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Abstract

We explore the influence of radio-mode feedback on the properties of the cool circumgalactic medium (CGM). To
this end, we assemble a statistical sample of approximately 30,000 radio galaxies with background quasars by
combining optical spectroscopic measurements of luminous red galaxies and quasars from the year 1 data set of the
Dark Energy Spectroscopic Instrument and radio sources from the LOw-Frequency ARray Two-metre Sky Survey
(LoTSS) DR2 catalog and the Very Large Array Sky Survey (VLASS) quick-look catalog. Galaxies with similar
optical properties but with no radio counterparts in LoTSS and VLASS are selected as the control group. We
measure the cool CGM properties of radio galaxies and their control samples traced by Mg1I absorption lines,
including covering fraction, rest equivalent width, and gas kinematics. Our results show no significant difference in
the properties of gas around radio galaxies and their control sample, indicating that the operating radio-mode
feedback of massive galaxies does not produce detectable effects on the properties of the cool CGM. Finally, we
show that the CGM of radio galaxies contains a nonnegligible amount of cool gas with approximately 10'° M.
This abundance can place a stringent constraint on the radio-mode feedback models.

Unified Astronomy Thesaurus concepts: Spectroscopy (1558); Radio active galactic nuclei (2134); Jets (870);
Extragalactic astronomy (506); Circumgalactic medium (1879)

1. Introduction salient observed properties of galaxies, especially the massive
end of galaxy stellar mass function (e.g., Benson et al. 2003;
Bower et al. 2006; Croton et al. 2006; Hirschmann et al. 2014;
Beckmann et al. 2017; Kondapally et al. 2023). It is also a
key component to reconcile the so-called cooling flow
problem (e.g., Cowie & Binney 1977; Fabian & Nulsen 1977),
indicating that the gas in massive halos is expected to cool in a

Feedback from supermassive black holes has been con-
sidered as a crucial mechanism driving galaxy evolution (see,
e.g., Fabian 2012; Crain & van de Voort 2023 for a review). It
is required to be included in simulations in order to explain

Original content from this work may be used under the terms . ..
of the Creative Commons Attribution 4.0 licence. Any further short p en(?d based on the X-ray em15819n of hot gas and to
distribution of this work must maintain attribution to the author(s) and the title condense into new stars—a trend that is not observed. The
of the work, journal citation and DOIL. energy output from the feedback mechanisms has been treated
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as the main source to balance this gas cooling (Rafferty et al.
2006; Nulsen et al. 2007; Fabian 2012; Hlavacek-Larrondo
et al. 2012; McNamara & Nulsen 2012). In other words, in the
current galaxy formation theory, feedback from supermassive
black holes regulates the amount of gas in and out of galaxies
as well as maintains the thermal content of the circumgalactic
medium (CGM; see, e.g., Tumlinson et al. 2017 for a review).

One line of evidence showing the impact of feedback on the
CGM properties is from observations of galaxy clusters, such
as Perseus and Cygnus A, in X-ray and radio wavelengths (e.g.,
Boehringer et al. 1993; Carilli et al. 1994; Fabian et al. 2003;
McNamara et al. 2005; Birzan et al. 2008; Gitti et al. 2012;
Pandge et al. 2019; Eckert et al. 2021). These observations
demonstrate that hot gas (T ~ 10°-107 K) distribution in these
galaxy clusters is clearly affected by the radio jets from
supermassive black holes, the so-called radio-mode feedback
(see, e.g., McNamara & Nulsen 2012; Heckman & Best 2014;
Hardcastle & Croston 2020 for a review). Based on the
observations, the estimated required energy to create the cavity
of hot gas and the energy output from the radio-mode feedback
are consistent with each other. This indicates that radio-mode
feedback from supermassive black holes can prevent the
cooling of the hot atmosphere, regulate the gas supply, and
indeed account for the quenching of massive galaxies. Recent
galaxy simulations and subgrid models incorporating radio-
mode feedback have successfully reproduced the observed
luminosity function of massive galaxies (e.g., Bower et al.
2006; Croton et al. 2006; Gabor et al. 2011; Davé et al. 2012;
Zinger et al. 2020).

While the influence of radio-mode feedback on the proper-
ties of the CGM has been studied, the observations have mostly
focused on (1) massive systems, such as galaxy clusters
(Myo > 10 M), and (2) the hot gas (T > 10°K) properties
via X-ray observations (e.g., McNamara & Nulsen 2007).
There are limited observational efforts probing relatively less
massive halos and the properties of the cool CGM (T ~ 10* K),
which can also be sensitive to radio-mode feedback and a
strong constraint on the corresponding models (Huang et al.
2016; Smailagic¢ et al. 2023).

To probe the cool CGM properties of galaxies with radio-
mode feedback in operation, one can utilize absorption line
spectroscopy (e.g., Tumlinson et al. 2017), that is, by
constructing a sample of galaxies with radio emission having
bright sources, such as quasars, in the background with lines of
sight (LoSs) intercepting the CGM of the galaxies. However,
the number of galaxies with radio emission and with
background quasars detectable by wide-field radio surveys is
rare. This limits the observational ability to probe the impact of
radio-mode feedback on the properties of the cool CGM, and
there are only a limited number of relevant studies (e.g.,
Kauffmann et al. 2017) to date.

In this work, we overcome this observational limitation by
utilizing the large optical spectroscopic data set obtained by the
Dark Energy Spectroscopic Instrument (DESI) survey (DESI
Collaboration et al. 2016a, 2022) and the large source catalogs
provided by two radio sky surveys, the LOw-Frequency ARray
Two-metre Sky Survey (LoTSS; Shimwell et al. 2017) and the
Very Large Array Sky Survey (VLASS; Lacy et al. 2020).
Through this approach, we study the properties of the cool
CGM around massive galaxies, such as luminous red galaxies
(LRGs), with radio-mode feedback in action and compare the
gas properties with that of a control sample without radio
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emission. This adds a new parameter that has not been
extensively explored in previous studies of the properties of gas
around LRGs (e.g., Zhu et al. 2014; Huang et al. 2016; Lan &
Mo 2018; Anand et al. 2021).

Combining radio emission signals with optical galaxy
properties, we construct a sample of radio galaxies with
z> 0.4 with background quasars as well as a control sample
without radio emission and measure the properties of the cool
CGM traced by Mgl absorption lines AA2796, 2803, an
absorption line species that has been widely used to probe the
CGM content across cosmic time (e.g., Lanzetta et al. 1987;
Nestor et al. 2005; Nielsen et al. 2013; Zhu & Ménard 2013a;
Lan et al. 2014; Huang et al. 2016; Raghunathan et al. 2016;
Chen et al. 2017; Lan & Mo 2018; Lan 2020; Anand et al.
2021, 2022; Zou et al. 2021, 2024), and explore the correlation
between the gas properties and the presence of radio emission,
a proxy of radio-mode feedback in action.

This paper is organized in the following way. Section 2
describes our sample and data, and Section 3 presents how we
obtain the properties of the Mg Il absorption lines. We show
our results in Section 4 and discuss the implications in
Section 5. Section 6 summarizes the paper. Throughout the
paper, we adopt a flat ACDM cosmology with the following
parameters: ), = 0.3 and Hy=70km s~ Mpc ™.

2. Data
2.1. DESI

DESI is mounted on the Mayall 4 m telescope at Kitt Peak
National Observatory (DESI Collaboration et al. 2016a,
2016b). It consists of 5000 fibers (Silber et al. 2023) with
spectral wavelength coverage ranging from 3600 to 9800 A and
a resolution of 2000-5000 (DESI Collaboration et al. 2022;
Guy et al. 2023). The spectroscopic classifications and redshifts
for each DESI source are determined using the Redrock
pipeline” (Brodzeller et al. 2023; Anand et al. 2024). The
survey includes dark-time and bright-time observations for
different types of sources (Schlafly et al. 2023). The bright-time
observations cover stars in our Milky Way (Cooper et al. 2023)
and bright galaxies (Hahn et al. 2023; Juneau et al. 2024),
while the dark-time observations cover relatively faint extra-
galactic sources, including LRGs (Zhou et al. 2023), emission
line galaxies (Raichoor et al. 2023), and quasars (Chaussidon
et al. 2023).

The target selection scheme for the DESI sources (Myers
et al. 2023) and the corresponding redshift performance with
the DESI observations have been tested and validated during
the survey validation (SV) phase, including observations with
long exposure times (SV 1) and observations covering about
1% of the whole DESI survey (the One-percent Survey;
Alexander et al. 2023; DESI Collaboration et al. 2024a; Lan
et al. 2023). In this work, we use the LRG and quasar data from
SV (Early Data Release, EDR; DESI Collaboration et al.
2024b) and the first year of the main survey. The cosmological
constraints from the baryon acoustic oscillation measurements
with the DESI first-year main survey data have been published
(DESI Collaboration et al. 2024c, 2024d, 2024e).

The DESI LRG survey. LRGs are massive passive galaxies
selected based on their colors and brightness with a redshift
range 0.3 <z< 1.1 (Zhou et al. 2023). For our analysis, we

3 https://github.com/desihub/redrock
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select LRGs without any warning flag from the DESI pipeline,
ZWARN = 0, and with DELTACHI2 Ax?*> 15, a difference
of x2 values between the second and first best-fit models, to
ensure a robust redshift estimation (Lan et al. 2023; Zhou et al.
2023). We further select LRGs with 0.4 < z < 1.2 to ensure that
the MgIl absorption lines are within the DESI wavelength
coverage. The above selection leads to a sample of ~2.2 x
10° LRGs.

The DESI QSO survey. The DESI survey observes quasars
selected with the random forest algorithm across a wide
redshift range from redshift 0.5 to beyond redshift 2
(Chaussidon et al. 2023). Redshift >2.1 quasars are primarily
used as background light for probing the baryonic acoustic
oscillation signals via detecting the Ly forest (e.g., Ramirez-
Pérez et al. 2024). Low-redshift quasars can be used as direct
tracers of matter distribution. Similarly to the LRG selection,
we apply the criteria ZWARN =0 and DELTACHI2 > 15 to
select DESI QSOs, ensuring that we include only quasars with
reliable redshift measurements from the pipeline (Alexander
et al. 2023; Chaussidon et al. 2023). We also exclude quasars
with a spectral signal-to-noise ratio (S/N) lower than 1, a
spectral quality too low to detect absorption lines. Our quasar
sample includes ~1.2 x 10° sources in total.

2.2. Radio Catalogs

LoTSS. LoTSS (Shimwell et al. 2017) is an ongoing radio-
wavelength (120-168 MHz) sky survey aiming to cover the
entire northern sky. The angular resolution is about 6” with
sensitivity down to ~70—100 mJy. In this work, we make use
of the second data release of LoTSS, LoTSS DR2 (Shimwell
et al. 2022), which covers approximately 27% of the northern
sky with ~4 x 10° radio sources. LoTSS DR2 sky coverage
overlaps with the sky coverage of the DESI survey in the
northern sky, making the DR2 catalog a suitable resource for
identifying radio counterparts of the DESI galaxies.

VLASS quick look. The Karl G. Jansky VLASS (Lacy et al.
2020) aims to observe the entire northern sky of § > —40° with
three epochs at the 2 GHz < v < 4 GHz frequency band with
2”35 angular resolution. We use the VLASS data based on the
quick-look (QL) imaging (Gordon et al. 2021) from the first
two epochs at 3 GHz,”" including ~3.5 x 10° sources. The first
two epochs of VLASS QL data exhibit a sensitivity comparable
to that of Faint Images of the Radio Sky at Twenty cm,
~1mly, and cover the entire VLASS footprint.

3. Analysis
3.1. LRG-QSO Puirs

To study the CGM of radio galaxies, we construct a sample
of radio-detected DESI LRGs with background quasars. To this
end, we utilize the radio-optical cross-match catalog for the
LoTSS DR2 (Hardcastle et al. 2023) and match those optical
identifications and DESI LRGs with a 0”75 search radius
(Rosario et al. 2020). Additionally, we cross-match the LRGs
with radio sources in the VLASS QL catalogs using a 2”5
matching radius. Around 14% and 1.6% of the DESI LRGs
have detected radio counterparts in LoTSS and VLASS,
respectively. We note that the different detection fractions of
LoTSS and VLASS counterparts are due to the sensitivities of

% hitps: //github.com/desihub/redrock /blob/main/py /redrock /zwarning.py
30 .
https: / /cirada.ca/vlasscatalogueqlO
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the two surveys.>' The impact parameter (projected distance,
r,,) of the galaxies and background quasar sight lines are within
1000 kpc. To avoid potential contamination of radio emissions
from background quasars, we only include systems with the
distances between quasars and the centers of radio emission
being 2 times larger than the distances between LRGs and the
centers of radio emission. That is, dgs, > 2 X dyrg, Where dj, is
the angular separation between the LRG and the radio source
associated with it and dg, is the separation between the QSO
and the associated radio source for the foreground LRG.

In order to isolate the effects of radio-mode feedback on the
CGM properties of radio galaxies, we create a set of control
galaxies for LoTSS pairs and VLASS pairs. For each DESI
radio LRG in the LoTSS and VLASS catalogs, two and four
control LRGs are respectively selected based on the combined
nearest Euclidean distances of four optical properties: z-band
flux, Wide-field Infrared Survey Explorer W1 flux, g—r color,
and redshift.*> All the control galaxies are required to have no
radio detection from LoTSS or VLASS within 10”. For the
LoTSS control sample, we select DESI LRGs located in the sky
coverage of the LoTSS DR2 footprint without detected radio
emission, while for the VLASS control sample, we select
DESI LRGs without detected radio emission in the DESI data
set given that VLASS covers most of the DESI footprint.
For the final control samples, we remove duplicate control
systems selected more than one time from different radio-
detected LRGs.

Figures 1 and 2 show examples of LRG-QSO pairs and their
corresponding radio counterparts for both the experimental groups
and the control groups. Figure 3 shows the observed properties of
the radio LRGs and the control samples, demonstrating that the
two groups have similar optical properties. The main difference is
that the control galaxies do not have radio emission detected in the
corresponding surveys. We check the radio morphology for the
radio-detected LRGs. For the LoTSS-detected sources, we
utilize Equation (2) from Shimwell et al. (2022) to identify
extended sources. For VLASS-detected sources with peak
flux > 3 mly beam_l, we find the extended source using the
deconvoluted-size criteria outlined in Gordon et al. (2021). Our
final samples include ~8% and ~21% of the extended LRGs for
LoTSS and VLASS, consistent with the fraction for all the sources
in both radio catalogs.

We also estimate the stellar masses of the LRGs by
performing spectral energy distribution fitting with g, r, z,
and W1 fluxes using CIGALE (Boquien et al. 2019). To model
the spectra and obtain the stellar properties with CIGALE, we
use a Bruzual & Charlot (2003) model and assume a Chabrier
(2003) initial mass function. The stellar mass distributions are
shown in Figure 4. The results show that stellar mass
distributions between the radio LRGs and their control galaxies
are consistent with each other. We note that the VLASS sample
has a higher median stellar mass (~0.2 dex) than the LoTSS
sample, which is due to the difference of the sensitivity
between the two surveys. The VLASS, with its shallower

31 LoTSS is ~5 times deeper than VLASS when converting flux at 3 GHz,
assuming o = 0.5. We have used the radio flux-limited samples (1 mJy for
LoTSS and 3 mJy for VLASS) to perform the analyses, which yield consistent
results with the whole samples.

32 Because of the limited number of sources in the LoTSS footprint available
for selection as the control group, which is only one-sixth the size of the
VLASS control group, adding more control galaxies for each LoTSS LRG
would lead to a mismatch in the distribution of optical properties compared to
the radio sample.
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LoTSS
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LoTSS counterpart

Radio
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VLASS

VLASS counterpart VLASS counterpart

s e

LRGicenter LRG center

Figure 1. Examples of LRG-QSO pairs with radio counterparts in LoTSS (left) and VLASS (right). The upper panels are the optical images from the DESI Legacy
Imaging Surveys (Dey et al. 2019), and the lower panels are the radio images from the two radio surveys.

LoTSS Control Galaxies

Optical

Radio

VLASS Control Galaxies

Figure 2. Examples of LRG-QSO pairs without radio counterparts in LoTSS (left) and VLASS (right), i.e., the control samples. The upper panels are the optical
images from the DESI Legacy Imaging Surveys (Dey et al. 2019), and the lower panels are the radio images from the two radio surveys.

depth, primarily detects brighter radio galaxies, which tend to
be more massive (Jarvis & McLure 2002; Best et al. 2005).

We further include the following selections to obtain clean
spectral regions for detecting Mg II absorption lines associated
with the LRGs.

1. To avoid the possible contamination of QSO-associated
absorbers, the velocity difference between LRGs and quasars
is required to be 6v > 6000 km s (Napolitano et al. 2023).

2. We exclude the spectral regions close to the C IV
emission lines of quasars with & <10,000kms~ ' to
avoid broad C IV absorption features.

3. We also exclude pairs with high-redshift quasars with
the wavelength region of MgII absorption lines at the
galaxy redshifts overlapping with the Lya forests with
6v < 12,000 kms ™.

Table 1 summarizes the number of pairs after each selection
criterion. The final sample consists of 26,949 and 16,013 radio

LRG—quasar pairs from LoTSS and VLASS, respectively, and
37,379 and 59,017 LRG—quasar pairs as the control sample.
We note that 9802 pairs overlap between the LoTSS-selected
and VLASS-selected samples.

3.2. Mg Il Absorbers

To detect absorption lines in quasar spectra, the first step is
to estimate the continuum intrinsic to the source. We follow the
procedure applied in Zhu & Ménard (2013a), utilizing the
nonnegative matrix factorization (NMF; Lee & Seung 1999;
Zhu 2016) method to estimate the quasar spectral energy
distribution with 12 NMF eigenspectrum bases obtained in Zhu
& Meénard (2013a). We further apply a median filter with
85 pixels (Napolitano et al. 2023) to remove the small-scale
fluctuation on the normalized spectra.

With the normalized quasar spectra, we develop an
automatic algorithm to detect MgII absorption lines around
LRGs with the following procedure.
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Figure 4. Stellar mass distribution of our samples from CIGALE spectral
energy distribution fitting. The blue lines show the distribution of the LRGs
from the LoTSS samples, while the orange lines show that of the LRGs from
the VLASS samples. The dashed and solid lines represent the control groups
and radio groups, respectively.

1. We use a matched filter method with a MgII doublet
profile based on Sloan Digital Sky Survey (SDSS)
composite spectra (Lan & Fukugita 2017) and convolve
the absorption line profile with the pixel values of each
normalized spectrum across a velocity window between
—1000 and 1000km s~ " around the LRG rest frame. We
also apply this calculation to the error arrays to estimate
the uncertainty of the convolved spectra.

2. From the convolved spectra and the corresponding
uncertainty, we identify spectra with pixels having a

Table 1
Number of Pairs with All the Selection Cuts

QSO-LRG Pairs within r, = 1000 kpc: 1,279,006

LoTSS VLASS
Select Radio-detected and Control Group
Radio LRGs 35,720 21,014
Control group 48,923 71,325"
After Excluding QSO-associated Absorbers
Radio LRGs 35,197 20,629
Control group 48,165 76,025
After Excluding the Region Close to C IV Emission Lines
Radio LRGs 31,585 18,601
Control group 43,301 68,343
After Excluding the Region within the Ly Forest

Radio LRGs 26,949 16,013
Control group 37,379 59,017
Notes.

# Two control galaxies with the closest optical properties to each LoTSS-detected
LRG are selected. LoTSS covers a much smaller area of the sky compared to
VLASS, leading to a limited number of unique control galaxies selected.

® Four control galaxies with the closest optical properties to each VLASS-detected
LRG are selected.

maximum signal-to-noise ratio (S/N) greater than 2 and
consider the velocity of the pixel with maximum S/N as
the central velocity of the Mg II absorber candidate.

3. We use a double Gaussian profile to fit the original
normalized spectra at the central velocities of Mgl
absorber candidates and measure the absorption line
properties, including MgIl rest equivalent widths
Wo. 27962803, line widths, and the final best-fit central
velocities of the Mg IT absorber candidates as well as their
corresponding uncertainties.
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Table 2
The Number of Pairs Used to Detect Mg 11 Absorption Lines and the Identified
Absorbers in Both Experimental and Control Groups from Each Radio Catalog

Absorbers LRG-QSO pairs

LoTSS VLASS LoTSS VLASS

Radio LRGs 415 305 26,949 16,013
1.5% 1.9%

Control group 542 1013 37,379 59,017
1.5% 1.7%

4. Finally, we consider Mg II absorber candidates with an
S/N of WO,)\2796>3 and an S/N of WO,/\2803 22 as
detected Mg II absorption lines.

Other absorption line species, such as Fell and CIV, can
accidentally fall within the search window and mimic the Mg Il
absorption line signals. To remove such possible contamina-
tion, we use the Mgl line ratio (R = Wy x2706/ Wo.x2803) as
the criterion. More specifically, we calculate the line ratio
distribution as a function of W \279¢, using the DESI EDR
Mg 11 absorber catalog (Napolitano et al. 2023) as a reference.
For a given Wy y2796, We remove MgII absorbers whose line
ratio values fall outside the 0.135-99.865 percentile of the R
distribution from the DESI EDR Mg II catalog. This removes
approximately 3% of the systems.

Our final LRG Mg I absorber samples include 957 and 1318
absorbers selected from the LoTSS and VLASS catalogs,
respectively. Approximately 400 and 300 of these absorbers are
associated with radio emissions from LoTSS and VLASS. The
numbers are summarized in Table 2.

3.3. Completeness of the Sample

The detectability of absorption lines depends on the S/N of
the quasar spectra and the strengths of the absorption lines (Zhu
& Meénard 2013b; Anand et al. 2021). The incompleteness due
to undetected absorption lines affects the estimation of intrinsic
properties of Mgl absorbers, including the incidence rate
around galaxies. To assess the effect of incompleteness and
correct for it, we perform a Monte Carlo simulation by creating
mock Mg II absorption lines as a function of W y»79¢ and the
S/N of the spectra. The mock MgII absorption profiles are
based on a set of composite spectra built by stacking Mg I
absorption lines detected in the DESI year 1 quasar sample
(L. Napolitano et al. 2024, in preparation) with the pipeline
developed by Napolitano et al. (2023). In the simulations, we
have also taken the DESI spectral resolution at different
redshifts into account. Finally, we estimate the detection rate
(Nrecovered/Ninpur) of Mg1I absorbers as a function of absorber
redshift, Wy 2796, and the S/N of the spectra. The details of the
detection rate are shown in the Appendix. The inverse of
the detection rate is used as a weight, w, to correct for the
undetected absorbers due to the noise of the spectra.

However, using the weights to recover the nondetection will
reach its limitation due to the fact that for spectra with a too-low
S /N one cannot detect any absorbers with Wy \>79¢ below the
noise level. To avoid reaching such a limitation, we adopt a
conservative selection. For 0.4 A < Wo06 < 1A we only
consider the detection from the normalized spectra with S/N > 6,
and for Wy xo796 = >1A, we only consider the detection from the
normalized spectra with S/N > 2.5. These two threshold values

Chang et al.
Table 3
Number of Detected Mg I Absorption Lines with Different Spectral S/N Cuts
S/N Cuts by WO,)\2796 All S/N > 6
LoTSS VLASS LoTSS VLASS
Radio pairs 264 215 234 177
Control sample 364 785 322 591

Note. The S/N cuts for absorbers with 0.4 A< Wo.xa796 < 1 A and absorbers
with Wy x2796 = 1 A are 6 and 2.5, respectively. Here we also show the number
of all detected absorbers with a uniform S/N cut of 6.

are determined based on our simulations showing that with such
cuts, using weights to correct for the undetected absorbers is
effective. Finally, we summarize our samples with the spectral
S/N selections in Table 3. In the following, we define
“weak” absorbers as having 0.4 A Wo, 2796 < 1 A and “strong”
absorbers as those with Wy x2796 = 1 A.

4. Results
4.1. Mg I Covering Fraction

We first explore the radial distribution of gas traced by Mgl
absorption lines around DESI radio LRGs and the control sample.
To this end, we measure the Mg Il covering fraction, f., indicating
the probability of detecting absorbers around galaxies with

lvabs .
f = 2w ’ (1)

NC[LI&SEU'S

where w; is the weight for each detected absorber, N, is the
total number of detected absorbers, and Ngyasar is the total
number of LRG—QSO pairs for detecting Mg IT absorbers.

Figure 5 shows the f. as a function of r,, with two Wyy706 bins
for strong (WO 2796 >1 A) and weak (0 4 A < WO 22796 < 1 A)
absorbers, with the upper and lower panels indicating the results
for DESI LRGs with LoTSS and VLASS, respectively. The red
and blue data points show the f. measurements of radio galaxies
and the corresponding control sample, respectively. As shown in
Figure 5, the covering fraction of strong and weak absorbers
decreases with 7,, which is consistent with the overall gas
distribution traced by Mg II absorbers around galaxies (Lan et al.
2014; Zhu et al. 2014; Huang et al. 2016, 2021; Lan & Mo 2018;
Lan 2020; Anand et al. 2021). Moreover, we quantify the possible
difference in cumulative distributions of the covering fraction
between the radio and the control samples with the Kolmogorov—
Smirnov (KS) test in two dimensions (Peacock 1983; Fasano &
Franceschini 1987),%* W»706 and rp. The p-values for the weak
and strong absorbers for LoTSS are 0.420 and 0.275,
respectively. For VLASS, the p-value is 0.668 for the weak
absorbers and 0.985 for the strong absorbers. These results
indicate no detectable difference in the f,. between radio LRGs
and the control galaxies for both strong and weak absorbers
around radio LRGs and the control sample.

To summarize the gas distribution, we use a power-law function,

foax(—) 2)
¢ 100 kpc

to describe the f. measurements for both r, < 400kpc (solid
lines) and the extended range up to r, < 1000 kpc (dashed

3 https://github.com/Gabinou/2DKS
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Figure 5. Covering fraction (f,) as a function of impact parameter (r,,). The upper panels show the f.. for LRGs from the LoTSS samples, while the lower panels show
that for LRGs from the VLASS samples. The f,. of weak and strong absorbers are depicted correspondingly in the left and right panels. The red and blue points
represent the radio groups and control groups, respectively. The errors are estimated based on binomial statistics (Gehrels 1986). Nondetection bins are shown with
upper limits, determined at a 30 confidence level. The solid lines and dashed lines illustrate the posterior median of the regression lines for r, < 400 kpc and

r, < 1000 kpc. Green lines show the f.. of passive galaxies in Lan (2020).

lines), as illustrated in Figure 6. To account for the
nondetection points (shown as upper limits in the figure), we
fit the f. with linmix (Kelly 2007), sampling the posterior
distribution of the regression parameters with the Markov
chains. The regression parameters are summarized in Table 4.
Figure 6 shows the posterior median of the ~-values of the
covering fraction and the v-values obtained in Lan (2020)
within 600 kpc, demonstrating that the measurements within
the virial radius of dark matter halos are consistent. The fitting
result indicates that the f,. distribution becomes flatter when
considering gas distribution at larger scales 7, < 1000 kpc for
both weak and strong absorbers. This behavior can be
explained by the transition between one-halo and two-halo
terms of the matter distribution (e.g., Zhu et al. 2014).

4.2. Rest Equivalent Width Distributions

Besides the covering fraction, we measure the number
density distribution of the rest equivalent width, Wy x2796
(dN /dWp, x2796), around LRGs as shown in Figure 7. Here we

only use systems with quasar spectra S/N>6 to avoid
incompleteness. To focus on absorbers predominantly linked
with halos, we display only those within r, <400kpc.
Following Zhu & Ménard (2013a), we adopt an exponential
function, dN/dWy 06 = N* x e Woon/W* (o fit the
Wo.x279¢ number density distribution using linmix, and the
regression parameters are shown in Table 5. No significant
difference is found between the radio LRGs and the control
samples for both LoTSS and VLASS, with the KS test p-values
0.901 and 0.204,>* respectively. We note that the shape of
dN /dWy, x2796 around LRGs with W* ~0.55 +0.05 is consis-
tent with the shape of the overall Mg II population from Zhu &
Ménard (2013a) with W* =~ 0.6 at redshift ~0.65.

4.3. Gas Kinematics

We now explore the gas kinematics of radio galaxies by
investigating the LoS velocity difference, dv, between the gas

34 Here we used a nearly completed sample of sources with S/N > 8 for the
KS test.
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Figure 6. The posterior median of the slopes of the regression lines with 68% confidence intervals for covering fraction f,. The left and right panels illustrate outcomes
specific to weak and strong absorbers. The circles represent LRGs from the LoTSS samples, and the triangles represent those from the VLASS samples. The blue, red,
and green data show the results for the control groups, radio groups, and galaxies from Lan (2020), respectively.

Table 4 Table 5§
Regression Parameters as Well as 68% Confidence Intervals for Covering Regression Parameters as Well as 68% Confidence Intervals for the Number
Fraction f, Density Distribution of Wy x2796 for Absorbers within r, < 400 kpc
r, < 400 kpc LoTSS VLASS
LoTSS VLASS w* N w* N*
0.4 A < Wyo706 < 1A Radio LRGs 059+0.15 334+121 045+014 542+3.71
Control group  0.52£0.10 3.83£1.60 055+£0.11 3.74 £1.69
ol A v A
Radio —149+033 0.16+£005 —050+028 0.10+0.04
LRGs
Control ~096+026 0124003 —1.03+031 0.13+0.03 traced by MgII absorption lines and the galaxies. The dv
group distributions are shown in Figure 8, where we consider
W 1A absorbers mostly bounded with the halos within 7, < 400 kpc.
0.12796 ~ To quantify the possible difference between the dv distribu-
~ A v A tions, we perform the KS test between the dv distribution of
Radio T T radio LRGs and their control sample. The calculation yields
LRGs p-values of 0.507 for the LoTSS sample and 0.061 for the
Control 1074021 0074001 —098+0.15 008+ 001 VLASS sample. This indicates that there is no detectable
group difference in dv distributions between the radio galaxies and
— 1000k control groups from both LoTSS and VLASS. In addition, in
» S pe Figure 8, we show the dv distribution from SDSS LRGs
LoTSS VLASS (Anand et al. 2021). The dv distributions of the LoTSS samples
" - are consistent with the SDSS LRGs, while distributions of the
0.4A<WO)\2796< 1A . . .
i VLASS samples are broader than the distribution of SDSS
~ A v A LRGs. We discuss the difference in Section 5.
Radio PN We further measure the LoS velocity dllspersmn asa fun.ct}on
LRGs of r,. For each r, bin, we use the median absolute deviation
Control _087+012 0114003 —086+006 0.13+002 (MAD) scaled to the standard deviation as an estimator for the
group LoS velocity dispersion and estimate the corresponding errors
- S 1A by bootstrapping. We have subtracted the contribution from the
0.X2796 7 redshift uncertainty of the gas (~13kms™') and the galaxies
v A ¥ A (~40kms™') in quadrature to measure the intrinsic velocity
dispersion of the gas. The redshift uncertainty of the gas is
Radio —-136+0.19 0.10£0.03 —-0.92+0.13 0.09 +0.02 p . & y . &
LRGs estimated using the mock spectra based on the typical values of
Control 1054008 0074001 —101£006 009+001  the Woo706 line width, background spectrum S/N, and rest-
group frame spectral bin of our detected absorbers, while the

uncertainty of the LRG redshift measurement is taken from
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Figure 7. Number density distribution of the rest equivalent widths Wy x»796¢ for absorbers with r, < 400 kpc. The left and right panels show the distributions
respectively corresponding to the absorbers of LRGs from the LoTSS samples and the VLASS samples. The red and blue colors represent the radio groups and the
control groups, respectively. The dashed lines are the posterior median of the regression exponential functions. Errors are the confidence levels derived from Poisson

statistics (Gehrels 1986).

LoTSS

VLASS

0.0016 { Control Group
Radio LRGs
Anand21

[
| —I_

00 ¥ T T T
-1000 -500 0 500
Velocity

1000  -500 0 500

: 1000
Velocity

Figure 8. Distribution of the LoS gas—galaxy velocity difference (dv) of the LRG within r,, < 400 kpc. The left panel displays the dv distribution of LRGs from the
LoTSS samples, and the right panel shows that of LRGs from the VLASS samples. The red and blue lines correspondingly represent the radio groups and control

groups. We also show the distribution of passive galaxies in Anand et al. (2021).

Lan et al. (2023). The results are illustrated in Figure 9, and
Table 6 further shows the dispersion values for sources within
1, <400 kpc and r,, > 400 kpc. We find that the measurements
around radio LRGs and the control samples are consistent
with each other. For the gas in the inner region (r,, < 400 kpc),
the radio LRGs and the control samples from both
LoTSS and VLASS have a lower velocity dispersion
(0~ 200-300 km sfl), similar to the results in previous studies
(Zhu et al. 2014; Lan & Mo 2018), while at larger scales, gas
exhibits a higher velocity dispersion, reaching ~500kms ™ '.
This behavior is consistent with the contribution from Hubble

flow at larger scales.

5. Discussion

5.1. Comparison with Previous Studies

We compare our measurement of the f,. (Wp 2796 > 0.4 A) of
radio-detected LRGs with the measurements of SDSS LRGs
from Lan & Mo (2018) and Anand et al. (2021) in Figure 10.
Overall, the decreasing trends of f. are consistent with each
other with similar slopes. As DESI and SDSS adopt different
criteria for selecting LRG samples, which yield different stellar
mass and redshift distributions, we scale the SDSS measure-
ment using the evolution trend based on Lan (2020). If we
consider the median redshifts of SDSS LRGs (z~ 0.5) and
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Figure 9. Gas velocity dispersion as a function of impact parameter. The left and right panels show the results of LoTSS and VLASS LRGs, respectively. The red,
blue, and green points represent the radio LRGs, control groups, and passive galaxies from Zhu et al. (2014) and Lan & Mo (2018), respectively. The velocity
dispersion obtained in this work is estimated using MAD scaled to the standard deviation.

Table 6
Gas Velocity Dispersion of Our Samples Separated with Two Impact
Parameter Bins

r, < 400 kpc r, > 400 kpc
LoTSS VLASS LoTSS VLASS
(kms™h (kms™h (kms™h (kms™h)
Radio LRGs 293 + 58 317+ 72 483 + 38 448 + 45
Control group 236 + 42 283 + 27 497 + 47 429 + 30

radio-detected LRGs (z~0.7) in this work, the redshift

evolution of the f. of strong absorbers will yield
25
(iig;) ~ 1.4 As illustrated in Figure 10, after adjusting

for evolution, the f,. of the SDSS LRGs from Lan & Mo (2018)
and Anand et al. (2021) is consistent with that of the radio-
detected LRGs from DESI at a given impact parameter.

In addition to the covering fraction, we observe a larger gas
velocity dispersion at larger scales, as compared to the
measurement from Zhu et al. (2014; Figure 9). This difference
is possibly due to the approaches used to calculate the velocity
dispersion. Zhu et al. (2014) measure the velocity dispersion
from the composite spectra via stacking analysis. Together with
median filtering for spectral processing, this method might
mediate the signal far from the line center. We note that, using
a similar approach as adopted in this work, Anand et al. (2021)
also find a larger velocity dispersion for the gas of LRGs in the
outer region.

Finally, among our own measurements, we quantify the
potential differences between all the radio and control LRGs
selected with LoTSS and VLASS, regardless of whether they
have radio emission or not. The gas velocity dispersion® of
LRGs in the inner CGM (<200 kpc) for the LoTSS samples is
216 =32kms~!, while that for the VLASS samples is
306 + 38km s, as illustrated by the blue and orange bands in

35 Similar to Figure 9, the dispersion shown in this section is estimated using
MAD scaled to the standard deviation.
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Figure 10. Comparison of the covering fraction (Wy \2796 > 0.4 A) with
previous studies. The blue points, orange points, purple band, and green band
are the f,. for the LRGs from our LoTSS samples, our VLASS samples, Anand
et al. (2021), and Lan & Mo (2018), respectively. The data from Lan & Mo
(2018) and Anand et al. (2021) are scaled to an equivalent redshift of 0.7 using
the evolution trend from Lan (2020).

Figure 11. The inner gas around radio-detected LRGs and
control LRGs from VLASS exhibits a higher velocity
dispersion compared to those from LoTSS. This difference in
gas properties can be explained by the stellar mass difference of
the two samples. In Figure 11, we divide the sample based on
their median stellar mass, ~10""*M_ and ~10'""* M, for
LoTSS and VLASS, into high-mass and low-mass sources. The
figure indicates that the gas dispersion for the absorbers around
high-mass LRGs (stellar mass above the median value) from
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Figure 11. Velocity dispersion as a function of stellar masses. The blue data
represent both the radio LRGs and the corresponding control galaxies from the
LoTSS catalog, while the orange data represent that from the VLASS catalog.
The blue and orange bands show the dispersion for all sources selected with
LoTSS and VLASS. The filled points are the results from high-mass sources,
while the open points are those from low-mass sources. The terms “low-mass
sources” and “high-mass sources” refer to those with stellar masses above and
below the median of the samples, which is 10> M, for LoTSS and 10" M,
for VLASS.

VLASS-selected samples is apparently higher than the others.
Additionally, LRGs with comparable stellar masses
(~10”710] 1'4), for LoTSS-selected sources and low-mass
VLASS-selected sources, display similar gas dispersion in their
CGM. We note that the absorbers beyond r,, = 400 are affected
by the halos of other nearby galaxies, and their velocity
dispersion is not strongly correlated with the stellar mass.

As shown in Figure 4, the median stellar mass of the VLASS
samples is ~0.2 dex higher than that of the LoTSS samples.
This 0.2 dex difference in the median stellar mass yields a
larger difference in halo mass at the high-mass end. Based on
the stellar-to-halo mass relation from Girelli et al. (2020), the
estimated halo mass difference between the two samples can
reach ~0.5 dex. If we assume that the typical halo mass of the
LoTSS sample is similar to the overall DESI LRG population,
10"°* M, (e.g., Yuan et al. 2024), the typical halo mass of the
VLASS sample will be about 10'*° M. Their corresponding
dark matter velocity dispersion values are ~270 and
~400km s~ ! based on Elahi et al. (2018). This yields a similar
subvirial gas motion Z—“ ~ 0.75 within 200 kpc around the

VLASS and LoTSS sarﬁhl/‘)les We note that this value is higher
than previous measurements around SDSS LRGs (Ugas 0.5).

We will explore such a difference in the future w1th the entire
DESI LRG sample. The differences in gas kinematics
illustrated in Figure 8 between LoTSS-selected and VLASS-
selected sources could also be influenced by the disparities in
the stellar masses of the two samples. Additionally, the
properties of the VLASS samples are consistent with the
measurements of galaxy clusters, showing that the CGM in
clusters traced by Mgl has a higher covering fraction and
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velocity dispersion (e.g., Anand et al. 2022; Cherrey et al.
2024).

5.2. CGM Mass around Radio Galaxies

With the covering fraction obtained in Section 4.1, we can
quantify the typical amount of cool H I gas around the radio-
detected LRGs. We estimate the mass of neutral hydrogen
traced by Mg II absorbers residing in the CGM with

A

400 kpe
Miz (<400 kpe) ~ 27 myg f B f. r)rydry, (3)

10 kpe
where Ny is the empirical relation between Wy y279¢ and Ny
from Lan & Fukugita (2017),

N — 101896 Wo.x2796 1'691 1.88 2 4
HI = LA 1+ 2 cm™= 4)

The median value of the samples z ~ 0.67 is adopted. For weak
absorbers, we take the median value of our MgII absorbers
Wo.x2796 ~ 0.65 10\, and for strong absorbers, we take the
median value Wy 2796~ 1.5 A. The final estimated My, for
LRGs with LoTSS is 9.9 x 10° M., and for LRGs with VLASS
is 1.3 x 10'"° M. Given that the covering fractions around the
control samples are consistent with the radio LRGs, the control
samples have a similar mass of neutral hydrogen within
400kpc. The excess of gas may originate from thermal
instabilities in the halos of LRGs (Huang et al. 2016; Nelson
et al. 2020), star-forming satellite galaxies within the LRG
halos and their neighboring halos (Hafen et al. 2019;
Lan 2020), as well as gas accreting through filaments (Keres§
et al. 2009; Huang et al. 2016).

This result indicates that there is a nonnegligible amount of
cool neutral gas around massive galaxies with possible radio-
mode feedback in action. This mass measurement can place
constraints on the models of feedback in simulations. For
example, Khrykin et al. (2024) use the SIMBA simulations
(Davé et al. 2019) to explore the impact of various feedback
models on the CGM properties and find that including radio-
mode feedback reduces the number of baryons in the CGM by
a factor of 5 in halo mass ~10" M, while only reducmg it by
a factor of 2 as the halo mass increases to ~10' . For
another example, Zinger et al. (2020) show that rad10 mode
feedback changes the thermal properties of the CGM by
enhancing the entropy and thereby increasing the gas cooling
time. The properties of the cool gas are expected to be affected
as well. As summarized in Crain & van de Voort (2023),
adopting different assumptions and subgrid recipes of active
galactic nucleus (AGN) feedback, the state-of-the-art simula-
tions predict different numbers of baryons in the halos. From
these simulations, one can estimate the amount of cool neutral
gas around radio galaxies, compare with the measurements
reported in this work, and test those feedback models.
Furthermore, our gas dispersion measurements could also
constrain the gas outflow and their initial velocity for the
feedback models (Lan & Mo 2019; Nelson et al. 2019; Mitchell
et al. 2020).

5.3. Impact of the Radio Jets

From the X-ray and radio observations showing the
interaction between radio jets and hot gas, it is expected that
radio jets impact the surrounding medium as they propagate.
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However, our results show no discernible differences between
the properties of the cool CGM of galaxies with and without
radio emission. One possibility is that the radio jets do not
affect the physical mechanisms producing cool gas around
massive galaxies. Apart from this possibility, we discuss three
possible scenarios for our results in the following.

Time and distance scales. The majority of our radio sources
do not have an extended radio emission structure. It is possible
that the radio-mode feedback just starts its operation. There-
fore, the radio jets do not have sufficient time to propagate into
larger scales (~100kpc; e.g., Hardcastle et al. 2019). To
comprehensively analyze gas properties for galaxies with
various radio morphologies, more extensive radio surveys are
required. These surveys should feature resolution and sensitiv-
ity sufficient to distinguish small extended structures and detect
low surface brightness sources. Another possibility is that the
power of feedback and/or the duration of feedback is not
strong and long enough to propagate into larger scales. For
radio galaxies with stellar masses around or above 10" M.,
their typical active period spans 10—100 Myr (e.g., McNamara
& Nulsen 2012; Turner & Shabala 2015), and their jets can, on
average, span tens of kpc, with the rare bright ones possibly
extending to ~200-300kpc or even larger (e.g., Turner &
Shabala 2015; Hardcastle et al. 2019; Lan & Prochaska 2021).
Given that we only have a handful of sight lines probing the
inner CGM, the effect of radio-mode feedback from these
bright galaxies might be below the noise level of the current
measurements.

Opening angle. While powerful radio jets can extend to
several hundred kpc, the typical observed jet structures are
asymmetric with a certain direction (e.g., Hardcastle &
Croston 2020), being consistent with the unified model of
AGNs (Urry & Padovani 1995; Netzer 2015; Padovani et al.
2017). For example, based on the observations from the
Monitoring Of Jets in Active galactic nuclei with VLBA
Experiments program,’® the radio jets typically have relatively
small opening angles with a median value of around 20°
(Pushkarev et al. 2017). Given the small opening angles, the
background LoSs may not intercept the most affected regions
by the radio jets. This will dilute the signals and prevent us
from detecting the impact of radio jets with a limited number of
sight lines in the inner CGM.

Duty cycle. Our radio and control samples may come from
the same parent population; that is, the gas surrounding the
control galaxies can already be influenced by radio jets that
stopped recently. Although jets are meant to counteract cooling
temporarily, this short lifespan of AGNs (~tens of Myr; Turner
& Shabala 2015) is expected to lead to a resumption of the
cooling flow (e.g., McNamara & Nulsen 2012), which fuels the
central region and triggers the jets once again (e.g., Voit et al.
2020). In other words, AGN activities are expected to occur
frequently enough to prevent excessive cooling, with the
effects expected to be cumulative (e.g., Donahue & Voit 2022).
This hints at the possibility that the CGM, whose host galaxies
currently lack radio emission, has previously undergone radio
jet activities. Therefore, it is possible that most of our absorbers
can be influenced by either current or past radio jets.

DESI is going to observe ~8 million LRGs (Zhou et al.
2023) and ~3 million QSOs (Chaussidon et al. 2023) during its
5 yr mission. In the first year of the main survey, DESI has

36 https: //www.cv.nrao.edu/MOJAVE /index.html
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already observed ~3.5 million LRGs and ~1.5 million QSOs.
It is anticipated that the number of known LRG-QSO pairs will
triple after DESI completes its operation, with the number of
their radio counterparts also expected to increase by approxi-
mately threefold. With such a large number of LRG-QSO
pairs, we will be able to conduct a more comprehensive study
of the relationship between radio jets and the CGM of LRGs.

6. Conclusions

We investigate how radio-mode feedback impacts the
properties of the cool CGM traced by Mg II absorbers. To this
end, we constructed two large samples of ~30,000 radio LRGs
and background QSO pairs using the latest DESI spectroscopic
measurements and two large radio source catalogs from LoTSS
and VLASS. We also built two corresponding control galaxy
samples that match the host galaxy properties of the radio
LRGs but without detected radio emission. With these data
sets, we measured and compared the CGM properties around
radio LRGs and their control samples and explored possible
signals correlating with the presence of radio emission.

Our results show no significant differences between the
properties of the cool CGM of radio LRGs and their control
samples, including the gas radial distribution, Mgl rest
equivalent width distributions, and gas kinematics. This result
indicates that there is no detectable correlation between the
presence of radio emission and the cool CGM properties.
Among the LRG samples, we find that the gas velocity
dispersion around radio LRGs in VLASS is higher than that
around radio LRGs in LoTSS. This can be explained by the fact
that radio LRGs in VLASS on average have higher stellar
masses and therefore prefer to live in more massive halos.
Finally, we estimate the amount of cool gas mass in the CGM
of radio LRGs as being approximately 10'° M_—a nonnegli-
gible amount of cool gas reservoir. These novel measurements
can be used as strong observational constraints on the models
of AGN feedback adopted in simulations, providing valuable
insights into the impact of radio-mode feedback on baryon
distribution around galaxies and the growth of massive
galaxies.

In the near future, combining the updated versions of the
LoTSS and VLASS catalogs, as well as upcoming deeper and
wider sky surveys from the Square Kilometre Array (Braun
et al. 2015) and the next-generation VLA (Di Francesco et al.
2019), with optically large spectroscopic data sets, including
the complete 5 yr DESI data set, we will be able to increase the
sample size by at least a factor of 2 and obtain more precise
measurements of the CGM properties of radio galaxies. With
such measurements, one will possibly reveal the signatures of
radio-mode feedback on the cool CGM for the first time and
thereby test the current models of AGN feedback and galaxy
evolution.
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Appendix
Detection Rate Simulation

We simulated the detection rate using mock absorption lines
to calibrate the number of detected weak absorbers found in
realistic QSO spectra with low S/N. Figure 12 illustrates the
detection rate of MgII absorbers as a function of absorber
redshift, Wy 2706, and the S/N of the spectra. More details
about the completeness of our absorption samples are shown in
Section 3.3.

100- rl
I I
1
- . i o8
£ 101, : : | z=0,
o I I
g : : —— Wiz706 ~0.5 A
= I [ Wiz796 ~ 0.75 A
9 10-24 I l
_.u_; \ . Wizr96 ~1.14 A
0o : : Wazro6 ~ 1.7 A
, ¢ : : Wiz7e6 ~ 2.55 A
1075 : : Wizre6 ~3.74 A
l | 1
100 10! 10° 10! 100 10!

Spectral S/N

Spectral S/N

Spectral S/N

Figure 12. Detection rate of Mg Il absorbers as a function of absorber redshift, Wy x2796, and the S/N of the spectra. The left to right panels show the results for
redshift bins 0.4, 0.6, and 0.8, respectively. The different colors represent various rest equivalent widths for the mock spectra. The vertical dashed lines represent the

spectral S/N cut (S/N = 6) for weak absorbers (0.4 A< Wo.x2796 < 1 A).

13


https://www.desi.lbl.gov/collaborating-institutions
https://www.desi.lbl.gov/collaborating-institutions
https://lofar-surveys.org/
https://doi.org/10.5281/zenodo.11143902

THE ASTROPHYSICAL JOURNAL, 974:191 (15pp), 2024 October 20

ORCID iDs

Yu-Ling Chang © https: //orcid.org/0000-0002-0196-3496
Ting-Wen Lan ® https: //orcid.org/0000-0001-8857-7020

J. Xavier Prochaska ® https: //orcid.org/0000-0002-7738-6875
Lucas Napolitano © https: //orcid.org/0000-0002-5166-8671
Abhijeet Anand @ https: //orcid.org/0000-0003-2923-1585
J. Aguilar ® https: //orcid.org /0000-0003-0822-452X

S. Ahlen ® https: //orcid.org/0000-0001-6098-7247

D. Brooks @ https: //orcid.org/0000-0002-8458-5047

A. de la Macorra ® https: //orcid.org/0000-0002-1769-1640
Arjun Dey @ https: //orcid.org/0000-0002-4928-4003

S. Gontcho A Gontcho @ https: /orcid.org/0000-0003-3142-233X
J. Guy @ https: //orcid.org /0000-0001-9822-6793

S. Juneau © https: //orcid.org/0000-0002-0000-2394

T. Kisner ® https: //orcid.org/0000-0003-3510-7134

M. Landriau © https: //orcid.org/0000-0003-1838-8528

L. Le Guillou ® https: //orcid.org/0000-0001-7178-8868
M. Manera @ https: //orcid.org/0000-0003-4962-8934

P. Martini @ https: //orcid.org/0000-0002-4279-4182

A. Meisner @ https: //orcid.org/0000-0002-1125-7384

R. Miquel @ https: //orcid.org /0000-0002-6610-4836

J. Moustakas @ https: //orcid.org /0000-0002-2733-4559

J. Nie @ https: //orcid.org /0000-0001-6590-8122

C. Poppett @ https: //orcid.org/0000-0003-0512-5489

M. Rezaie @ https: //orcid.org/0000-0001-5589-7116

E. Sanchez @ https: //orcid.org/0000-0002-9646-8198

H. Seo @ https: //orcid.org/0000-0002-6588-3508

G. Tarlé © https: //orcid.org/0000-0003-1704-0781

H. Zou ® https: //orcid.org/0000-0002-6684-3997

References

Alexander, D. M., Davis, T. M., Chaussidon, E., et al. 2023, AJ, 165, 124

Anand, A., Nelson, D., & Kauffmann, G. 2021, MNRAS, 504, 65

Anand, A., Kauffmann, G., & Nelson, D. 2022, MNRAS, 513, 3210

Anand, A., Guy, J., Bailey, S., et al. 2024, AJ, 168, 124

Beckmann, R. S., Devriendt, J., Slyz, A., et al. 2017, MNRAS, 472, 949

Benson, A. J., Bower, R. G., Frenk, C. S., et al. 2003, ApJ, 599, 38

Best, P. N., Kauffmann, G., Heckman, T. M., et al. 2005, MNRAS, 362, 25

Birzan, L., McNamara, B. R., Nulsen, P. E. J., Carilli, C. L., & Wise, M. W.
2008, ApJ, 686, 859

Boehringer, H., Voges, W., Fabian, A. C., Edge, A. C., & Neumann, D. M.
1993, MNRAS, 264, L25

Boquien, M., Burgarella, D., Roehlly, Y., et al. 2019, A&A, 622, A103

Bower, R. G., Benson, A. J., Malbon, R., et al. 2006, MNRAS, 370, 645

Braun, R., Bourke, T., Green, J. A., Keane, E., & Wagg, J. 2015, Proc. of
Advancing Astrophysics with the Square Kilometre Array (AASKA14), 174

Brodzeller, A., Dawson, K., Bailey, S., et al. 2023, AJ, 166, 66

Bruzual, G., & Charlot, S. 2003, MNRAS, 344, 1000

Carilli, C. L., Perley, R. A., & Harris, D. E. 1994, MNRAS, 270, 173

Chabrier, G. 2003, PASP, 115, 763

Chaussidon, E., Yéche, C., Palanque-Delabrouille, N., et al. 2023, AplJ,
944, 107

Chen, S.-F. S., Simcoe, R. A., Torrey, P., et al. 2017, ApJ, 850, 188

Cherrey, M., Bouché, N., Zabl, J., et al. 2024, MNRAS, 528, 481

Cooper, A. P., Koposov, S. E., Allende Prieto, C., et al. 2023, ApJ, 947, 37

Cowie, L. L., & Binney, J. 1977, AplJ, 215, 723

Crain, R. A., & van de Voort, F. 2023, ARA&A, 61, 473

Croton, D. J., Springel, V., White, S. D. M., et al. 2006, MNRAS, 365, 11

DESI Collaboration, Abareshi, B., Aguilar, J., et al. 2022, AJ, 164, 207

DESI Collaboration, Adame, A. G., Aguilar, J., et al. 2024a, AJ, 167, 62

DESI Collaboration, Adame, A. G., Aguilar, J., et al. 2024b, AJ, 168, 58

DESI Collaboration, Adame, A. G., Aguilar, J., et al. 2024c¢, arXiv:2404.03000

DESI Collaboration, Adame, A. G., Aguilar, J., et al. 2024d, arXiv:2404.03001

DESI Collaboration, Adame, A. G., Aguilar, J., et al. 2024e, arXiv:2404.03002

DESI Collaboration, Aghamousa, A., Aguilar, J., et al. 2016a, arXiv:1611.00036

DESI Collaboration, Aghamousa, A., Aguilar, J., et al. 2016b, arXiv:1611.00037

Davé, R., Finlator, K., & Oppenheimer, B. D. 2012, MNRAS, 421, 98

Davé, R., Anglés-Alcdzar, D., Narayanan, D., et al. 2019, MNRAS, 486, 2827

14

Chang et al.

Dey, A., Schlegel, D. J., Lang, D., et al. 2019, AJ, 157, 168

Di Francesco, J., Chalmers, D., Denman, N., et al. 2019, Canadian Long Range
Plan for Astronomy and Astrophysics White Papers, 2020, 32

Donahue, M., & Voit, G. M. 2022, PhR, 973, 1

Eckert, D., Gaspari, M., Gastaldello, F., Le Brun, A. M. C., & O’Sullivan, E.
2021, Univ., 7, 142

Elahi, P. J., Power, C., Lagos, C. d. P., Poulton, R., & Robotham, A. S. G.
2018, MNRAS, 477, 616

Fabian, A. C. 2012, ARA&A, 50, 455

Fabian, A. C., & Nulsen, P. E. J. 1977, MNRAS, 180, 479

Fabian, A. C., Sanders, J. S., Allen, S. W., et al. 2003, MNRAS, 344, 143

Fasano, G., & Franceschini, A. 1987, MNRAS, 225, 155

Gabor, J. M., Davé, R., Oppenheimer, B. D., & Finlator, K. 2011, MNRAS,
417, 2676

Gehrels, N. 1986, ApJ, 303, 336

Girelli, G., Pozzetti, L., Bolzonella, M., et al. 2020, A&A, 634, A135

Gitti, M., Brighenti, F., & McNamara, B. R. 2012, AdAst, 2012, 950641

Gordon, Y. A., Boyce, M. M., O’Dea, C. P., et al. 2021, ApJS, 255, 30

Guy, J., Bailey, S., Kremin, A., et al. 2023, AJ, 165, 144

Hafen, Z., Faucher-Giguere, C.-A., Anglés-Alcdzar, D., et al. 2019, MNRAS,
488, 1248

Hahn, C., Wilson, M. J., Ruiz-Macias, O., et al. 2023, AJ, 165, 253

Hardcastle, M. J., & Croston, J. H. 2020, NewAR, 88, 101539

Hardcastle, M. J., Williams, W. L., Best, P. N, et al. 2019, A&A, 622, A12

Hardcastle, M. J., Horton, M. A., Williams, W. L., et al. 2023, A&A,
678, A151

Heckman, T. M., & Best, P. N. 2014, ARA&A, 52, 589

Hirschmann, M., Dolag, K., Saro, A., et al. 2014, MNRAS, 442, 2304

Hlavacek-Larrondo, J., Fabian, A. C., Edge, A. C., et al. 2012, MNRAS,
421, 1360

Huang, Y.-H., Chen, H.-W., Shectman, S. A., et al. 2021, MNRAS, 502, 4743

Huang, Y.-H., Chen, H.-W., Johnson, S. D., & Weiner, B. J. 2016, MNRAS,
455, 1713

Jarvis, M. J., & McLure, R. J. 2002, MNRAS, 336, L38

Juneau, S., Canning, R., Alexander, D. M., et al. 2024, arXiv:2404.03621

Kauffmann, G., Nelson, D., Ménard, B., & Zhu, G. 2017, MNRAS, 468, 3737

Kelly, B. C. 2007, ApJ, 665, 1489

Keres, D., Katz, N., Fardal, M., Davé, R., & Weinberg, D. H. 2009, MNRAS,
395, 160

Khrykin, I. S., Sorini, D., Lee, K.-G., & Davé, R. 2024, MNRAS, 529, 537

Kondapally, R., Best, P. N., Raouf, M., et al. 2023, MNRAS, 523, 5292

Lacy, M., Baum, S. A., Chandler, C. J., et al. 2020, PASP, 132, 035001

Lan, T.-W. 2020, ApJ, 897, 97

Lan, T.-W., & Fukugita, M. 2017, ApJ, 850, 156

Lan, T.-W., & Mo, H. 2018, ApJ, 866, 36

Lan, T.-W., & Mo, H. 2019, MNRAS, 486, 608

Lan, T.-W., & Prochaska, J. X. 2021, MNRAS, 502, 5104

Lan, T.-W., Ménard, B., & Zhu, G. 2014, ApJ, 795, 31

Lan, T.-W., Tojeiro, R., Armengaud, E., et al. 2023, ApJ, 943, 68

Lanzetta, K. M., Turnshek, D. A., & Wolfe, A. M. 1987, ApJ, 322, 739

Lee, D., & Seung, S. 1999, Natur, 401, 788

McNamara, B. R., & Nulsen, P. E. J. 2007, ARA&A, 45, 117

McNamara, B. R., & Nulsen, P. E. J. 2012, NJPh, 14, 055023

McNamara, B. R., Nulsen, P. E. J., Wise, M. W, et al. 2005, Natur, 433, 45

Mitchell, P. D., Schaye, J., Bower, R. G., & Crain, R. A. 2020, MNRAS,
494, 3971

Myers, A. D., Moustakas, J., Bailey, S., et al. 2023, AJ, 165, 50

Napolitano, L., Pandey, A., Myers, A. D., et al. 2023, AJ, 166, 99

Nelson, D., Pillepich, A., Springel, V., et al. 2019, MNRAS, 490, 3234

Nelson, D., Sharma, P., Pillepich, A., et al. 2020, MNRAS, 498, 2391

Nestor, D. B., Turnshek, D. A., & Rao, S. M. 2005, ApJ, 628, 637

Netzer, H. 2015, ARA&A, 53, 365

Nielsen, N. M., Churchill, C. W., Kacprzak, G. G., & Murphy, M. T. 2013,
Apl, 776, 114

Nulsen, P. E. J.,, Jones, C., Forman, W. R., et al. 2007, in Heating versus
Cooling in Galaxies and Clusters of Galaxies, ed. H. Bohringer et al.
(Berlin: Springer), 210

Padovani, P., Alexander, D. M., Assef, R. J., et al. 2017, A&ARv, 25, 2

Pandge, M. B., Sonkamble, S. S., Parekh, V., et al. 2019, ApJ, 870, 62

Peacock, J. A. 1983, MNRAS, 202, 615

Pushkarev, A. B., Kovalev, Y. Y., Lister, M. L., & Savolainen, T. 2017,
MNRAS, 468, 4992

Rafferty, D. A., McNamara, B. R., Nulsen, P. E. J., & Wise, M. W. 2006, ApJ,
652, 216

Raghunathan, S., Clowes, R. G., Campusano, L. E., et al. 2016, MNRAS,
463, 2640


https://orcid.org/0000-0002-0196-3496
https://orcid.org/0000-0002-0196-3496
https://orcid.org/0000-0002-0196-3496
https://orcid.org/0000-0002-0196-3496
https://orcid.org/0000-0002-0196-3496
https://orcid.org/0000-0002-0196-3496
https://orcid.org/0000-0002-0196-3496
https://orcid.org/0000-0002-0196-3496
https://orcid.org/0000-0001-8857-7020
https://orcid.org/0000-0001-8857-7020
https://orcid.org/0000-0001-8857-7020
https://orcid.org/0000-0001-8857-7020
https://orcid.org/0000-0001-8857-7020
https://orcid.org/0000-0001-8857-7020
https://orcid.org/0000-0001-8857-7020
https://orcid.org/0000-0001-8857-7020
https://orcid.org/0000-0002-7738-6875
https://orcid.org/0000-0002-7738-6875
https://orcid.org/0000-0002-7738-6875
https://orcid.org/0000-0002-7738-6875
https://orcid.org/0000-0002-7738-6875
https://orcid.org/0000-0002-7738-6875
https://orcid.org/0000-0002-7738-6875
https://orcid.org/0000-0002-7738-6875
https://orcid.org/0000-0002-5166-8671
https://orcid.org/0000-0002-5166-8671
https://orcid.org/0000-0002-5166-8671
https://orcid.org/0000-0002-5166-8671
https://orcid.org/0000-0002-5166-8671
https://orcid.org/0000-0002-5166-8671
https://orcid.org/0000-0002-5166-8671
https://orcid.org/0000-0002-5166-8671
https://orcid.org/0000-0003-2923-1585
https://orcid.org/0000-0003-2923-1585
https://orcid.org/0000-0003-2923-1585
https://orcid.org/0000-0003-2923-1585
https://orcid.org/0000-0003-2923-1585
https://orcid.org/0000-0003-2923-1585
https://orcid.org/0000-0003-2923-1585
https://orcid.org/0000-0003-2923-1585
https://orcid.org/0000-0003-0822-452X
https://orcid.org/0000-0003-0822-452X
https://orcid.org/0000-0003-0822-452X
https://orcid.org/0000-0003-0822-452X
https://orcid.org/0000-0003-0822-452X
https://orcid.org/0000-0003-0822-452X
https://orcid.org/0000-0003-0822-452X
https://orcid.org/0000-0003-0822-452X
https://orcid.org/0000-0001-6098-7247
https://orcid.org/0000-0001-6098-7247
https://orcid.org/0000-0001-6098-7247
https://orcid.org/0000-0001-6098-7247
https://orcid.org/0000-0001-6098-7247
https://orcid.org/0000-0001-6098-7247
https://orcid.org/0000-0001-6098-7247
https://orcid.org/0000-0001-6098-7247
https://orcid.org/0000-0002-8458-5047
https://orcid.org/0000-0002-8458-5047
https://orcid.org/0000-0002-8458-5047
https://orcid.org/0000-0002-8458-5047
https://orcid.org/0000-0002-8458-5047
https://orcid.org/0000-0002-8458-5047
https://orcid.org/0000-0002-8458-5047
https://orcid.org/0000-0002-8458-5047
https://orcid.org/0000-0002-1769-1640
https://orcid.org/0000-0002-1769-1640
https://orcid.org/0000-0002-1769-1640
https://orcid.org/0000-0002-1769-1640
https://orcid.org/0000-0002-1769-1640
https://orcid.org/0000-0002-1769-1640
https://orcid.org/0000-0002-1769-1640
https://orcid.org/0000-0002-1769-1640
https://orcid.org/0000-0002-4928-4003
https://orcid.org/0000-0002-4928-4003
https://orcid.org/0000-0002-4928-4003
https://orcid.org/0000-0002-4928-4003
https://orcid.org/0000-0002-4928-4003
https://orcid.org/0000-0002-4928-4003
https://orcid.org/0000-0002-4928-4003
https://orcid.org/0000-0002-4928-4003
https://orcid.org/0000-0003-3142-233X
https://orcid.org/0000-0003-3142-233X
https://orcid.org/0000-0003-3142-233X
https://orcid.org/0000-0003-3142-233X
https://orcid.org/0000-0003-3142-233X
https://orcid.org/0000-0003-3142-233X
https://orcid.org/0000-0003-3142-233X
https://orcid.org/0000-0003-3142-233X
https://orcid.org/0000-0001-9822-6793
https://orcid.org/0000-0001-9822-6793
https://orcid.org/0000-0001-9822-6793
https://orcid.org/0000-0001-9822-6793
https://orcid.org/0000-0001-9822-6793
https://orcid.org/0000-0001-9822-6793
https://orcid.org/0000-0001-9822-6793
https://orcid.org/0000-0001-9822-6793
https://orcid.org/0000-0002-0000-2394
https://orcid.org/0000-0002-0000-2394
https://orcid.org/0000-0002-0000-2394
https://orcid.org/0000-0002-0000-2394
https://orcid.org/0000-0002-0000-2394
https://orcid.org/0000-0002-0000-2394
https://orcid.org/0000-0002-0000-2394
https://orcid.org/0000-0002-0000-2394
https://orcid.org/0000-0003-3510-7134
https://orcid.org/0000-0003-3510-7134
https://orcid.org/0000-0003-3510-7134
https://orcid.org/0000-0003-3510-7134
https://orcid.org/0000-0003-3510-7134
https://orcid.org/0000-0003-3510-7134
https://orcid.org/0000-0003-3510-7134
https://orcid.org/0000-0003-3510-7134
https://orcid.org/0000-0003-1838-8528
https://orcid.org/0000-0003-1838-8528
https://orcid.org/0000-0003-1838-8528
https://orcid.org/0000-0003-1838-8528
https://orcid.org/0000-0003-1838-8528
https://orcid.org/0000-0003-1838-8528
https://orcid.org/0000-0003-1838-8528
https://orcid.org/0000-0003-1838-8528
https://orcid.org/0000-0001-7178-8868
https://orcid.org/0000-0001-7178-8868
https://orcid.org/0000-0001-7178-8868
https://orcid.org/0000-0001-7178-8868
https://orcid.org/0000-0001-7178-8868
https://orcid.org/0000-0001-7178-8868
https://orcid.org/0000-0001-7178-8868
https://orcid.org/0000-0001-7178-8868
https://orcid.org/0000-0003-4962-8934
https://orcid.org/0000-0003-4962-8934
https://orcid.org/0000-0003-4962-8934
https://orcid.org/0000-0003-4962-8934
https://orcid.org/0000-0003-4962-8934
https://orcid.org/0000-0003-4962-8934
https://orcid.org/0000-0003-4962-8934
https://orcid.org/0000-0003-4962-8934
https://orcid.org/0000-0002-4279-4182
https://orcid.org/0000-0002-4279-4182
https://orcid.org/0000-0002-4279-4182
https://orcid.org/0000-0002-4279-4182
https://orcid.org/0000-0002-4279-4182
https://orcid.org/0000-0002-4279-4182
https://orcid.org/0000-0002-4279-4182
https://orcid.org/0000-0002-4279-4182
https://orcid.org/0000-0002-1125-7384
https://orcid.org/0000-0002-1125-7384
https://orcid.org/0000-0002-1125-7384
https://orcid.org/0000-0002-1125-7384
https://orcid.org/0000-0002-1125-7384
https://orcid.org/0000-0002-1125-7384
https://orcid.org/0000-0002-1125-7384
https://orcid.org/0000-0002-1125-7384
https://orcid.org/0000-0002-6610-4836
https://orcid.org/0000-0002-6610-4836
https://orcid.org/0000-0002-6610-4836
https://orcid.org/0000-0002-6610-4836
https://orcid.org/0000-0002-6610-4836
https://orcid.org/0000-0002-6610-4836
https://orcid.org/0000-0002-6610-4836
https://orcid.org/0000-0002-6610-4836
https://orcid.org/0000-0002-2733-4559
https://orcid.org/0000-0002-2733-4559
https://orcid.org/0000-0002-2733-4559
https://orcid.org/0000-0002-2733-4559
https://orcid.org/0000-0002-2733-4559
https://orcid.org/0000-0002-2733-4559
https://orcid.org/0000-0002-2733-4559
https://orcid.org/0000-0002-2733-4559
https://orcid.org/0000-0001-6590-8122
https://orcid.org/0000-0001-6590-8122
https://orcid.org/0000-0001-6590-8122
https://orcid.org/0000-0001-6590-8122
https://orcid.org/0000-0001-6590-8122
https://orcid.org/0000-0001-6590-8122
https://orcid.org/0000-0001-6590-8122
https://orcid.org/0000-0001-6590-8122
https://orcid.org/0000-0003-0512-5489
https://orcid.org/0000-0003-0512-5489
https://orcid.org/0000-0003-0512-5489
https://orcid.org/0000-0003-0512-5489
https://orcid.org/0000-0003-0512-5489
https://orcid.org/0000-0003-0512-5489
https://orcid.org/0000-0003-0512-5489
https://orcid.org/0000-0003-0512-5489
https://orcid.org/0000-0001-5589-7116
https://orcid.org/0000-0001-5589-7116
https://orcid.org/0000-0001-5589-7116
https://orcid.org/0000-0001-5589-7116
https://orcid.org/0000-0001-5589-7116
https://orcid.org/0000-0001-5589-7116
https://orcid.org/0000-0001-5589-7116
https://orcid.org/0000-0001-5589-7116
https://orcid.org/0000-0002-9646-8198
https://orcid.org/0000-0002-9646-8198
https://orcid.org/0000-0002-9646-8198
https://orcid.org/0000-0002-9646-8198
https://orcid.org/0000-0002-9646-8198
https://orcid.org/0000-0002-9646-8198
https://orcid.org/0000-0002-9646-8198
https://orcid.org/0000-0002-9646-8198
https://orcid.org/0000-0002-6588-3508
https://orcid.org/0000-0002-6588-3508
https://orcid.org/0000-0002-6588-3508
https://orcid.org/0000-0002-6588-3508
https://orcid.org/0000-0002-6588-3508
https://orcid.org/0000-0002-6588-3508
https://orcid.org/0000-0002-6588-3508
https://orcid.org/0000-0002-6588-3508
https://orcid.org/0000-0003-1704-0781
https://orcid.org/0000-0003-1704-0781
https://orcid.org/0000-0003-1704-0781
https://orcid.org/0000-0003-1704-0781
https://orcid.org/0000-0003-1704-0781
https://orcid.org/0000-0003-1704-0781
https://orcid.org/0000-0003-1704-0781
https://orcid.org/0000-0003-1704-0781
https://orcid.org/0000-0002-6684-3997
https://orcid.org/0000-0002-6684-3997
https://orcid.org/0000-0002-6684-3997
https://orcid.org/0000-0002-6684-3997
https://orcid.org/0000-0002-6684-3997
https://orcid.org/0000-0002-6684-3997
https://orcid.org/0000-0002-6684-3997
https://orcid.org/0000-0002-6684-3997
https://doi.org/10.3847/1538-3881/acacfc
https://ui.adsabs.harvard.edu/abs/2023AJ....165..124A/abstract
https://doi.org/10.1093/mnras/stab871
https://ui.adsabs.harvard.edu/abs/2021MNRAS.504...65A/abstract
https://doi.org/10.1093/mnras/stac928
https://ui.adsabs.harvard.edu/abs/2022MNRAS.513.3210A/abstract
https://doi.org/10.3847/1538-3881/ad60c2
https://ui.adsabs.harvard.edu/abs/2024AJ....168..124A/abstract
https://doi.org/10.1093/mnras/stx1831
https://ui.adsabs.harvard.edu/abs/2017MNRAS.472..949B/abstract
https://doi.org/10.1086/379160
https://ui.adsabs.harvard.edu/abs/2003ApJ...599...38B/abstract
https://doi.org/10.1111/j.1365-2966.2005.09192.x
https://ui.adsabs.harvard.edu/abs/2005MNRAS.362...25B/abstract
https://doi.org/10.1086/591416
https://ui.adsabs.harvard.edu/abs/2008ApJ...686..859B/abstract
https://doi.org/10.1093/mnras/264.1.L25
https://ui.adsabs.harvard.edu/abs/1993MNRAS.264L..25B/abstract
https://doi.org/10.1051/0004-6361/201834156
https://ui.adsabs.harvard.edu/abs/2019A&A...622A.103B/abstract
https://doi.org/10.1111/j.1365-2966.2006.10519.x
https://ui.adsabs.harvard.edu/abs/2006MNRAS.370..645B/abstract
https://ui.adsabs.harvard.edu/abs/2015aska.confE.174B/abstract
https://doi.org/10.3847/1538-3881/ace35d
https://ui.adsabs.harvard.edu/abs/2023AJ....166...66B/abstract
https://doi.org/10.1046/j.1365-8711.2003.06897.x
https://ui.adsabs.harvard.edu/abs/2003MNRAS.344.1000B/abstract
https://doi.org/10.1093/mnras/270.1.173
https://ui.adsabs.harvard.edu/abs/1994MNRAS.270..173C/abstract
https://doi.org/10.1086/376392
https://ui.adsabs.harvard.edu/abs/2003PASP..115..763C/abstract
https://doi.org/10.3847/1538-4357/acb3c2
https://ui.adsabs.harvard.edu/abs/2023ApJ...944..107C/abstract
https://ui.adsabs.harvard.edu/abs/2023ApJ...944..107C/abstract
https://doi.org/10.3847/1538-4357/aa9707
https://ui.adsabs.harvard.edu/abs/2017ApJ...850..188C/abstract
https://doi.org/10.1093/mnras/stad3764
https://ui.adsabs.harvard.edu/abs/2024MNRAS.528..481C/abstract
https://doi.org/10.3847/1538-4357/acb3c0
https://ui.adsabs.harvard.edu/abs/2023ApJ...947...37C/abstract
https://doi.org/10.1086/155406
https://ui.adsabs.harvard.edu/abs/1977ApJ...215..723C/abstract
https://doi.org/10.1146/annurev-astro-041923-043618
https://ui.adsabs.harvard.edu/abs/2023ARA&A..61..473C/abstract
https://doi.org/10.1111/j.1365-2966.2005.09675.x
https://ui.adsabs.harvard.edu/abs/2006MNRAS.365...11C/abstract
https://doi.org/10.3847/1538-3881/ac882b
https://ui.adsabs.harvard.edu/abs/2022AJ....164..207D/abstract
https://doi.org/10.3847/1538-3881/ad0b08
https://ui.adsabs.harvard.edu/abs/2024AJ....167...62D/abstract
https://doi.org/10.3847/1538-3881/ad3217
https://ui.adsabs.harvard.edu/abs/2024AJ....168...58D/abstract
http://arXiv.org/abs/2404.03000
http://arXiv.org/abs/2404.03001
http://arXiv.org/abs/2404.03002
http://arXiv.org/abs/1611.00036
http://arXiv.org/abs/1611.00037
https://doi.org/10.1111/j.1365-2966.2011.20148.x
https://ui.adsabs.harvard.edu/abs/2012MNRAS.421...98D/abstract
https://doi.org/10.1093/mnras/stz937
https://ui.adsabs.harvard.edu/abs/2019MNRAS.486.2827D/abstract
https://doi.org/10.3847/1538-3881/ab089d
https://ui.adsabs.harvard.edu/abs/2019AJ....157..168D/abstract
https://doi.org/10.5281/zenodo.3765763
https://doi.org/10.5281/zenodo.3765763
https://ui.adsabs.harvard.edu/abs/2019clrp.2020...32D/abstract
https://doi.org/10.1016/j.physrep.2022.04.005
https://ui.adsabs.harvard.edu/abs/2022PhR...973....1D/abstract
https://doi.org/10.3390/universe7050142
https://ui.adsabs.harvard.edu/abs/2021Univ....7..142E/abstract
https://doi.org/10.1093/mnras/sty590
https://ui.adsabs.harvard.edu/abs/2018MNRAS.477..616E/abstract
https://doi.org/10.1146/annurev-astro-081811-125521
https://ui.adsabs.harvard.edu/abs/2012ARA&A..50..455F/abstract
https://doi.org/10.1093/mnras/180.3.479
https://ui.adsabs.harvard.edu/abs/1977MNRAS.180..479F/abstract
https://doi.org/10.1046/j.1365-8711.2003.06902.x
https://ui.adsabs.harvard.edu/abs/2003MNRAS.344L..43F/abstract
https://doi.org/10.1093/mnras/225.1.155
https://ui.adsabs.harvard.edu/abs/1987MNRAS.225..155F/abstract
https://doi.org/10.1111/j.1365-2966.2011.19430.x
https://ui.adsabs.harvard.edu/abs/2011MNRAS.417.2676G/abstract
https://ui.adsabs.harvard.edu/abs/2011MNRAS.417.2676G/abstract
https://doi.org/10.1086/164079
https://ui.adsabs.harvard.edu/abs/1986ApJ...303..336G/abstract
https://doi.org/10.1051/0004-6361/201936329
https://ui.adsabs.harvard.edu/abs/2020A&A...634A.135G/abstract
https://doi.org/10.1155/2012/950641
https://ui.adsabs.harvard.edu/abs/2012AdAst2012E...6G/abstract
https://doi.org/10.3847/1538-4365/ac05c0
https://ui.adsabs.harvard.edu/abs/2021ApJS..255...30G/abstract
https://doi.org/10.3847/1538-3881/acb212
https://ui.adsabs.harvard.edu/abs/2023AJ....165..144G/abstract
https://doi.org/10.1093/mnras/stz1773
https://ui.adsabs.harvard.edu/abs/2019MNRAS.488.1248H/abstract
https://ui.adsabs.harvard.edu/abs/2019MNRAS.488.1248H/abstract
https://doi.org/10.3847/1538-3881/accff8
https://ui.adsabs.harvard.edu/abs/2023AJ....165..253H/abstract
https://doi.org/10.1016/j.newar.2020.101539
https://ui.adsabs.harvard.edu/abs/2020NewAR..8801539H/abstract
https://doi.org/10.1051/0004-6361/201833893
https://ui.adsabs.harvard.edu/abs/2019A&A...622A..12H/abstract
https://doi.org/10.1051/0004-6361/202347333
https://ui.adsabs.harvard.edu/abs/2023A&A...678A.151H/abstract
https://ui.adsabs.harvard.edu/abs/2023A&A...678A.151H/abstract
https://doi.org/10.1146/annurev-astro-081913-035722
https://ui.adsabs.harvard.edu/abs/2014ARA&A..52..589H/abstract
https://doi.org/10.1093/mnras/stu1023
https://ui.adsabs.harvard.edu/abs/2014MNRAS.442.2304H/abstract
https://doi.org/10.1111/j.1365-2966.2011.20405.x
https://ui.adsabs.harvard.edu/abs/2012MNRAS.421.1360H/abstract
https://ui.adsabs.harvard.edu/abs/2012MNRAS.421.1360H/abstract
https://doi.org/10.1093/mnras/stab360
https://ui.adsabs.harvard.edu/abs/2021MNRAS.502.4743H/abstract
https://doi.org/10.1093/mnras/stv2327
https://ui.adsabs.harvard.edu/abs/2016MNRAS.455.1713H/abstract
https://ui.adsabs.harvard.edu/abs/2016MNRAS.455.1713H/abstract
https://doi.org/10.1046/j.1365-8711.2002.05997.x
https://ui.adsabs.harvard.edu/abs/2002MNRAS.336L..38J/abstract
http://arXiv.org/abs/2404.03621
https://doi.org/10.1093/mnras/stx639
https://ui.adsabs.harvard.edu/abs/2017MNRAS.468.3737K/abstract
https://doi.org/10.1086/519947
https://ui.adsabs.harvard.edu/abs/2007ApJ...665.1489K/abstract
https://doi.org/10.1111/j.1365-2966.2009.14541.x
https://ui.adsabs.harvard.edu/abs/2009MNRAS.395..160K/abstract
https://ui.adsabs.harvard.edu/abs/2009MNRAS.395..160K/abstract
https://doi.org/10.1093/mnras/stae525
https://ui.adsabs.harvard.edu/abs/2024MNRAS.529..537K/abstract
https://doi.org/10.1093/mnras/stad1813
https://ui.adsabs.harvard.edu/abs/2023MNRAS.523.5292K/abstract
https://doi.org/10.1088/1538-3873/ab63eb
https://ui.adsabs.harvard.edu/abs/2020PASP..132c5001L/abstract
https://doi.org/10.3847/1538-4357/ab989a
https://ui.adsabs.harvard.edu/abs/2020ApJ...897...97L/abstract
https://doi.org/10.3847/1538-4357/aa93eb
https://ui.adsabs.harvard.edu/abs/2017ApJ...850..156L/abstract
https://doi.org/10.3847/1538-4357/aadc08
https://ui.adsabs.harvard.edu/abs/2018ApJ...866...36L/abstract
https://doi.org/10.1093/mnras/stz839
https://ui.adsabs.harvard.edu/abs/2019MNRAS.486..608L/abstract
https://doi.org/10.1093/mnras/stab297
https://ui.adsabs.harvard.edu/abs/2021MNRAS.502.5104L/abstract
https://doi.org/10.1088/0004-637X/795/1/31
https://ui.adsabs.harvard.edu/abs/2014ApJ...795...31L/abstract
https://doi.org/10.3847/1538-4357/aca5fa
https://ui.adsabs.harvard.edu/abs/2023ApJ...943...68L/abstract
https://doi.org/10.1086/165769
https://ui.adsabs.harvard.edu/abs/1987ApJ...322..739L/abstract
https://doi.org/10.1038/44565
https://ui.adsabs.harvard.edu/abs/1999Natur.401..788L/abstract
https://doi.org/10.1146/annurev.astro.45.051806.110625
https://ui.adsabs.harvard.edu/abs/2007ARA&A..45..117M/abstract
https://doi.org/10.1088/1367-2630/14/5/055023
https://ui.adsabs.harvard.edu/abs/2012NJPh...14e5023M/abstract
https://doi.org/10.1038/nature03202
https://ui.adsabs.harvard.edu/abs/2005Natur.433...45M/abstract
https://doi.org/10.1093/mnras/staa938
https://ui.adsabs.harvard.edu/abs/2020MNRAS.494.3971M/abstract
https://ui.adsabs.harvard.edu/abs/2020MNRAS.494.3971M/abstract
https://doi.org/10.3847/1538-3881/aca5f9
https://ui.adsabs.harvard.edu/abs/2023AJ....165...50M/abstract
https://doi.org/10.3847/1538-3881/ace62c
https://ui.adsabs.harvard.edu/abs/2023AJ....166...99N/abstract
https://doi.org/10.1093/mnras/stz2306
https://ui.adsabs.harvard.edu/abs/2019MNRAS.490.3234N/abstract
https://doi.org/10.1093/mnras/staa2419
https://ui.adsabs.harvard.edu/abs/2020MNRAS.498.2391N/abstract
https://doi.org/10.1086/427547
https://ui.adsabs.harvard.edu/abs/2005ApJ...628..637N/abstract
https://doi.org/10.1146/annurev-astro-082214-122302
https://ui.adsabs.harvard.edu/abs/2015ARA&A..53..365N/abstract
https://doi.org/10.1088/0004-637X/776/2/114
https://ui.adsabs.harvard.edu/abs/2013ApJ...776..114N/abstract
https://ui.adsabs.harvard.edu/abs/2007hvcg.conf..210N/abstract
https://doi.org/10.1007/s00159-017-0102-9
https://ui.adsabs.harvard.edu/abs/2017A&ARv..25....2P/abstract
https://doi.org/10.3847/1538-4357/aaf105
https://ui.adsabs.harvard.edu/abs/2019ApJ...870...62P/abstract
https://doi.org/10.1093/mnras/202.3.615
https://ui.adsabs.harvard.edu/abs/1983MNRAS.202..615P/abstract
https://doi.org/10.1093/mnras/stx854
https://ui.adsabs.harvard.edu/abs/2017MNRAS.468.4992P/abstract
https://doi.org/10.1086/507672
https://ui.adsabs.harvard.edu/abs/2006ApJ...652..216R/abstract
https://ui.adsabs.harvard.edu/abs/2006ApJ...652..216R/abstract
https://doi.org/10.1093/mnras/stw2095
https://ui.adsabs.harvard.edu/abs/2016MNRAS.463.2640R/abstract
https://ui.adsabs.harvard.edu/abs/2016MNRAS.463.2640R/abstract

THE ASTROPHYSICAL JOURNAL, 974:191 (15pp), 2024 October 20

Raichoor, A., Moustakas, J., Newman, J. A., et al. 2023, AJ, 165, 126

Ramirez-Pérez, C., Pérez-Rafols, 1., Font-Ribera, A., et al. 2024, MNRAS,
528, 6666

Rosario, D. J., Fawcett, V. A., Klindt, L., et al. 2020, MNRAS, 494, 3061

Schlafly, E. F., Kirkby, D., Schlegel, D. J., et al. 2023, AJ, 166, 259

Shimwell, T. W., Rottgering, H. J. A., Best, P. N., et al. 2017, A&A,
598, A104

Shimwell, T. W., Hardcastle, M. J., Tasse, C., et al. 2022, A&A, 659, Al

Silber, J. H., Fagrelius, P., Fanning, K., et al. 2023, AJ, 165, 9

Smailagi¢, M., Prochaska, J. X., Burchett, J., & Zhu, G. 2023, ApJ, 957, 91

Tumlinson, J., Peeples, M. S., & Werk, J. K. 2017, ARA&A, 55, 389

Turner, R. J., & Shabala, S. S. 2015, ApJ, 806, 59

15

Chang et al.

Urry, C. M., & Padovani, P. 1995, PASP, 107, 803

van Haarlem, M. P., Wise, M. W., Gunst, A. W, et al. 2013, A&A, 556, A2
Voit, G. M., Bryan, G. L., Prasad, D., et al. 2020, ApJ, 899, 70
Yuan, S., Zhang, H., Ross, A. J., et al. 2024, MNRAS, 530, 947
Zhou, R., Dey, B., Newman, J. A., et al. 2023, AJ, 165, 58

Zhu, G. 2016, arXiv:1612.06037

Zhu, G., & Ménard, B. 2013a, ApJ, 770, 130

Zhu, G., & Ménard, B. 2013b, ApJ, 773, 16

Zhu, G., Ménard, B., Bizyaev, D., et al. 2014, MNRAS, 439, 3139
Zinger, E., Pillepich, A., Nelson, D., et al. 2020, MNRAS, 499, 768
Zou, S., Jiang, L., Shen, Y., et al. 2021, ApJ, 906, 32

Zou, S., Jiang, L., Cai, Z., et al. 2024, ApJ, 960, 34


https://doi.org/10.3847/1538-3881/acb213
https://ui.adsabs.harvard.edu/abs/2023AJ....165..126R/abstract
https://doi.org/10.1093/mnras/stad3781
https://ui.adsabs.harvard.edu/abs/2024MNRAS.528.6666R/abstract
https://ui.adsabs.harvard.edu/abs/2024MNRAS.528.6666R/abstract
https://doi.org/10.1093/mnras/staa866
https://ui.adsabs.harvard.edu/abs/2020MNRAS.494.3061R/abstract
https://doi.org/10.3847/1538-3881/ad0832
https://ui.adsabs.harvard.edu/abs/2023AJ....166..259S/abstract
https://doi.org/10.1051/0004-6361/201629313
https://ui.adsabs.harvard.edu/abs/2017A&A...598A.104S/abstract
https://ui.adsabs.harvard.edu/abs/2017A&A...598A.104S/abstract
https://doi.org/10.1051/0004-6361/202142484
https://ui.adsabs.harvard.edu/abs/2022A&A...659A...1S/abstract
https://doi.org/10.3847/1538-3881/ac9ab1
https://ui.adsabs.harvard.edu/abs/2023AJ....165....9S/abstract
https://doi.org/10.3847/1538-4357/acf466
https://ui.adsabs.harvard.edu/abs/2023ApJ...957...91S/abstract
https://doi.org/10.1146/annurev-astro-091916-055240
https://ui.adsabs.harvard.edu/abs/2017ARA&A..55..389T/abstract
https://doi.org/10.1088/0004-637X/806/1/59
https://ui.adsabs.harvard.edu/abs/2015ApJ...806...59T/abstract
https://doi.org/10.1086/133630
https://ui.adsabs.harvard.edu/abs/1995PASP..107..803U/abstract
https://doi.org/10.1051/0004�6361/201220873
https://ui.adsabs.harvard.edu/abs/2013A&A...556A...2V/abstract
https://doi.org/10.3847/1538-4357/aba42e
https://ui.adsabs.harvard.edu/abs/2020ApJ...899...70V/abstract
https://doi.org/10.1093/mnras/stae359
https://ui.adsabs.harvard.edu/abs/2024MNRAS.530..947Y/abstract
https://doi.org/10.3847/1538-3881/aca5fb
https://ui.adsabs.harvard.edu/abs/2023AJ....165...58Z/abstract
http://arXiv.org/abs/1612.06037
https://doi.org/10.1088/0004-637X/770/2/130
https://ui.adsabs.harvard.edu/abs/2013ApJ...770..130Z/abstract
https://doi.org/10.1088/0004-637X/773/1/16
https://ui.adsabs.harvard.edu/abs/2013ApJ...773...16Z/abstract
https://doi.org/10.1093/mnras/stu186
https://ui.adsabs.harvard.edu/abs/2014MNRAS.439.3139Z/abstract
https://doi.org/10.1093/mnras/staa2607
https://ui.adsabs.harvard.edu/abs/2020MNRAS.499..768Z/abstract
https://doi.org/10.3847/1538-4357/abc6ff
https://ui.adsabs.harvard.edu/abs/2021ApJ...906...32Z/abstract
https://doi.org/10.3847/1538-4357/ad09b2
https://ui.adsabs.harvard.edu/abs/2024ApJ...960...34Z/abstract

	1. Introduction
	2. Data
	2.1. DESI
	2.2. Radio Catalogs

	3. Analysis
	3.1. LRG–QSO Pairs
	3.2. Mg ii Absorbers
	3.3. Completeness of the Sample

	4. Results
	4.1. Mg ii Covering Fraction
	4.2. Rest Equivalent Width Distributions
	4.3. Gas Kinematics

	5. Discussion
	5.1. Comparison with Previous Studies
	5.2. CGM Mass around Radio Galaxies
	5.3. Impact of the Radio Jets

	6. Conclusions
	Data Availability
	AppendixDetection Rate Simulation
	References



