can have large offsets (up to a factor of 2) and can at best be main- 
sequence galaxies. 
4.3 W 2796 versus impact parameter 
In this section, we revisit the well-known anti-correlation between 
W 2796 and impact parameter (Bergeron & Boiss ́e 1991 ; Steidel 1995 ; 
Chen et al. 2010 ; Nielsen et al. 2013 ) for the Mg II absorbers. In 
particular, we are interested in (i) understanding this relation for 
USMg II absorbers by combining the present data with those from 
Guha et al. ( 2022 ) and (ii) how the global fit for the Mg II systems 
gets modified by the inclusion of USMg II absorbers that mostly 
populate the low D – high W 2796 region of the W 2796 − D plane. For 
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• There is a tendency of largest 
equivalent width systems to be 
associated with L[OII]>L*[OII] galaxies. 

• However, Mg II equivalent width does 
not correlate with OII luminosity. Such 
a correlation was proposed to argue 
that highly star forming galaxies with 
have strong OII emission and large 
reservoir of gas. 

• However, unlike HI Balmer lines [OII] 
may not be a good indicator of SFR!



M G  I I  H O S T  G A L A X I E S  A N D  S TA R  F O R M I N G  M A I N -
S E Q U E N C E5082 L. K. Guha, R. Srianand and P. Petitjean 

MNRAS 527, 5075–5092 (2024) 

Figure 2. Scatter plot of W 2796 against the [O II ] line luminosity ( L [O II ] ) of 
the associated Mg II host galaxies. To correct for redshift evolution, we have 
scaled the L [O II ] according to the characteristic [O II ] line luminosity ( L ! [O II ] ) 
at that redshift. The orange, green, purple, and blue points (diamond/circle) 
correspond to the Mg II host galaxies from the GOTOQs (Joshi et al. 2017 ), 
MAGG surv e y (Dutta et al. 2020 ), MEGAFLOW surv e y (Schroetter et al. 
2019 ), and the USMg II host galaxies (high redshift/low redshift), respectively. 
The horizontal and vertical black dashed lines correspond to the W cut 
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USMg II host galaxies and L ! [O II ] galaxies, respectively. 
driven by weak Mg II absorbers. The correlation gets weaker as we 
restrict ourselves to the stronger Mg II absorbers (see Guha et al. 
2022 for details). For example, for W 2796 > 1 Å, Spearman rank 
correlation analysis gives r S = 0.16 and p -value = 0.008, while for 
W 2796 > 2 Å, we get r S = 0.05 and p -value = 0.52. It is also clear 
from Fig. 2 that there is no clear trend among the USMg II absorbers 
between W 2796 and L [O II ] . 

Next, we look for any redshift evolution in the [O II ] luminosity of 
USMg II host galaxies o v er the redshift range 0.4 ≤ z ≤ 0.8. We do not 
find any redshift evolution in the [O II ] luminosities of the USMg II 
host galaxies with a Spearman correlation coefficient r s = 0.07 with 
p -value of 0.68. This is contrary to the mild evolution shown by L ! [O II ] 
o v er the same redshift range (Comparat et al. 2016 ). It will be useful 
to confirm this with better quality spectra after applying appropriate 
dust corrections. 
4.2.2 Star formation rates 
Next, we consider the current SFRs of the USMg II host galaxies. 
We measure the SFRs using two different methods. The first method 
is based on the [O II ] nebular line luminosity (K ennicutt 1998 , gi ven 
inside the brackets in the last column of Table 3 ), and the second 
method is based on the SED fitting (the last column of Table 3 ). The 
SFR obtained using the [O II ] emission line has systematic uncer- 
tainties that depend on variation in reddening, chemical abundance 
(stellar mass through the mass metallicity relations), and ionization 
(Moustakas, Kennicutt & Tremonti 2006 ; Gilbank et al. 2010 ). The 
inferred SFR using [O II ] nebular emission is less than measured 
using SED fitting and as in Guha et al. ( 2022 ), for the reasons 

Figure 3. Scatter plot of the ongoing SFRs (SFR) scaled by the SFR of 
a main-sequence galaxy (SFR MS ) of the same mass at the same redshift, 
colour-coded as W 2796 against the stellar masses of the Mg II absorbers. The 
diamond, circle, and square markers correspond to the high redshift USMg II 
host galaxies, low redshift USMg II host galaxies, and the MAGIICAT host 
galaxies, respectively. The solid black line corresponds to the main sequence 
SFR. The dotted and the dash-dotted line correspond to the median SFR of 
MAGIICAT and USMg II host galaxies, respectively. 
mentioned abo v e, we use the SFR measurements based on SED 
fitting in our analysis. 

We find a mild redshift evolution of the SFR of the USMg II host 
galaxies, obtained using SED fitting, o v er the redshift range 0.4 ≤ z 
≤ 0.8. The Spearman correlation coefficient between the SFR and z, 
r s = 0.61, with p- value being ∼0.001. Since our host galaxy sample 
is magnitude limited some of the redshift evolution may be biased by 
this. In Fig. 3 , we show the scatter plot between the ongoing SFRs 
obtained from the SED fitting scaled by the SFR of a main-sequence 
galaxy (SFR MS ) of the same mass at the same redshift (Speagle 
et al. 2014 ), against their stellar masses. We scale the SFR with the 
main-sequence SFR to account for redshift evolution. The points are 
colour-coded by W 2796 . The solid black line corresponds to the main- 
sequence SFR. The dotted and the dash–dotted line corresponds to the 
median SFR of MAGIICAT and USMg II host galaxies, respectively. 
The new data added from this work confirms that the USMg II host 
galaxies are not starburst galaxies and have SFRs slightly lower than 
that expected for the main-sequence galaxies (Guha et al. 2022 ). 
Ho we ver, note that the SFRs are obtained from SED fittings based 
on the multiband galaxy photometries without the galaxy spectra 
can have large offsets (up to a factor of 2) and can at best be main- 
sequence galaxies. 
4.3 W 2796 versus impact parameter 
In this section, we revisit the well-known anti-correlation between 
W 2796 and impact parameter (Bergeron & Boiss ́e 1991 ; Steidel 1995 ; 
Chen et al. 2010 ; Nielsen et al. 2013 ) for the Mg II absorbers. In 
particular, we are interested in (i) understanding this relation for 
USMg II absorbers by combining the present data with those from 
Guha et al. ( 2022 ) and (ii) how the global fit for the Mg II systems 
gets modified by the inclusion of USMg II absorbers that mostly 
populate the low D – high W 2796 region of the W 2796 − D plane. For 
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• Is the absorption based selection (that is 
unbiased) pick different population of 
galaxies that are missed by optical surveys? 

• Host galaxies of Mg II absorbers by and 
largely follow what has been in the case of 
field galaxies. 

• Mg II absorbers with large equivalent widths 
do not originate from star bursting galaxies. 
Rather some of them originate from 
quenched or galaxies with slightly lower SFR 
then expected from the main sequence. 



S O M E  Q U E S T I O N S  I  H AV E ?

• Do you understand the standard statistics of Mg II systems? Equivalent width distribution

@2N

@W@z
=

N⇤

W ⇤exp(�w/w⇤)

Zhu & Menard, 2013, ApJ, 770, 130

Is this distribution of number of clouds along the LOS?

Srianand@IUCAA, 24 July, 2015 3

High-z galaxies are smaller in size. 

Absorption line studies suggest there were more/strong metal 
absorption in the past (say upto z~2.0). 

Therefore, relative size of metal enriched gaseous halos in comparison 
to the optical galaxy size should increase with z.
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Figure 3. (Upper) The simulated noiseless spectra of three sample absorption profiles (a) Si II λ1260, (b) C IV λ1548, and (c) O VI λ1031. Each profile is divided 
into distinct absorption components using the critical and inflection points as described in Section 3.3 . Each absorption component is indicated by the vertical 
lines and different shading. Each absorption profile is treated in isolation; there is no cross-correlation or profile information exchanged between ions. (Lower) 
The gas cell LOS velocity ( v LOS , km s −1 ) as a function of LOS position ( " S , kpc) for (d) Si II , (e) C IV , and (f) O VI . The horizontal lines and the highlighted 
cells correspond to the absorption components shown in (a), (b), and (c), respectiv ely. These e xamples serv e to show that a single absorption component can 
arise from gas concentrations in multiple non-contiguous LOS positions. 

Figure 4. The percentage of absorbers having a given number of absorption 
components for Si II profiles, C IV profiles, and O VI profiles. 
Similarly, for the O VI λ1031 profile illustrated in Figs 3 (c) and (f), 
the absorption component with v LOS " 32 km s −1 arises from two 
groupings with −28 ≤ " S ≤ −18 kpc and a second with −12 ≤ " S 
≤ −7 kpc. In the following section, we quantify these groupings by 
defining ‘absorption component clouds’. 
3.4 Defining absorption component ‘clouds’ 
When analysing absorption profiles, astronomers typically engage 
in modelling techniques founded on the assumption that each ab- 
sorption component corresponds to a single cloud-like gas structure. 
We aim to investigate if this assumption is supported by studies of 

hydrodynamics simulations, where the absorbing gas structures can 
be directly examined. Here, we describe how we define an absorbing 
‘cloud’ directly associated with the absorption component to which 
it gives rise in a mock spectrum. 

Ideally, an absorbing cloud is defined as a series of spatially 
contiguous absorbing gas cells clustered along the LOS in a range 
of " S LOS positions. Because we are using an Eulerian adaptive 
mesh implementation for the h ydrodynamics, the g as cells along 
the LOS vary in size, L cell . This results in a staggered and variable 
alignment of cells in three dimensions. Further, the LOS orientation 
through the simulation cube is not aligned with the cube principle 
axes, as the LOS are defined relative to the galaxy orientation in the 
cube. For these reasons, there is no fixed cell-to-cell LOS separation 
( " S n − " S n + 1 | ) between cell n and the sequential cell n + 1 along 
the LOS. Therefore, we adopt a method for objectively defining to 
which absorption component an absorbing cloud is associated with 
by accounting for both the average cell size 〈 L cell 〉 of the absorbing 
cells and the staggered alignment of their positions. We scan the 
absorbing cells in the velocity range of a given absorption component 
in the direction of increasing LOS position " S and compute, 
R n = | "S n − "S n + 1 | 

〈 L cell 〉 , (1) 
the ratio of the cell separation to the average cell size for two 
contiguous absorbing cells along the LOS in the velocity range of a 
given absorption component. In equation ( 1 ), " S n corresponds to the 
n th absorbing cell along the LOS, " S n + 1 is the absorbing cell with 
the next highest " S position, and 〈 L cell 〉 is the average cell size of the 
absorbing cells in the velocity range of the absorption component . We 
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There is no relationship between 
velocity and spatial location. Gas 
producing absorption at a given 
Voigt profile can originate from 
different regions with different 
physical conditions - what one 
measures is probably the property of 
the most contributing region. 

What i s the cor rect spect ra l 
resolution to get better physical 
parameters - This will depend on the 
structure in the absorbing region. 



S O M E  Q U E S T I O N S  I  H AV E ?

• Do we really make any progress by fitting absorption profile with physical 
model?

Such modelling is driven by the 
o r i e n t a t i o n d e p e n d e n c e o f 
equivalent withs and covering factor 
-This should be the case when the 
sight line is going close to the 
galaxies and not necessarily the case 
when the impact parameter is >100 
kpc 

Consistency of the profiles is not the 
truth - It will be important to include 
physics of gas flow in addition to the 
kinematics.

808 N. Bouché et al.

Figure 7. (a) Kinematic model of conical wind for J102847G1 as in Fig. 5. (b) The observed Mg II kinematics with respect to the systemic velocity as in Fig. 5.

Figure 8. (a) Kinematic model of conical wind for J111850G1 as in Fig. 5. (b) The observed Mg II kinematics with respect to the systemic velocity as in
Fig. 5. Given the low inclination, this sightline is likely contaminated by absorption from the disc. Indeed, the blue hatched area shows the disc–halo model of
Kacprzak et al. (2011a).

kinematics. Note also that the profile suggests that the cone is hol-
low, i.e. that the Mg II absorption arises on the edges on the cone,
which is the reason why we used θmin = 15◦ in this case.

We next discuss two pairs (J092300G1 and J114518G1) whose
classification based on α was misleading once the global aspects
of the geometry are taken into account. In particular, the sightline

towards SDSS J092300.67+075108.2 has the lowest impact pa-
rameter (b = 12 kpc). Fig. 10 reveals that the low impact parameter
combined with the high galaxy inclination implies that the sightline
can intercept the other parts of the galaxy in spite of having a high
azimuth angle |α| = 82◦. Hence, this galaxy–quasar pair is clas-
sified as ‘ambiguous’. Furthermore, the galaxy has a low SFR of

C© 2012 The Authors, MNRAS 426, 801–815
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S O M E  Q U E S T I O N S  I  H AV E ?

• Do we really make any progress by using multiple sightlines?Slicing the CGM at z = 0.7 4443

1 IN T RO D U C T I O N

Models and simulations that describe the various components and
scales of the baryon cycle around galaxies remain to be tested
observationally. Such a task poses a serious challenge, though, as
most of the ‘action’ occurs in the diffuse circumgalactic medium
(CGM), i.e. at several optical radii from the host galaxy scales (e.g.
Tumlinson, Peeples & Werk 2017). Traditionally, observations of
the CGM at 10–100 kpc scales have been based on the absorption
it imprints on background sources, primarily quasars (e.g. Nielsen
et al. 2013a; Chen 2017; Prochaska et al. 2017; Tumlinson et al.
2017, and references therein) but also galaxies (Steidel et al.
2010; Diamond-Stanic et al. 2016; Rubin et al. 2018b), including
the absorbing galaxy itself (Martin 2005; Kornei et al. 2012;
Martin et al. 2012). Such techniques have yielded a plethora of
observational constraints and evidence for a connection between a
galaxy’s properties and its CGM.

Galaxies studied through these methods, nevertheless, are probed
by single pencil beams; therefore, to draw any conclusions that
involve the spatial dependence of an observable requires averag-
ing absorber properties (Chen et al. 2010; Nielsen, Churchill &
Kacprzak 2013b) or stacking spectra of the background sources
(Steidel et al. 2010; Bordoloi et al. 2011; Rubin et al. 2018a,c). A
complementary workaround is to use multiple sightlines through
individual galaxies. Depending on the scales, the background
sources can be binary or chance quasar groups (Martin et al. 2010;
Bowen et al. 2016) or else lensed quasars (Smette et al. 1992; Lopez
et al. 1999, 2005, 2007; Rauch et al. 2001; Ellison et al. 2004; Chen
et al. 2014; Zahedy et al. 2016). Despite the paucity of the latter,
lensed sources are able to resolve the CGM of intervening galaxies
on kpc scales, albeit at a sparse sampling. More recently, Lopez
et al. (2018) have shown that the spatial sampling can be greatly
enhanced by using giant gravitational arcs. Comparatively, these
giant arcs are very extended (e.g. Sharon et al. 2019) and thus can
probe the gaseous halo of individual galaxies on scales of 1–100 kpc
at a continuous sampling, nicely matching typical CGM scales. Such
an experimental setup therefore removes potential biases introduced
by averaging a variety of absorbing galaxies.

Following on our first tomographic study of the cool CGM
around a star-forming group of galaxies at z ≈ 1 (Lopez et al.
2018, hereafter ‘Paper I’), we here present spatially resolved
spectroscopy of a second giant gravitational arc. We pool together
Echelle and integral-field (IFU) spectroscopy of the brightest known
gravitational arc to date, found around the cluster PSZ1 G311.65–
18.48 (a.k.a. the ‘Sunburst Arc’; Dahle et al. 2016; Rivera-Thorsen
et al. 2017, 2019; Chisholm et al. 2019). We apply our technique to
study the spatial extent and kinematics of an intervening Mg II–Fe II–
Mg I absorption-line system at z = 0.73379. Due to a serendipitous
arc/absorber geometrical projection on the sky, we are able to
spatially resolve the system all along the major axis of a host
galaxy that may be exemplary of the absorber population at these
intermediate redshifts.

The paper is structured as follows. In Section 2, we present the
observations and describe the different data sets. In Section 3, we
describe the reconstructed absorber plane and assess the meaning of
the absorption signal. In Section 4, we present the emission proper-
ties of the identified absorbing galaxy. In Section 5, we provide the
main analysis and results on the line strength and kinematics of the
absorbing gas. We discuss our results in Section 6 and present our
summary and conclusions in Section 7. Details on data reduction and
models are provided in the Appendix. Throughout the paper, we use
a !CDM cosmology with the following cosmological parameters:
H0 = 70 km s−1 Mpc−1, "m = 0.3, and "! = 0.7.

Figure 1. HST/ACS F814W-band image of the northern arc segments
around PSZ1 G311.65–18.48. The three MagE slits (‘NE’, ‘SKY’, and
‘SW’) are indicated in red, along with our definition of ‘pseudo-spaxels’,
and their numbering (for clarity only shown for the NE slit; see Section 2.4).
The slit widths are of 1 arcsec, and their lengths are of 10 arcsec; we have
divided each of them into 11 pseudo-spaxels of 1.0 arcsec × 0.9 arcsec each.
The position of the absorbing galaxy (G1) is encircled in blue. The ground-
based observations were performed under a seeing of 0.7 arcsec (represented
by the beam-size symbol in the top-right corner).

2 O B S E RVAT I O N S A N D DATA R E D U C T I O N

2.1 Experimental setup

PSZ1 G311.65–18.48 extends over ≈60 arcsec on the sky (Fig. 1)
and results from the lensing of a z = 2.369 star-forming galaxy by
a cluster at z = 0.443 (Dahle et al. 2016). According to archival
VLT/MUSE data, an intervening Mg II absorption-line system at z =
0.73379 appears in the spectra of one of northernmost segments
of the arc. The same data reveal nebular [O II] emission at the
same redshift from a nearby galaxy, which we consider to be the
absorbing galaxy (hereafter referred to as ‘G1’). To thoroughly
study this system, in this paper we exploit three independent data
sets: (1) medium-resolution IFU data obtained with VLT/MUSE,
which we use to constrain the emission-line properties of G1; (2)
Hubble Space Telescope (HST) imaging, which we largely use to (a)
build the lens model needed to reconstruct the absorber plane and
(b) constrain the overall properties of G1 based on its continuum
emission; and (3) medium-resolution Echelle spectra obtained with
Magellan/MagE, which we use to constrain the absorption-line
properties of the gas.

2.2 VLT/MUSE

We retrieved MUSE observations of PSZ1 G311.65–18.48 from
the ESO archive (ESO program 297.A-5012(A); PI Aghanim). The
field comprising the arc segments shown in Fig. 1 was observed
in wide-field mode for a total of 2966 s on the night of 2016 May
13 under good seeing conditions (0.7 arcsec). We reduced the raw
data using the MUSE pipeline v1.6.4 available in ESOREFLEX. The
sky subtraction was improved using the Zurich Atmospheric Purge
(ZAP v1.0) algorithm. We applied a small offset to the HST and
MUSE fields to take them to a common astrometric system using as
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S O M E  Q U E S T I O N S  I  H AV E ?

• How the emission line mapping of the CGM is going to improve our 
understanding? 

• Are we doing the ionization modelling correctly? 

• What is the understanding of aligned absorbers? 

• How to improve the situation of covering limited number of transitions along a 
given LOS?



S O M E  S C O P E  W I T H  N U M E R I C A L  S I M U L AT I O N S ?

• I have not seen numerical simulations correctly producing observed correlations 
with equivalent widths and properties of galaxies. 

• Upto what scale (time as well as space) the galaxy orientation dictates the ion 
distribution. 

• Probing the gas, metal and ion distribution as a function of time before, during 
after a strong episode of star-formation. 

• Trying to do large scale clustering using simulated box. 

• Understanding the importance of local ionising sources and non-equilibrium 
ionization. Should one worry about the orientation?


