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ABSTRACT

Active galactic nuclei (AGN) are thought to play a critical role in shaping galaxies,
but their effect on the circumgalactic medium (CGM) is not well studied. We present
results from the COS-AGN survey: 19 quasar sightlines that probe the CGM of 20
optically-selected AGN host galaxies with impact parameters 80 <pimp< 300 kpc.
Absorption lines from a variety of species are measured and compared to a stellar
mass and impact parameter matched sample of sightlines through non-AGN galaxies.
Amongst the observed species in the COS-AGN sample (Ly«, C 11, Si 11, Si 111, C 1v,
Si1v, N v), only Lya shows a high covering fraction (94t§3% for rest-frame equivalent

widths EW> 124 mA) whilst many of the metal ions are not detected in individual
sightlines. A sightline-by-sightline comparison between COS-AGN and the control
sample yields no significant difference in EW distribution. However, stacked spectra
of the COS-AGN and control samples show significant (> 3¢) enhancements in the EW
of both Si 111 and Ly« at impact parameters > 164 kpc by a factor of 4+0.45+0.05 dex
and > +0.75 dex respectively. The lack of detections of both high-ionization species
near the AGN and strong kinematic offsets between the absorption systemic galaxy
redshifts indicates that neither the AGN’s ionization nor its outflows are the origin of
these differences. Instead, we suggest the observed differences could result from either
AGN hosts residing in haloes with intrinsically distinct gas properties, or that their
CGM has been affected by a previous event, such as a starburst, which may also have
fuelled the nuclear activity.
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1 INTRODUCTION of the CGM gas as a function of the host galaxy’s proper-

ties (e.g. [Bergeron||1986; Bowen et al.|[1995 Lanzetta et al.
The circum-galactic medium (CGM) is the interface between 1995; [Adelberger et al.[2005; |Chen et al|[2010; [Steidel et al.
2010} [Bordoloi et al|[2011} [Prochaska et al.|[2011} [Turner|

et al.[[2014)). Building on these foundations, our understand-
reviews, see [Putman et al|[2012; Tumlinson et al] 2017). ing of the CGM has been significantly improved through sur-
With various processes in galaxy evolution consuming (e.g. veys with the Hubble Space Telescope (HST) Cosmic Origins

star formation) and removing (e.g. winds) gas, the CGM Spectrograph (COS; 2012). The first of several
surveys of the CGM surrounding low redshift galaxies was

the COS-Halos survey (Tumlinson et al.|2013) which target-
ted the CGM around 44 ~L* galaxies, demonstrating that
the properties of the CGM differ depending on whether the

cold flows from the intergalactic medium onto a galaxy, and
hosts hot halo gas and material ejected from galaxies (for

is shaped by the processes internal to the galaxy. Early
progress in the study of the CGM came from connecting
absorption lines in quasar (QSO) spectra with galaxies im-
aged in the foreground, tracing the extent and properties
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central galaxy is passive or star-forming (defined using a spe-
cific star formation rate cut of sSSFR= 10~ *1yr~1;
let al|[2011} [Werk et al|[2013} Borthakur et al|[2016). The
COS-Halos team found a distinct lack of O vI around passive
galaxies, while H 1 was found at the same strength around
all galaxies (Tumlinson et al.[2011} [Thom et al|[2012)). Addi-
tionally, connections have been made between the CGM and
properties of the host galaxy, including: increased H 1 con-
tent of the CGM with larger interstellar medium (ISM) gas
masses (COS-GASS; Borthakur et al.|2015), the presence of
extended gas reservoirs around galaxies of all stellar mass
(COS-Dwarfs; [Bordoloi et al[2014b)), and enhanced metal
content around starbursting hosts (COS-Burst;
let al|2013; [Heckman et al.|[2017)).

An important stage in the evolution of galaxies is when
their central supermassive black holes are actively accreting
material. This active galactic nucleus (AGN) phase may be
responsible for the removal of gas from star forming reser-
voirs within galaxies via winds and outflows (Veilleux et al.

how the less luminous but more common Seyfert-like AGN
shape their surrounding CGM. In the only observational
study of the CGM surrounding Seyfert galaxies,

(2015) found a low (10%) Mg 11 A 2796 A covering
fraction around 14 AGN (between 100 and 200 kpc) in the

transverse direction relative to field and QSO host galaxies,
but a reservoir of cool gas still exists along the line of sight
to the AGN. They suggest that AGN-driven outflows are de-
stroying the cool gas in the transverse direction (i.e. along
the outflow), suggesting that the difference between their
observations of the CGM of AGN-dominated galaxies with
previous observations of QSOs (e.g. [Prochaska et al.|[2013))
is caused by the viewing angle of the AGN.

Predictions from zoom-in simulations of galaxies taken
from the EAGLE cosmological simulation
suggest that radiative feedback from the AGN should
ionize the gas out to a distance of two virial radii
[penheimer & Schaye|[2013} [Segers et al.|[2017)). After imple-
menting non-equilibrium ionization into their models,

2005} [Tremonti et al.|[2007; [Sturm et al|[2011; [Woo et al.

[penheimer & Schaye (2013) have predicted that AGN prox-

2017), and has been associated with the evolution of galax-
ies off the star-forming main sequence to passive galaxies
(Springel et al|[2005} [Schawinski et al.|[2007; [Fabian| 2012}
[Bluck et al.||2014} [2016)). In addition, radio-mode feedback
and radiation from the AGN keeps the CGM hot, buoyant,
and consistently ionized (McNamara & Nulsen|[2007} Bower]
let al|[2017}; Hani et al.|[2017)), as well as preventing gas from
returning to the host galaxy. Such processes have been pro-
posed to be responsible for O vi bimodality seen in the CGM
by COS-Halos without an active AGN (Oppenheimer et al.|
ROTY).

Observationally linking the environmental and feedback
effects of AGN hosts with their CGM has primarily been
done through the use of projected QSO-QSO pairs at higher
redshifts. This technique has the added benefit of looking at
the role of a stronger and weaker QSO radiation fields lo-
cated in the respective transverse (background QSO) and
line-of-sight (foreground QSO; i.e. along the outflow) CGM
(Bowen et al.|[2006; |[Farina et al.|2013} |Johnson et al.|[2015]).
Cool gas traced by H 1 and Mg 11 is anisotropically dis-
tributed about the QSO, with larger column densities of
H 1 preferentially found along the transverse direction
[nawi et al|[2006; [Farina et al|[2013); suggesting that radi-
ation from the QSO does not affect the transverse medium
(Hennawi & Prochaska)|2007} [Prochaska et al.[[2014} |Farinal
let al[2014). An excess of cool gas (relative to the intergalac-
tic medium) has been found all the way out to one Mpc,
with a stronger enhancement at smaller impact parameters
(Prochaska et al.|[2013). When the QSO-QSO pairs are split
by the bolometric luminosity of the QSO host, the Mg 11
covering fraction is larger for high-luminosity QSOs (cov-
ering fraction of &~ 60% for luminosities of Lpo > 45.5 erg
s™!) compared to low luminosity QSOs (& 20%, Lpo < 45.5
erg s~ ';|Johnson et al.|2015)). All of these observations of ex-
cess cool gas around luminous QSOs is suggestive of either a
viewing angle effect with the ionizing radiation exciting cool
gas along the line of sight to the QSO, or an environmental
effect of haloes hosting massive QSOs such as debris from
galaxy interactions fuelling QSO activity
[2013} [Farina et al.|[2014} [Johnson et al.|[2015]).

Most of the work described above has focused on high
luminosity quasars. However, there has been little focus on

imity fossil zones exist around galaxies that host (or have
hosted) bright AGN, with the metals remaining in an over
ionized state for several megayears (depending on the lu-
minosity duty cycle and lifetime of the AGN;
[2017; |Oppenheimer et al.[2018)). However, the detailed CGM
properties in simulations can be quite sensitive to the size
of the CGM clouds, implementation of feedback, and differ-
ent recipes between codes (Stinson et al.[2012} |Gutcke et al |
[2017} [Nelson et al.|2017).

In this paper, we investigate the observational prop-
erties of the CGM around galaxies hosting Type II Seyfert
AGN (which we will henceforth simply refer to as AGN). We
measure the rest-frame equivalent widths (EWs) of a range
of ionization species present in the CGM material probed
by QSO sightlines near 20 AGN-host galaxies. We provide
a systematic comparison to non-AGN galaxies observed in
the literature to quantify whether the CGM around AGN
host galaxies is different from their counterparts. Through-
out the paper, we assume a flat ACDM Universe with
Ho = 67.8 km s™' Mpc™* and Qu = 0.308 (Planck Col-
[laboration et al.|2015).

2 DATA
2.1 Sample selection and properties

The QSO sightlines through the CGM of AGN galaxies were
selected by cross-matching coordinates of Sloan Digital Sky
Survey (SDSS;|Abazajian et al.2009) galaxies hosting AGN
with the locations of UV-bright QSOs (17 < mpyv < 18.9)
identified in the Galaxy Evolution Explorer (GALEX) cat-
alogueEl (Martin et al[/2005). AGN were selected using the
emission line ratios [N 11/Hea] and [O 111/H/] measured in the
SDSQEI following the line ratio diagnostics provided in
(2001)). We required that all four emission lines be

detected at > 50, and that the background QSO sightline

L http://galex.stsci.edu/
2 Emission line fluxes were taken from http://www.mpa-
garching.mpg.de/SDSS/|


http://www.mpa-garching.mpg.de/SDSS/
http://www.mpa-garching.mpg.de/SDSS/

[h]
45
1.0; -
o 8 44
. O
= 0.5} g
E 43 Z
= a 3
S oo} ) >
S i 42 2
o -~ KO3 AGN cut
—0.5F ... K01 AGN cut |
mmm SDSS 4 4l
—-1.0f @ COS-AGN sightlines
. : 40

15 -10 -05 00 05
log(INII/Ha)

Figure 1. The BPT diagram of all SDSS galaxies with spec-
troscopic observations (blue shaded region; only showing SDSS
galaxies with > 5o detections of diagnostic emission lines). The
solid circles show the COS-AGN galaxies, and are coloured based
on their AGN luminosity. The dashed pink and green lines de-
note the [Kewley et al.| (2001, K01) and |Kauffmann et al.| (2003}
KO03) cuts typically used to select AGN and composite galaxies.
LINERS classified using the [Kewley et al.| (2006)) emission line
metrics (see Table[1]) are denoted with a white dot on top of the
datapoint.

must probe within 300 kpc of the AGN host galaxy. Us-
ing these criteria, we identified ten AGN-QSO pairs (along
nine QSO sightlines) that had been previously observed
with HST whose data is located in the Hubble Spectro-
scopic Legacy Archive (HSLA; data release 1EI) We further
selected ten more QSO sightlines to probe the inner 175
kpc of the CGM surrounding AGN, which we observed with
HST/COS in Cycle-22. These combined 19 sightlines prob-
ing 20 AGN host galaxies make up our COS-AGN sample.
Descriptions of the observations are presented in Section 2.2}
Figure [1) shows the so-called BPT diagram
of the COS-AGN host galaxies (coloured circles) com-
pared to SDSS galaxies (blue shaded region), whilst Figure[2]
shows the SDSS thumbnail images of each AGN host. Of the
20 COS-AGN host galaxies, four are classified as LINERS
based on the diagnostics presented in [Kewley et al.| (2006]
equations 1-15) that encompass both the classic BPT dia-
gram (Figure and line ratios that include [O 11] A\ 3726A
& 3729A, and [S11] A\ 6717A & 6731A. Although the LINER
category was originally envisaged to identify low luminosity
AGN (Heckman|1980; Ho et al.|1997), alternative ionization
mechanisms can also produce extended LINER-like emission
(Yan & Blanton| [2012; [Belfiore et al||2016). We therefore
keep these sightlines in our sample as they may be bona fide
AGN, but are flagged through-out the analysis to assess the
effects of including or removing LINERs from the sample.
The properties of the COS-AGN galaxies are given in
Table We adopted the SDSS spectroscopic redshifts as

3 https://archive.stsci.edu/hst/spectral_legacy/
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the systemic redshifts of the galaxy (zga1). Stellar masses
were taken from |[Mendel et al (2014)), which are based on
spectral energy distribution fits to the SDSS ¢ and r-band
photometry of a single Sérsic fit to the galaxy, and assume a
initial mass function. The most commonly
adopted SFRs for SDSS galaxies are those provided in the
MPA /JHU catalogues (Brinchmann et al.|2004; [Salim et al|
. These SFRs are nominally based on fits to emission
lines for star forming galaxies. However, it is well known
that the standard SFR conversions (e.g. will
be incorrect when AGN contribute to emission line fluxes.
Therefore, for galaxies with an AGN, the MPA/JHU cat-
alog presents a SFR based on the correlation between the
4000 A break and sSFR in star forming galaxies. However,
SFRs derived from the 4000 A break have large uncertain-
ties, and it has been recently shown that the far-IR can be
used to obtain more accurate values (Rosario et al|[2016).
We therefore use the infrared luminosity (Lir) of the SDSS
galaxies predicted by an artificial neural network
to calculate log(sSFR) using the conversion
log(sSFR/yr~!)= logLir — 43.951 — log(M, /Mg). All of the
COS-AGN galaxies have a predicted Lir confidence of ~ 0.1
dex, passing the adopted quality control cut in|Ellison et al]
. The bolometric luminosity of the AGN (Lacgn) is
calculated based on the AGN’s [O 111] line luminosity fol-
lowing Kauffmann & Heckman| (2009)), where the bolometric
luminosity of the AGN is 600x the [O 111] line luminosity.
The projected proper impact parameter of the QSO sight-
line (pimp) is calculated at the systemic redshift of the AGN
host galaxy. Lastly, the AGN type from the [Kewley et al]
classification is also tabulated.

To provide a systematic comparison between the prop-
erties of the CGM of galaxies with and without an AGN, we
have compiled a non-AGN literature sample of EWs from
all galaxies observed in the COS-Halos (Tumlinson et al.
2013} [Werk et al|[2013] [2014), COS-Dwarfs (Bordoloi et al.
2014b)), and COS-GASS (Borthakur et al|[2015| |2016) sur-
veys. Figure [3] compares the properties of the non-AGN lit-
erature sample to the COS-AGN galaxies (green data) in
terms of sSFR as a function of M, (top left), and pimp vs
Zgal (bottom left). The non-AGN literature sample is sepa-
rated into star-forming (blue diamonds) and passive galax-
ies (red squares) using a log(sSFR/yr~!)= —11 cut. We
note that the measured SFR values in this literature sample
have been derived using different methods for COS-Halos
(Werk et al2012), COS-GASS (Borthakur et al.|2013), and
COS-Dwarfs (Bordoloi et al.|[2014b). However, small differ-
ences (up to a few tenths of dex) will not affect the anal-
yses presented in this paper as sSFR is only used to clas-
sify galaxies as star-forming or passive. To demonstrate the
properties of the AGN in the COS-AGN sample, the bot-
tom right panel of Figure [3| shows the distributions of Lacan
and the strength of the H I ionizing flux from the AGN
(Sazonov et al2004) relative to the UV background
& Madau @ﬁ at the pimp of each sightline (facen/ fimo1).
The distribution of facn/fumor shows the UV background
is the dominant source of ionizing radiation for most of

4 We adopt the [Haardt & Madaul (2001) UV background to be
consistent with what we use in our zoom-in simulations (see Sec-

tion [4.1)).
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Figure 2. SDSS postage stamp images of the entire COS-AGN sample. Each image is 50 arcsec X 50 arcsec. The QSO name and AGN
host galaxy redshift are provided in each panel. For reference, the arrow in the bottom right of each panel gives the relative direction of

the background QSO from the centre of the galaxy.

Table 1. COS-AGN sightline properties

QSO name Zgal Galaxy SDSS objid Gal. R.A.  Gal. Dec. log(My) log(sSFR) log(LAGN) Pimp Program Companion?  AGN type*
[°] [°1 llog(M@)] [log(yr—1)) llog(erg s~ 1)] [kpe]
J0042—1037  0.036  587727178454007913 10.562 —10.738 9.5 —10.2 42.8 299 COS—Halos N —
JO11641429  0.060  587724232641544435 19.126 14.482 11.1 —11.6 42.9 136 COS—AGN N LINER
J0843+4117  0.068  587732048403824840 130.898 41.308 11.0 —10.9 42.9 223 COS—Dwarfs N LINER
JO851+4243  0.024  587732048404676666 132.757 42.736 10.7 —11.7 42.2 82 COS—AGN Y —
J0852+0313  0.129  587728880331194569 133.255 3.240 11.0 —10.7 42.7 170 COS—AGN N —
J0853+4349  0.090  587731886277197945 133.357 43.820 11.0 —11.0 42.2 164 HSLA Y —
J0948+5800  0.084  587725468527231140 147.118 58.022 10.7 —10.2 43.7 165 COS—AGN N —
J111742634  0.065  587741708880773130 169.437 26.526 11.2 —11.5 42.4 268 COS—Dwarfs Y
J111742634  0.029  587741602026029237 169.461 26.657 10.4 —11.0 41.8 185 COS—Dwarfs Y
J112742654  0.033  587741602027012125 171.943 26.960 10.5 —11.2 42.1 145 COS—AGN N —
J114243016  0.032  587741490911576221 175.575 30.230 10.4 —10.6 42.3 108 COS—AGN N Seyfert
J115542922  0.046  587741532251685053 178.903 29.351 10.4 —10.8 42.1 215 COS—GASS N LINER
J121440825  0.074  588017726547361972 183.630 8.374 11.2 L 42.9 237 HSLA N LINER
J1404+3353  0.026  587739131343929515 211.122 33.953 10.4 —10.8 43.1 115 HSLA N Seyfert
J141940606  0.049  587730022252675197 214.909 6.135 10.9 —10.8 42.9 180 HSLA N —
J14544+3046  0.031  587739131885649936 223.612 30.909 10.3 —11.3 42.1 287 COS—GASS Y —
J1536+1412  0.093  587742551760765148 234.172 14.227 10.7 —10.8 43.3 154 COS—AGN N Seyfert
J16074+1334  0.069  587742614562603047 241.824 13.565 10.6 —10.8 43.2 161 COS—AGN N Seyfert
J2133—0712  0.064  587726878878073213 323.473 —7.180 11.1 —10.8 43.0 140 COS—AGN N Seyfert
J2322-0053  0.081  587731185126080831 350.730 —0.893 10.7 —10.5 43.0 121 COS—AGN N —

*The AGN are classified as LINERs or Seyferts using the SDSS emission line diagnostics presented in[Kewley et al) (2006} Equations 1-15). Cases where the
classification is either ambiguous, or the emission line data quality is poor (S/N< 3 for any emission line) are denoted by blank entries.
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Figure 3. Top: sSFR vs M, for the COS-AGN sample (green
circles) compared to star-forming (blue diamonds) and passive
(red squares) galaxies from the literature. Middle: Impact pa-
rameter (pimp) vs galaxy redshift (zga1) for the COS-AGN and
literature sample. Bottom: the strength of Ly« ionizing radition
of the AGN relative to the UV background (facn/fumo1) as a
function of the bolometric luminosity of the AGN (Lagn) for the
COS-AGN sample.
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Figure 4. The map of QSO sightlines that probe the CGM of
AGN-dominated (green circles), star-forming (red squares), and
passive galaxies (blue diamonds). All the sightlines are shown
relative to the central galaxy being probed (black star). The larger
and smaller circles respectively represent sightlines observed in
our Cycle 22 program, and previously observed in the HSLA.
The passive and star-forming galaxies are from the COS-Halos,
COS-Dwarfs, and COS-GASS surveys. The angular position of
the points are based on the position angle of the galaxy relative
to the background QSO.

these sightlines except for the sightline towards J0948-+5800
(faen/ fumor= 1.56). In addition, Figure@shows the distri-
bution of QSO sightlines observed for the COS-AGN sam-
ple (our Cycle-22 observations are the larger green circles;
archival sightlines are the smaller circles) about the central
galaxy (black star).

In order to identify additional absorbers that could
potentially contribute to the CGM of the AGN hosts, we
searched for possible spectroscopic companions in the SDSS
for each of the 20 COS-AGN hosts using the catalogue of
galaxy companions compiled by [Patton et al| (2016). The
catalogue from [Patton et al|(2016) finds the nearest spec-
troscopic companion in the SDSS DR7 with a stellar mass
greater than 10% of the galaxy in question. In order to
flag the possibility of contaminating absorption, we further
required that the background QSO be within 300 kpc of
the companion, and within £1000km s~! of the AGN host
such that any contribution from the CGM gas of the com-
panion would be found in our absorption search window.
Five of our COS-AGN galaxies have companions that match
these requirements (see Table , and are situated between
193 <pimp< 274 kpc from the targetted QSO. We have re-
peated all of the analysis presented in this paper with and
without these five systems, and find that our results do not
change qualitatively; we therefore keep these systems with
companions in our sample and visually flag their data in rel-
evant figures. We note that 13 of the remaining 15 sightlines
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still contain a lower mass companion (M, < 10% of the AGN
host mass) within £1000km s™* of the AGN host and 300
kpc projected separation from the background QSO. How-
ever, given the low mass of these 13 systems we suspect that
the CGM will be dominated by the AGN host.

2.2 Observations

Observations for our ten newly targeted sightlines were com-
pleted with HST/COS during Cycle-22 (program ID 13774,
PI S. Ellison). To probe a range of ionization species, we
required wavelength coverage to probe the prominent lines
of H1 A 1215 A, Si 11 A1260 A, C 1v A1548 A, Si1v A1393 A,
and N v \1238 A. This required observations using both
the G130M and G160M gratings on COS. We note that the
G130M data used for three of these ten sightlines were previ-
ously obtained by the COS-GASS program (Borthakur et al.
2015), and were not re-observed in our program. For each
individual sightline, the central wavelengths were selected to
ensure coverage of these lines, and all four FP-POS offsets
were used to minimize gaps in the wavelength coverage and
reduce the fixed pattern noise. Exposure times were selected
to obtain a similar signal-to-noise ratio (S/N) of = 10 to the
COS-Halos survey across the entire wavelength range (Tum-
linson et al.||2013). To ensure homogeneity in S/N amongst
the archival HSLA sample and our Cycle-22 observations, we
required a S/N 2> 4 near absorption lines of interest for the
archival sightlines. It is important to note that the HSLA
sightlines do not have the same wavelength coverage as our
Cycle-22 sample. A summary of the observational details of
all 19 COS-AGN sightlines is provided in Table

2.3 Data reduction and equivalent width
measurements

To provide a systematic comparison to the EWs measured in
COS-Halos and COS-GASS, we use the same data reduction
technique as COS-Halos (Tumlinson et al.|[2013). In brief,
the final cALCOS (version 3.1) extracted 1D spectra (x1d
files) are taken from the HST archiveﬂ and are coadded and
rebinned to contain ~ 6 pixels per resolution element. The
QSO continuum is fitted locally (£1500 pixels) around each
absorption feature using fifth-order Legendre polynomials.

Following the COS-Halos methodology, all absorption
located within 500 km s~ of the systemic redshift of the
galaxy is assumed to be associated with the CGM of the
galaxy. Within the £500 km s~ ! window, the integration
limits of the equivalent width derivation are chosen on a
line by line basis to avoid any regions of contamination,
whilst limiting the amount of clean continuum within the
integration bounds.

To determine if the absorption within this £500 km s~*
window is indeed associated with the CGM of the host
galaxy, we confirmed that there was neither contamination
from the Galaxy’s ISM nor from intervening absorbers at
other redshifts more than 1000 km s~' from the AGN. In
cases where multiple lines are covered for a given species,
contamination was also flagged by comparing the strengths

5 https://archive.stsci.edu/hst/

of the lines relative to the ratio of oscillator strengths (f),
as well as requiring similar velocity profiles.

For five of the COS-AGN sightlines, we are uncertain
if the absorption detected at the expected location of Lya
or Si 11 is associated with the CGM of the COS-AGN
host galaxy as there are no other absorption lines to con-
firm its velocity or structure. We have conservatively not
adopted the corresponding EW measurements in our analy-
sis for these lines, but note (when relevant) how our results
change if these EW measurements are adopted. Appendix
[&] presents the measured EWs for these line and the justifi-
cation for why these cases are not included.

When no absorption is detected without signs of blend-
ing, 30 EW upper limits on these undetected lines are de-
rived using the error spectrum within a +50km s~ ! interval
of clean continuum near the systemic redshift of the AGN-
dominated galaxy. The EW for lines that are visually de-
tected but were < 30 above the noise were automatically
set to the 30 noise threshold and flagged as upper limits.
All EW upper limits adopted from the literature are con-
verted to 3o values for consistency.

The derived EWs and velocity profiles are given in Ap-
pendix [A] An example is given for the sightline towards
J0852+0313 (the most gas-rich sightline); Table |3| gives the
EW and the associated data quality flags for each absorp-
tion line shown in Figure[f] The data quality flags represent
a sum of whether or not the line is adopted (+1), blended
(+2), undetected (+4), or saturated (+8). Table con-
tains a summary of adopted EWs for all the COS-AGN
sightlines.

2.4 Control matching

To provide a fair comparison between the CGM properties of
AGN and non-AGN host galaxies, we implement a control-
matching scheme that matches galaxies from our literature
sample (COS-Halos, COS-GASS and COS-Dwarf galaxies)
to each COS-AGN galaxy. By adopting the literature sample
as a pool for our control galaxies, we assume that these
galaxies are representative of galaxies that do not host AGN.
As the EW of a given species in the CGM has tentatively
been shown to scale with a combination of pimp and the
host’s M, (Chen et al.[[2010; Werk et al.||2014; [Borthakur
et al|/2016), we use M, and pimp as our control matching
parameters, thus simultaneously removing the effects from
these observed scaling relations in our EW analysis.

The control matching scheme in this work uses a
fixed maximum tolerated offset in both M, and pimp
between a given control sightline and the AGN sight-
line (Alog(M,/Mg) and Alog(pimp/kpc); where AX =
Xecontrol — Xaan for the matched parameter X). These two
offsets are combined into a single matching parameter 72,
which is given by the sum of the squares of Alog(M,/Mg)
and Alog(pimp/kpc), i.e.

r? = Alog(M, /Mg)? + Alog(pimp/kpc)?, (1)

such that r provides a single factor of how far off each con-
trol match is from the AGN value. Adopting a tolerance
of 0.2 dex in each Alog(M./Mg) and Alog(pimp/kpc) (and
thus a tolerance in r = 0.28 dex) provides matching within
a factor of two of the COS-AGN sightline’s pimp and M,.
Given that the COS-AGN sample tends to probe higher
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Probing the CGM around AGN hosts 7

HI 1025 NV 1238 © Sill 1193

© HI1215 NV 1242 © Sill 1260 ;
1.0Hhakdh- - - - - - - : 5 )
0.5 :

0.0k -zzi-2 .
Cll 1036

1.0
0.5

ODTTTF_L“_"_TLiT."TT%_"“ﬁ"J"TiTT..”f
OVI 1031

Relative flux

Relative velocity (km s~1)

Figure 5. Velocity profiles for the sightline towards J08524-0313 (zg41=0.129). The vertical dotted lines show the integration limits for
determining the EW for adopted lines only. The red line shows the associated error spectrum.
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Table 2. Summary of QSO observations

QSO ID R.A. Dec. Grating  Central wavelength(s)  Exposure time S/Ne Program ID?
[°] [°] [A] [s] [pixel ]
COS-AGN Cycle-22 sightlines
J0116+1429 19.096 14.495 G130M 1309 5239 57 13774
G160M 1577 11338 10 13774
J0851+4243  132.817 42.725 G130M 1318 5408 6—-12 13774
G160M 1611 11696 7-12 13774
J08524+0313  133.247 3.222 G130M 1291,1327 2232 3-12 12603
G160M 1600 8135 6-15 13774
J0948+-5800  147.167 58.011 G130M 1291 8834 5-10 13774
G160M 1589 18676 4-11 13774
J112742654  171.902 26.914 G130M 1291 2255 5-18 12603
G160M 1577 8193 8-15 13774
J11424-3016  175.551 30.270 G130M 1291,1327 4790 4-14 12603
G160M 1577 11466 8-14 13774
J1536+1412  234.187 14.208 G130M 1291 4251 4-9 13774
G160M 1600 6232 59 13774
J1607+1334  241.791 13.572 G130M 1318 4265 4-7 13774
G160M 1577 6218 37 13774
J2133—-0712  323.491 —17.205 G130M 1309 8245 79 13774
G160M 1577 11322 4-9 13774
J2322—-0053  350.750 —0.900 G130M 1291 5242 7 13774
G160M 1600 11326 4-10 13774
COS-AGN HSLA sightlines
J0042—1037 10.593 —10.629 G130M 1291 2448 57 11598
G160M 1600,1623 2781 9 11598
J0843+4117  130.956 41.295 G130M 1291,1309 4359 2-9 12248
G160M 1577,1623 7010 4-9 12248
J0853+4349  133.393 43.817 G130M 1222 14809 5-10 13398
J111742634 169.476 26.571 G160M 1577,1600 4783 4-16 12248
J1155+2922  178.970 29.377 G130M 1300,1327 10916 39 12603
J12144-0825 183.627 8.419 G130M 1300 4813 6-8 11698
J1404+-3353  211.118 33.895 G130M 1309,1327 7706 4-7 12603
J141940606  214.956 6.115 G130M 1291 11028 57 13473
G160M 1600 8735 36 13473
J14544+-3046  223.601 30.783 G130M 1291,1327 7712 3-8 12603

@ — Range of continuum S/N measured at the wavelengths of Lya and metal species listed in Section
b — HST MAST archive program ID. Notable program IDs include: Cycle 22 COS-AGN (13774), COS-Halos (11598), COS-Dwarfs

(12248), and COS-GASS (12603).

pimp and log(M, /M) relative to the literature sample (e.g.
see Figures [3| and E[), we computed the skewness for both
Alog(M, /Mg) and Alog(pimp/kpc) (independently) to con-
firm that the adopted tolerances do not lead to a biased
control sample. The skewness tests reveal that our selected
r tolerance is similar to a Gaussian distribution at > 95%
confidence, suggesting that the initial tolerance does not se-
lect a significantly skewed sample. Thus we adopt our cut
of r = 0.28 as our control matching tolerance, which se-
lects at least five different control sightlines for over 80% of
the COS-AGN sample. We point out that this broad toler-
ance allows for any of the literature galaxies to be matched
to multiple COS-AGN galaxies. As one COS-AGN absorber
does not have a single control match within the adopted tol-
erance range (J0042-1037; z=0.036, log(M./Mg)=9.5, and
pimp= 299 kpc); we do not include this sightline in the our
analysis. We note that the adopted tolerance in r is similar

to the one required to match the scatter of the Mg II-pimp

relation computed by (2010).

In addition to M. and pimp, the comparison sample
could potentially benefit from controlling additional param-
eters. For example, the specific star formation rate (sSFR)
appears to play a key role in the EW distribution of O vi
(Tumlinson et al.|2011}; Werk et al.|2014), however an alter-
native suggestion for the paucity of metals around passive
galaxies is related to the halo mass rather than the sSFR of
a galaxy (Oppenheimer et al|2016). Figure [3| demonstrates
that many of the COS-AGN galaxies have a sSFR that is
intermediate to the star-forming and passive galaxies (these
lower SFR for Seyfert AGN relative to star-forming galaxies
have previously been seen in the SDSS; |[Ellison et al.|2016bj}
[Leslie et al|[2016). The lack of overlap between the COS-
AGN sSFR distribution and that of the control pool prevents
a matching within meaningful tolerances of sSFR. However,
we can simply distinguish between star-forming and pas-
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of metal lines will be further discussed in the following sec-
tion). We first assess whether or not the CGM gas is bound
to the host galaxy halo by comparing the relative velocity

ao* . . .
Ton A Umin vmax EW flag™ of the Lya absorption (vLya) to the systemic velocity of the
[A] [km s™ 7] [km s™ %] [mA] .

galaxy (vga1). As the dark matter halo mass (Muaio) is re-
Hi 1025.722  7.912B-02 -250 300 752 £ 91 9 quired to assess the escape velocity of the galaxy halo, we
Hi 1215.670  4.164BE-01 275 300 1356 + 56 9 the M.-M lati ided by [Moster ot all (2070
Cu  1036.337  1.231BE-01 -155 230 < 366 11 use the Mu-Mua, relation provided by [Moster et al| ( )
Cu  1334.532  1.278E-01 -315 215 Ce 2 to calculate the halo mass of each galaxy, namely
Cwv 1548195  1.908E-01 -200 190 657 + 66 1 )
Cwv  1550.770  9.522E-02 -210 190 74+ 71 1 -8 7
Nu  1083.990  1.031E-01 -30 215 200 + 41 1 M, _ 2 M. Mualo + Mhalo . (3)
Nv 1238.821 1.570E-01 -130 195 260 =+ 56 1 Muyalo Mualo 0 M, M,
Nv  1242.804  7.823E-02 0 100 o 2
o1 1302.168  4.887E-02 -250 150 < 264 3

11.884 M
Owvi  1031.926  1.320E-01 -200 240 < 451 11 where M; = 10 Mo, (MHLO)O = 0.0282, 8 = 1.057,
Ovi  1037.617  6.609E-02 -135 235 273 + 80 1 _ . .
Sin 1190416  2.502E.01 50 200 231 £ 30 . and v = 0.556 (i.e. the best fit paran}eters from table 1 in
Sin  1193.290  4.991E-01 -145 200 378 + 40 9 [Moster et al.||2010). The escape velocity of the halo (calcu-
Sim 1260422 1.007E+00 -130 200 458 + 18 1 Jated from pimp of the QSO sightline) is found using
Sim  1206.500  1.660E+00 -225 215 804 + 52 9
Siwv  1393.755  5.280E-01 -155 230 235 + 19 1 - 0.5
Siwv 1402770  2.620E-01 -125 150 115 + 28 1 — |9 GMHa1o(< p) d 4
Feu  1144.938  1.060E-01 50 200 87 + 39 1 UBse = 2 p ’ (4)
Pimp P

*The data quality flags represent a sum of whether or not the line is:
adopted (+1), blended (42), undetected (44), or saturated (48).

sive galaxies in the control sample based on the log(sSFR /
yr~ 1= —11.0 cut adopted by COS-Halos, and draw com-
parisons between AGN and star-forming or passive galaxies
independently. Later, we will implement this sSFR cut into
our analysis.

Environment may also influence the CGM of galaxies
(Bordoloi et al.| 2011 |[Stocke et al.|[2014; Burchett et al.
2016). Environment can be quantified using a metric such
as J5, a measure of the surface density of galaxies (35) within
the distance to the 5°® nearest neighbour (ds) relative to the
average surface density across the sky at that redshift, i.e.

_ ( d5,sky ) ?
d5,gal
where Y5 401 and ds,gai are measured for the host galaxy
(within 41000 km s~ of the host’s redshift) and s s,
and ds sky are the average values measured across the sky
at the host’s redshift. Since we do not have a robust mea-
surement of environment consistently quantified across our
control and COS-AGN samples, we are unable to control for
environment. However, we have compared the distribution
of §5 measured in the SDSS (Baldry et al.|2006) for all AGN
galaxies to the distribution for star-forming galaxies with
matching stellar mass and redshift distributions and find
that the resulting ds distributions between these two galaxy
populations are similar to within a couple of per cent at all
values of M,. The consistent distributions suggests that, on
average, the star-forming and the SDSS AGN galaxies oc-
cupy similar environments, thus we do not need to match

for environment in our control sample.

55 _ E5,gal (2)

ZS,sky

3 RESULTS
3.1 Kinematics

To study the kinematics of the CGM gas, we are limited
to using the saturated Ly« absorption as many of the typ-
ically unsaturated metal lines are frequently undetected in
the COS-AGN sample (see Table the covering fractions

assuming the halo mass is distributed following a [Navarro
et al.| (1997) dark matter profile with a concentration pa-
rameter of 15.

The top panel of Figure [f] compares the kinematic ex-
tent of the Lya profile to the escape velocity of the halo for
both the COS-AGN (thick bars) and control samples (thin
lines). The horizontal lines denote the escape velocity of the
halo, such that any gas located beyond these lines is likely
not bound to the host galaxy. The colour coding of the ver-
tical bars in the top panel of Figure [6] represents the optical
depth of the velocity profile of the Ly« line, such that dark
colours show the strongest components of the line. The bulk
of the gas in the COS-AGN is within the escape velocity
of hosts’ haloes, and is likely bound to the host galaxyﬂ
We note that the gas probed by the control sightlines also
appears bound (Werk et al.|2013; |Borthakur et al.|2016])

The only AGN host that shows gas likely moving at
speeds greater than the escape velocity is J11174+2634 (ab-
sorber at z= 0.029; see Figure . We note that in this
system the £500 km s~ ! absorption search window for Ly«
contains two absorption features: Galactic S 11 X 1250 A ab-
sorption at ~ —100 km s~ ', and the unidentified absorption
assumed to be Lya between 250 km s~ and 400 km s+
(see Appendix [A)). Without additional detected metal lines
to attempt to confirm the absorption at 250-400 km s~ !, it is
possible the proposed Lya absorption towards J1117+2634
at z= 0.029 is not actually associated with the AGN host.

To compare the bulk motion of the CGM surrounding
AGN hosts to their control match sample, we compute the
velocity centroid of the Ly« absorption profiles (vcam) to
look for any kinematic differences between the AGN and
non-AGN populations. The bottom panel of Figure [f] shows
the distributions of kinematic offset between the CGM gas
and the systemic redshift of the host (Jvcam — vgal|) for
the COS-AGN (green shaded region) and control samples
(black line). The inset panel shows the distribution of the
same |[vcam — vYcal| data, but normalized by vgsc. Note that
the majority of the COS-AGN sightlines probe gas within

6 We note that the gas still appears bound to the galaxy when
only matter interior to pimp is considered in the calculation of
VEsc-
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100 km s~ of their host galaxy that is likely bound to the
host galaxies. A Kolmogorov-Smirnov (KS) test rejects the
null hypothesis that the two distributions of |[vcam — vGall
are similar at 75% confidence (94% for the vgpsc-normalized
distribution of the inset panel), suggesting there is likely no
difference in the bulk motions of the AGN gas compared to
their control-matched counterparts. Therefore the kinemat-
ics of the gas traced by Lya around AGN hosts suggests the
material is likely bound and has bulk motion properties sim-
ilar to the CGM surrounding non-AGN hosts in the control
sample.

3.2 EW analysis

Since many of the detected absorption lines are potentially
saturated, our analysis is limited to using EWs, rather than
column densities. In this sub-section, we present a number
of complementary analyses to investigate both the strength
and frequency of absorption features in the COS-AGN sam-
ple, relative to the matched control sightlines.

8.2.1 Covering Fractions

Covering fractions are determined as the number of CGM
sightlines that have a detection of a given species greater
than some EW threshold (EWgn,sn) relative to the total
number of sightlines in a given sample with adopted EW
measurements presented in Table [A20] Similar to [Wer
, the EWinrsn are selected based on the low-
est S/N near the species of interest such that all 3c non-
detections from COS-AGN are below this threshold. As the
S/N of some of our spectra is lower than for COS-Halos,
our EWypsn are different than those used in [Werk et all
(2013). Table [] lists the covering fractions calculated for
the entire COS-AGN and control-matched sample (split by
sSFR into star-forming [SF] and passive [P] controls; blue
diamonds and red squares respectively in Figure using our
EWinish as well as the threshold adopted by COS-Halos for
reference (note that when using the COS-Halos thresholds,
upper limits above the threshold are removed from the cov-
ering fraction calculations). We elect to use our EWgn,sn for
consistency with our data quality. Due to the low number
of sightlines, we use the lo binomial confidence intervals
in the Poisson regime (tabulated in for our
covering fraction errors. These covering fractions using our
EWqn:sh are plotted in the top panel of Figure[7]for a variety
of species, spanning a range of ionization states.

The bottom six panels of Figure [7] present the cover-
ing fractions in bins of pimp (split by the median pimp of
the COS-AGN sample; 164 kpc). The covering fractions of
the COS-AGN sample are the green circles. For reference,
the covering fractions of the literature galaxies that were
matched to the COS-AGN galaxies are shown as blue dia-
monds (for star-forming controls) and red squares (passive
controls).

The error bars on all of the data points overlap, indi-
cating no significant difference between the AGN sightlines
and the controls for any of the species. Nonetheless, we note
three tentative differences. The first is that the H I cover-
ing fraction of the COS-AGN sightlines (9475,%) is most
similar to the covering fraction of the star-forming control

Table 4. Covering Fractions

Ton A EWihrsh Covering Fraction

[A] [mA] AGN SF controls P controls
+0.06 +0.00 +0.25
H1 1215 124 0.94 023 1.00 921 0.75 921
200* 088 Tgs3 086 Tg55  0.69 T35,
: 40.14 40.24 40.33
Sinm 1260 197 0.06 903 0.18 912 0.25 918
150* 012 Ty 027 Tg7s 0.25 T
: 40.22 40.27 40.24
Sim 1206 234 02377 027 pR 018 s
100* 031 7575 0557555  0.36 Tgin
: 40.15 40.19 40.53
Siv 1393 218 0.07 90 0.08 907 0.40 920
100* 013 7559 033 Tg7g  0.40 Toog

40.20

Criv 1548 272 0.15 +9:20
40.16 40.18 +0.31
Nv 1238 151 007 *9k6 000 918 .00 93}

* COS-Halos EW threshold.

galaxies (100%9,%), and higher that the control-matched
passive galaxies (75f35{%). Secondly, the covering fraction
for Si 1 1206 A is 29735% for the COS-AGN sample at
high impact parameters, which is larger than the covering
fraction of the control samples at the same distance (0%;
164 <pimp< 300 kpc). Lastly, the inner 164 kpc bin shows
no detections of Si 11 and Si 1v in the COS-AGN sample while
the control sample has non-zero covering fractions at those
impact parameters (= 25%, and 10-40%; respectively).

Although the covering fraction of N v in the COS-AGN
sample is 7f(136% for the entire range of pimp, the sightline to-
wards J0852+0313 (see Figure [5)) represents the only detec-
tion of N v in COS-AGN (1/20) and our controlled matched
galaxies from COS-Halos (0/16 sightlines) and COS-GASS
(0/30; S. Borthakur, private communication). We note how-
ever that COS-Halos detected N v in four of their 44 sight-
lines.

The 94":33% covering fraction measured for Ly« in the
COS-AGN galaxies may initially appear to be in tension
with the conclusions of Kacprzak et al| (2015), who used
Mg 11 as a neutral gas tracer and found much smaller 10%
covering fraction (EW> 300mA) between 100 and 200 kpc
of the AGN. The Mg 11 EW threshold adopted by [Kacprzak]

(2015)) is typical of that used to select strong H 1 ab-

sorbers at low redshifts (log(N(H 1)/cm™2)> 18.5;
2006)). Translating this Mg 11 EW threshold into a corre-

sponding Lya EW theshold for these column densities of
gas yields a much higher than the threshold used in this
work (EW > 1300 mA — assuming a minimum broaden-
ing parameter of 5 km s~ — compared to EW > 124 mA
for COS-AGN). Using this larger threshold, only one of the
COS-AGN sightlines has an EW > 1300 mA, giving a con-
sistent result with the observations from
(2015).

8.2.2 Relative EW analysis

Figure [8] shows the raw EW values for a variety of ionic
species as a function of pimp. The COS-AGN points are
colour-coded by their Lagn. The control-matched sample is
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Figure 6. The top panel shows the velocity span of the Lya profiles (within 500 km s~1 of the host galaxy) from COS-AGN and the
control sample as a function of halo mass (Mpya),). The COS-AGN sightlines are denoted by the thicker coloured lines, while the control
sample are shown as thin grey lines. The velocity is normalized by the escape velocity from the halo at the observed pjmp. The horizontal
dashed lines denotes the relative velocity for which gas at a distance of pjpp from the galaxy becomes unbound. As we do not know the
precise location of the gas along the line of sight, the grey band shows where gas for the median COS-AGN halo becomes unbounded
within a £piyp region along the sightline from the perpendicular. Each line is colour-coded by the optical depth of the Ly« profile to
indicate the velocity of all the observed components. For visualization, all galaxies of the same halo mass are offset horizontally by a
small amount. The bottom panel displays the distribution of the velocity centroid offsets of the Lya absorption profile relative to the
systemic velocity of the galaxy for the COS-AGN (green bars) and control (black line) samples. The inset panel shows the distribution
of [vcaM — vGal| data normalized by the escape velocity of the halo. As in the top panel, the shaded region denotes the approximate
value where the gas may become unbound from the host galaxy. A KS test suggests there is no difference between the AGN and control
sample distributions.

shown as black points, while the grey points are the remain- low redshift studies (Chen et al.[2010; Werk et al.| 2014}
ing un-matched literature sightlines. The bold COS-AGN [Borthakur et al|[2016). For metal species, the lack of de-
points are CGM sightlines that have spectroscopic compan- tections in both the COS-AGN and control sample makes
ions (see Section. The top left panel demonstrates that a comparative analysis difficult. For the remainder of this
the Lyaw EWs for the COS-AGN follow the general trend section, we focus only on the Lyas EWs.

of decreasing EW as a function of pimp seen in previous
In order to quantify any difference be-
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Figure 7. Covering fractions (with 1o errors) of gas within +500 km s~! of the host galaxy for a variety of species measured in
COS-AGN and control-matched samples. Top panel: The global covering fractions measured across all impact parameters from Table [4]
are shown for the COS-AGN galaxies (green circles), and the control-matched passive (red squares) and star-forming (blue diamonds)
galaxies. Bottom panels: The covering fractions of an individual species as a function of impact parameter (pimp), split into two bins by
the median pjmp of the COS-AGN sample (164 kpc). The EW thresholds (EWyp,sh) used to determine the covering fraction for each
species (including the measurements presented in the top panel) are given above the corresponding species panel in the bottom two rows.
The horizontal error bars represent the entire range of p;m,p probed by each sample within the respective bin. The three points are offset
from the centre of each bin by a small amount for clarity. No points are shown for a species that do not have spectral coverage of the
corresponding absorption line.
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Figure 8. The rest-frame equivalent widths (within £500 km s~! of the host galaxy) as a function of impact parameter. The coloured
circles (EW detections) and triangles (EW upper limits) represent the COS-AGN sample, and are colour coded by the bolometric
luminosity of the AGN (Lagn). The median error bar on the COS-AGN EW measurements is given by the black error bar in the top
right region of each panel. The black squares show the EW values of the control-matched galaxies, while the grey squares denote the rest
of the literature comparison sample. Data outlined with a thick black line represent COS-AGN systems with nearby galaxies. COS-AGN
galaxies flagged as LINERs are indicated by small white dots on top of the respective data points.

tween the COS-AGN and control samples, we
calculate ~ Alog(EW/mA),  which is  defined as
Alog(EW/mA) = log[EWacn/median(EWcontrols)],  such
that a positive Alog(EW/mA) would imply that the CGM
surrounding the AGN has a larger EW than the median
of its control-matched galaxies. The left panel of Figure
El shows Alog(EW) for Ly« as a function of pimp for the
COS-AGN galaxies. For reference, the grey band represents
the interquartile range of Alog(EW) for the entire litera-
ture sample matched to itself. The right panel shows the
distributions of Alog(EW) for the COS-AGN (orange) and
literature (grey) galaxies, with medians of the distributions
indicated by the arrows.

To include the non-detections of the controls in the anal-
ysis, we calculate the median EW of the controls twice: once
including limits as if they were detections, and once setting
the non-detected EWs to 0 mA. These median EWs span
the range of true median EW if the absorption lines were
actually detected. For this calculation, we only include non-

detections when the upper limits are more sensitive (i.e.
smaller) than the largest detected EW as these limits are
constraining enough to affect the median value. The corre-
sponding Alog(EW) range is shown on Figure@l as the thick
grey errorbars. The 1o jackknife errors on Alog(EW) are
typically smaller than the size of the points.

The median Alog(EW) of the COS-AGN sample is en-
hanced by +0.10 + 0.13 dex relative to the controls. Re-
peating this control-matching experiment for the literature
sample yields a median Alog(EW) of 0.00 + 0.28. Note that
the errors on these median Alog(EW) represent the median
absolute deviation (MAD) of the distribution. A KS test re-
jects the null hypothesis that the distributions of Alog(EW)
for the COS-AGN and control samples are same at 20%
confidence. When the LINER galaxies are removed from
the COS-AGN sample, the median Alog(EW) changes to
+0.10 £ 0.15, and the KS test yields a rejection of the null
hypothesis at 14% confidence.

To check if there is any effect from splitting the con-
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trol sample into star-forming and passive galaxies, we mea-
sured the Alog(EW) for all star-forming galaxies in the
non-AGN literature sample to their control-matched pas-
sive counterparts. The median Alog(EW) obtained for star-
forming galaxies relative to the matched passive controls is
40.03 £ 0.26, while a KS-test reveals the null hypothesis of
the Alog(EW) distributions for the star-forming and pas-
sive galaxies are the same is rejected at 38% confidence.
Therefore there is no significant difference in the offset of
the AGN hosts from the controls that would be caused by
the star formation rate.

8.2.83 Stacked Spectra

The results in the previous sub-section indicate a possible
(but not significant) difference in the Ly« absorption prop-
erties of the COS-AGN sample, and possibly in some of the
metal species as well. However, that analysis is limited by
the modest S/N of the data, the small sample size and lack
of detections of metal species. Therefore, in this section we
consolidate the data by stacking all of the COS-AGN spectra
and comparing it to a stack of the control sample. In brief,
all spectra are shifted to the rest-frame (using the redshift of
the strongest component of the H 1 absorption profile) and
rebinned to a linear dispersion of 0.064 A pixel™! (similar
to the resolution of the COS-AGN spectra). These rebinned
spectra are mean combined without any weighting. We note
that either using the systemic redshifts of the galaxies or us-
ing different weighting schemes does not significantly change
the results.

Table [5]| gives the measured EWs of the various absorp-
tion lines of interest from the final stacked COS-AGN spec-
trum. We require that the absorption line be detected at
> 30, otherwise the EW is set to a 30 upper limit. The
stacked EW errors are calculated using a standard jackknife
approach by removing each COS-AGN from the stacked
spectrum and recalculating the EW. The numbers in brack-
ets in each column give the EW offsets from removing the
‘strongest’ (jack, min) and ‘weakest’ (jack, maz) absorber
sightline from the stack in a jackknife fashion (i.e. these are
the maximal variations in the EW from the jackknife), as
well as the number of sightlines that contributed to the stack
(Nspec). The four columns on the right are the measured
EWs when the stacking process is only applied to COS-
AGN sightlines split into two bins of log(Lagn) and pimp at
the median value of the COS-AGN sample (log(Lacan/erg
s71)=42.9 and pimp= 164 kpc; respectively).

A similar procedure was completed for all the spectra in
the literature sample that were used in the control sample.
Each control sightline in the stacked spectrum was weighted
by the number of times the sightline was matched to a
unique AGN host (such that the most frequently matched
control sightline was given a higher weighting). Although
there is very little difference in the measured EW without
such a weighting, we elect to use this weighting scheme such
that the derived jackknife errors represent the true range
in EWs when a given sightline is excluded. The EWs mea-
sured from the stacked spectrum of the control galaxies is
given in Table[6] We repeat the stacked EW calculations of
splitting the controls by the median pimp of the COS-AGN
sample and log(sSFR/yr™')= —11 (i.e. whether the con-
trols are star-forming or passive; see Table@. Note that the

COS-GASS results (Borthakur et al.|[2015, [2016)) focus on a
smaller subset of species (H 1, C 11, Si 11, Si 111, and Si 1v),
thus we are only able to provide a stacked spectrum for
these species. We point out that the Si v EW of the control
stacked spectrum is poorly constrained due to an uncertain
continuum in some of the literature sample spectra.

We repeat a similar differential EW  anal-
ysis as above, where we calculate dlog(EW)=
log(EWagn) — log(EWcontrol) using the EWs derived
from the respective stacked spectra (Tables |5 and @ The
top panel of Figure provides a comparison of EW be-
tween all the AGN sightlines and all controls (black points).
The errorbars represent the combination of the maximal
jackknife errors, providing the entire range of possible
dlog(EW) from removing a single sightline from each sam-
ple. The stacking confirms the results from Figure [0 where
the COS-AGN sightlines have an enhanced Lya relative to
the controls, with an enhancement of flog(EW)=~ 0.17 dex.
However, there is a negligible difference in dlog(EW) for the
metal species detected at all impact parameters. Removing
the absorption surrounding the LINER galaxies does not
change the qualitative picture presented in Figure @ the
measured 0EW from the LINER-free stacks shift < 0.08
dex (in either direction).

The additional red and blue points in the top panel
of Figure show the values of dlog(EW) calculated only
when including only sightlines with pimp smaller or larger
than the median value of the COS-AGN sample (164 kpc;
respectively). Splitting the stacking into the ‘inner’ and
‘outer’ CGM around AGN hosts uncovers that the enhance-
ment seen in the Lya dlog(EW) is driven by the the COS-
AGN sightlines that probe pimp> 164 kpc (dlog(EW)=
+0.4540.05 dex; using standard jackknife EW errors). This
enhancement in the outer CGM gas is also seen by the detec-
tions of the cool gas tracers Si 11 (dlog(EW)> 0.27 dex) and
Si 11 (8log(EW)> 0.75 dex) in COS-AGN, even after remov-
ing the strongest metal absorber (towards QSO J0852+0313;
see Figure , whilst these species are not detected in the
stacked spectrum of the control galaxies. We remind the
reader that this enhancement was suggested in our covering
fraction analysis of Si 11 (Figure . For the inner CGM,
the stacked spectrum hints that there is a deficit of metal
species around AGN galaxies relative to the control sample.
The combination of the excess Lyas EW and tentative Si 11
and Si 111 EW enhancements at high pimp is suggestive that
these EW enhancement are tracing the cool gas phase of the
CGM, rather than just the H 1 gas kinematics. We note that
the inner CGM distribution has a slightly higher median M,
than the outer CGM bin (log(M./Mg) of 10.8 dex relative
to 10.5 dex), and the inner and outer CGM bins contain
approximately the same ratio of passive and star-forming
galaxies. We remind the reader that this discrepancy in the
median M, of each bins is on the order of the size of our
control matching tolerance.

4 DISCUSSION

In the previous section, we demonstrated that the CGM
around AGN hosts is not much different than the control-
matched non-AGN hosts. Statistically significant differences
are found in the analysis of the stacked spectrum; the COS-
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Figure 9. The difference in the Lya equivalent width of the COS-AGN sightlines relative to their control matched counterparts
(Alog(EW/mA)) as a function of impact parameter (pimp). The EW measure material within £500 km s~! of the host galaxy. The points
are colour-coded by the bolometric luminosity of the AGN (Lagn)- The errorbars denote how the maximal shift on including control
matched EW upper limits in the calculation of Alog(EW/mA). For reference, the horizontal grey band represents the interquartile range
of AEW of the literature sample control matched with itself. The normalized distributions of AEW for both the COS-AGN and control
galaxies are shown in the right panel, with the median of each histogram given by an arrow. Data outlined by a thick black line are
COS-AGN sightlines flagged as having nearby galaxies. COS-AGN galaxies flagged as LINERs are indicated by small white dots on top

of the respective data points.

AGN systems have a higher EW of Lya (and potentially
Si 11 and Si 1I as well) relative to their non-AGN host
counterparts at high impact parameters (pimp > 164 kpc;
Slog(EW/mA)= 40.45 £ 0.05 dex). The kinematics of the
gas traced by the absorption show the gas is likely bound to
the halo, whilst no strong kinematic offsets relative to their
host are present. We now consider whether these observa-
tions are a result of the AGN directly influencing the CGM
of the host galaxy, or an effect of the environments (either
internal or external to the host galaxy) in which AGN are
typically found.

4.1 Are we seeing the effects of AGN feedback?
Mock COS-AGN simulation

The radiation field of the AGN may be expected to have
a profound effect on the ionization structure of the CGM,
by enhancing the ionizing radiation field to which the sur-
rounding gas is subjected, and in the case of metals even long

after the AGN has turned off (Oppenheimer & Schaye|[2013}
[Segers et al.|[2017; |Oppenheimer et al.|[2018). To quantify
the expected effects of turning on and off the AGN ioniz-
ing radiation spectrum on the CGM of a COS-AGN galaxy,
we created a mock COS-AGN survey using previously run
cosmological zoom-in hydrodynamical simulations with an
additional AGN ionizing source following previous work on
non-equilibrium ionization effects (Oppenheimer & Schaye|
[2013} [Oppenheimer et al.2016). The purpose of these simu-
lations is to isolate the effect of adding a constant AGN ion-
izing radiation source versus a control sample without AGN
ionizing radiation to study the effect of the changed ioniza-
tion structure of the CGM. This exploration is not meant to
model or consider the effect of AGN feedback mechanically
transforming the CGM via superwinds as the inclusion of
the AGN radiation is not tied to the accretion onto the cen-
tral super massive black hole. The AGN radiation is added
to these simulations at the position of the central super mas-
sive black hole and only alters the ionization states of the
CGM.
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Table 5. Measured EW of stacked spectra

Ton Line Stacked EW (?Zgﬁ:z%, Nipec) [mA]
[A] All sight-lines log(Lagn/erg s~1)<42.9  log(Lagn/erg s—1)>42.9 Pimp <164 kpc Pimp >164 kpc

Hi 1215  739£25 (Tgg; 14) 937453 (T176: 1) 539+38 (T79: 7) 799441 (T73:7) 680466 (T575: 7)
Cu 1036 <80 (2) <80 (2) - o <80 (2)
Cu 1334 <37 (11) <53 (6) <50 (5) <54 (5) <51 (6)
Civ 1548  194+13 (730; 11) 236438 (755; 5) <194 (6) 185417 (123, 6)  205+39 (733; 5)
Cwv 1550 13149 (F35; 13) 132421 (Y2; 6) <167 (7) <132 (7) 159424 (33; 6)
Nv 1238 <32 (13) <42 (6) <47 (7) <47 (7) <43 (6)
Nv 1242 <38 (10) <46 (5) <60 (5) <51 (6) <54 (4)

O1 1302 <31 (12) <45 (5) <42 (7) <47 (6) <39 (6)
Ovi 1037 <379 (1) <379 (1) e o <379 (1)
Sill 1190 <29 (10) <36 (5) <46 (5) <61 (3) <32 (7)
Sim 1190 <32 (9) <44 (4) <46 (5) <61 (3) <37 (6)
Sinm 1260  88+8 (Ti3; 15) 94428 (732; 6) 84+10 (T15; 9) <101 (6) 103+18 (25 9)
Sim 1206 152416 (755 12) 211437 (733; 8) <120 (4) <98 (6) 238440 (T32,; 6)
Sitv 1393 <44 (11) <69 (4) <57 (7) <59 (6) <66 (5)
Fer 1144 <29 (12) <34 (7) <52 (5) <49 (5) <35 (7)
Fer 1608 <102 (8) <94 (2) <134 (6) <129 (5) <168 (3)

Table 6. Measured EW of stacked control spectra

Ton Line Stacked EW (;Zz;zx, Nipee) [mA]

[A] All sight-lines log(sSFR/yr~1)< —11  log(sSFR/yr—1)> —11 Pimp <164 kpc Pimp>164 kpc
Hi 1215 577412 (T25; 43) 485430 (T33; 19) 649421 (752 24) 781420 (T25; 25) 239415 (T32; 18)
Cum 1334 3643 (15; 43) <29 (19) 4645 (15,; 24) 6245 (T13; 25) <31 (18)
Sim 1190 <22 (15) <39 (5) <26 (10) <22 (15) .
Sinm 1260 5644 (T7,; 33) 85+10 (T3%; 16) <42 (17) 10346 (15,; 23) <55 (10)
Sim 1206 98+4 (T1;; 39) 7749 (The; 21) 12648 (T15; 18) 156+7 (T35; 25) <47 (14)
Sitv 1393 <35 (37) <44 (17) <55 (20) 58+5 (113; 23) <65 (14)
Siv 1402 <27 (37) <34 (17) <41 (20) <33 (21) <44 (16)

For our simulation suite we selected three representative
galaxy haloes from |Oppenheimer et al.| (2016)) that were cho-
sen from the EAGLE volume (Crain et al.[2015} [Schaye et al |

radiation was included for creating the control sample. The
time-dependent ionization from the AGN in addition to the
Haardt & Madaul (]2001HZ] ultra-violet background is followed

. These three halos are representative of the properties
of the COS-AGN sample at z = 0.075 [log(M,/Mg)= 10.3,
10.9, 11.0, log(sSFR / yr )= —10.3, —10.7, —11.0, resid-
ing in haloes log(Ma2oo/Mg)= 12.1, 12.8, 13.3; respectively].
The haloes were ran at EAGLE HiRes resolution (gas par-
ticle mass of 2.3 x 10° Mg, dark matter particle mass of
1.2 x 10° Mg, and softening length of 350 proper pc) using
the Recal feedback prescription (Schaye et al|2015) and are
zooms Gal001, Grp003, and Grp008 listed in Table 1 of [Op-|
[penheimer et al.[(2016) from the initial conditions (z = 127).

To include the effects of the AGN ionizing spectrum
on the CGM at different luminosities, we inserted an ad-
ditional AGN ionizing source (with an ionizing spectrum
from [Sazonov et al|[2004)) placed at the centre of the galaxy,
instantaneously affecting the radiation field from z = 0.1
onwards and reaches equilibrium at z = 0.075. We note that
this AGN radiation model has no dynamical effect on the
gas accretion or outflows from the AGN, and is not tied
to the accretion of material onto the central super-massive
black hole. A range of AGN luminosities was used to match
the COS-AGN luminosities (log(Lagn/erg s™!)=42-44 dex,
in increments of 0.5 dex), and a control run with no AGN

using the Richings et al.| (2014) ionization network.

A mock COS-AGN sample was then generated from
this simulation suite to match the properties of the COS-
AGN sample. For each observed galaxy in COS-AGN, a
simulated galaxy was selected by matching the stellar mass
(with a log(M,/Mg)= £0.5 dex tolerance), star formation
rate (log(sSFR / yr~')= +0.5 dex tolerance), and AGN lu-
minosity (log(Lacn/erg s™')= £0.25 dex) of the simulated
haloes to each COS-AGN galaxy. If multiple matches were
identified, a random simulated halo was selected such that
a mock sample contains the same number of galaxies as the
actual COS-AGN sample (20 galaxies). A mock spectrum
was generated for each galaxy using the SPECWIZARD pack-
age (Theuns et al.|1998; [Schaye et al.|2003) by placing a
randomly oriented quasar sightline through the CGM at the
corresponding impact parameter of the matched COS-AGN
galaxy sightline. A control sample was generated in a sim-
ilar fashion, but all AGN ionizing sources in the simulated

7 The|Haardt & Madau| (2001) background is adopted as it better
reproduces the statistics of the Ly« forest in the EAGLE volumes
and other simulations (Rahmati et al.|2015; Kollmeier et al.[2014).
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Figure 10. Slog(EW) measured from the stacked spectra for a variety of detected species. Top panel: The dlog(EW) is shown for the
COS-AGN sightlines relative to: all controls (black circles), AGN and controls for small (pimp < 164 kpc; red circles) and large (pimp=> 164
kpc; blue circles) impact parameters. Errorbars on all points represent the possible range in §log(EW) spanned by the maximal jackknife
errors (i.e. f;‘;i;z‘zs) Upper and lower limits are plotted when an absorption line is detected in either the COS-AGN or control stack
(respectively), but not the other. We note that the lower errorbar on the > 164 kpc dlog(EW) for Si 11 1206 A line represents how
shallow the lower limit becomes upon including the jackknife errors. The bottom ten panels show the absorption profiles of the stacked
spectra (the COS-AGN spectrum in the middle row; the control spectrum in the bottom row) for each element. The colour coding of
which sightlines are included is the same as in the top panel. The absorption lines are offset vertically by 0.5 in relative flux for clarity.

galaxies were set to Lagn= 0 erg s~ . The above procedure
was repeated 200 times (including choosing another random
halo if multiple haloes were matched), in order to produce
200 mock survey samples for both the AGN and control sam-
ples. These 200 realizations of the COS-AGN survey were
needed to reproduce the range in measured EW variations
for the metal species between the mock samples, and is used
to quantify the expected spread in EWs from different ori-
entations and from halo to halo variations. Further details
on how these mock spectra were generated will be presented
in a forthcoming paper (Horton et al., in prep.).

Stacked mock COS-AGN spectra

We assessed the relative impact of the AGN ionizing ra-
diation on the measured simulated EWs by repeating the
stacking procedure above, but with the simulated data. We

computed the relative EW ratio dlog(EW) as with the ob-
servations. Note that this relative EW analysis removes any
systematic differences between the observed and simulated
EWs caused by assumptions in the physics models (e.g. feed-
back) or ability to resolve small clouds in the simulations
(Schaye et al.|2007; [Stinson et al.|2012; |Crighton et al.[2015}
[Gutcke et al.|[2017; [Nelson et al|2017). A quantitative com-
parison between the simulated and observed EWs will be
presented in Horton et al. (in prep.), although we note that
the simulations produce a systematically weaker H 1 EW
from the observations, while metal lines show better agree-
ment with the observed data (see |Oppenheimer et al.|[2016|
2017)

The simulated stacked sightline spectra were created
from the mocks by centering the velocity profile on the red-
shift of the simulated galaxy, rebinning the mock spectra to
15 km s~ !, and mean stacking these rebinned spectra. Three
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Figure 11. The top panel shows the measured EW using a stacked spectrum from the zoom-in simulations of AGN hosts, split into
bins of pimp (all pimp, < 164 kpc and > 164 kpc; black, red and blue points, respectively). The respective open symbols show the dEW
measured in the observations (i.e. identical points presented in the top panel of Figure . Errorbars were calculated using the jackknife
approach identical to that used for the observations. The bottom panels show the simulated stacked velocity profiles for each species
for the AGN (middle row) and non-AGN control run (bottom row). The dashed lines represent the continuum levels of the absorption
profiles. The Lya are staggered by 0.5 in relative flux for clarity. The relative flux scale has been enlarged by a factor of four for the
metal line profiles (indicated by a x4 in the bottom right of each panel), with the dashed continuum lines separated by a relative flux of
0.125. For the outer CGM, the simulations predict little change in the EW of H 1 and Si 111 due to the ionizing radiation from the AGN,
which is in stark contrast to the COS-AGN observations similarly presented in Figure

simulated stacked spectra were created for the same three
bins of impact parameters that were previously used for the
observed data: all pimp, pimp< 164 kpc, and pimp=> 164 kpc.
Jackknife errors on the measured EWs were computed by
removing all 200 mock spectra associated with the matched
COS-AGN sightline which contributed the most and least to
the derived EW. This approach for calculating the simulated
jackknife error is identical to that used for the observations.
Using the same analysis for our COS-AGN sightlines, Fig-
ure presents the dlog(EW) analysis for these simulated
stacked spectra (solid points in the top panel) to quantify
the effect of including AGN radiation on the CGM relative
to the control simulations. The inclusion of an AGN ionizing
spectrum results in a negligible change in the EW as a func-
tion of impact parameter for Lya. At high impact parame-
ters (pimp> 164 kpc), the simulated results are in contrast

to the observations (open points on Figure where the
COS-AGN sample shows a significant enhancement in the
Lya EW relative to the control sample, as well as a poten-
tial enhancement for Si 11 and Si 111. We do note that for the
inner impact parameter bin, the results from the simulation
are consistent with the lack of metal species detected of our
COS-AGN stacked spectrum (pimp< 164 kpc; Figure .

Compounded by the fact that the H 1 ionizing radiation
from a|Sazonov et al|(2004) AGN at the observed pimp of
the COS-AGN sample is weaker (< 25% ) than the ionizing
radiation from the UV background (Haardt & Madaul[2001])
at most of the impact parameters probed by COS-AGN (see
the bottom right panel of Figure [3]), it is unlikely that pho-
toionizing radiation from the AGN is responsible for the
observed difference in EWs between the COS-AGN and the
control samples. We note that at the impact parameters of




COS-AGN, the light travel time of radiation from the AGN
(~ 5 x 10° yr) is comparable to the AGN’s lifetime (< 10°
yr; [Schirber et al|[2004; [Goncalves et al]2008} [Furlanetto &]
mm Keel et al.|[2012), implying that photoionization
events caused by an AGN likely require previous AGN cy-
cle(s) to have ionized the CGM gas, and have remained in
the predicted long-lived fossil zone around the AGN
[penheimer & Schaye 2013} |Segers et al.|[2017) provided an
AGN has been active within the last several Myrs. Unfor-
tunately, our simulations predict that low ionization species
cannot distinguish the presence of fossil zones in COS-AGN
due to the low intensity of the photo-ionizing radiation.

Despite being unable to probe the effects of the lower
ionization species, ions such as C 1v, N v, and O VI are better
indicators of these proximity zone fossil. We highlight that in
our simulated COS-AGN haloes, C 1v and N v are still sen-
sitive to the ionizing radiation of the harder AGN ionizing
spectrum relative to the [Haardt & Madau| (2001) UV back-
ground (see figure 3 in [Segers et al.|[2017)), as demonstrated
by the enhanced EWs for these ionization species out to 300
kpc. However, to observe such an excess with N v 1238 A
would require spectra with S/N of ~ 30 to detect an ab-
sorption line of the predicted strength displayed in Figure
L'L_ll The excess EW of C 1v 1548 A would be an excellent
test of the effects of the AGN ionizing field as we have al-
ready detected absorption in our stacked COS-AGN spectra
(Table [5). Such a test would required observing the C 1v
1548 A covering fraction in the CGM of non-AGN galaxies
from the control-matched sample.

AGN-driven winds and outflows

An alternative form of feedback is AGN-driven winds or out-
flows (Concas et al.[2017 [Fiore et al|[2017; Woo et al.[2017).
As the typical lifetime of an AGN (< 10° yr) is much smaller
than the expected travel time of winds out to the impact pa-
rameters probed by COS-AGN (~ 10® yr, assuming a con-
stant, maximum velocity of 1000 km s~ !; e.g. Tremonti et al.
[2007 [Veilleux et al|2013} [Ishibashi & Fabianl2015)), any sig-
natures of winds or outflowing material would likely trace
material expelled from a previous cycles of AGN activity
or star-formation in the host galaxy (e.g.
[2017; Kauffmann et al[2017;|Woo et al[2017). The typically
observed signatures of outflowing winds from a galaxy man-
ifest as kinematic offsets of ionized emission or absorption
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the possibility that AGN-driven winds are responsible for
our results, it is possible that the gas is more turbulent in
the CGM of AGN hosts compared to their control matches.
To estimate the effects of turbulence, we would require ob-
servations of unsaturated low ionization metal absorption
lines to verify if the EW enhancements are from enhanced
column densities or kinematic broadening.

Given that AGN-driven winds can affect the absorption
line profile by up to ~ £1000 km s~ !, our adopted search
window of £500 km s~ (Section [2.3]) could potentially miss
gas present in a wind. We searched for the Lya profiles
within £1000 km s™' and found two systems (J12144-0825
and J2133—0712) with minimal absorption outside the orig-
inal window not associated with other absorption systems
or the Galaxy. These two additional absorption components
do not show any associated metal line absorption. As these
missed components are small and narrow, the calculated
flux-weighted velocity centroids presented in Figure@would
still be contained within the already identified absorption
component. However, we remind the reader that our adopted
search window of £500 km s~! is adopted to be consistent
with methods used in the literature and control samples.

Rather than AGN feedback, it is possible that the ef-
fects we are seeing are from a different process co-eval or
prior to the onset of AGN accretion. Several works have
pointed out that AGN activity coincide with a recent star-
burst; with the AGN having significant accretion events at
least ~ 200 Myr after the starburst has occurred (Wild et al.
[2007} [Davies et al.|2007; [Wild et al.|2010} |Yesuf et al.[[2014])
giving the neutral material time to propagate out to the
impact parameters probed by COS-AGN
2017). With a sample of QSO sightlines probing the CGM
around 17 low-redshift starburst and post-starburst galax-
ies, Heckman et al.| (2017) have observed a similar signature
of enhanced EWs of Lya, Si 111, and C 1v (the latter of
which is not measured in our control sample) relative to a
control-matched sample (matched in stellar mass and im-
pact parameter). In the range of impact parameters and
stellar masses probed by COS-AGN, the strength of our en-
hanced EW signature is consistent with the values probed
by [Heckman et al] (2017). However, the results of

lines from the host galaxy (e.g. [Bordoloi et al.|2014a); [Rubin

let al| (2017) show strong offsets in the kinematics of the

et al.|2014; Woo et al.[2016};[Heckman et al.[2017;|Perna et al.
2017), but as demonstrated in Figure[6] the Ly« gas that we
are probing in the COS-AGN sightlines does not have any
strong bulk motion away from the host galaxy relative to
the control matched sample. If such winds or outflows were
driven by previous AGN or star-forming activity, the lack of
kinematic offsets from the host galaxy suggests that these
winds have dissipated over time, and should have deposited
metals into the CGM (e.g. Muzahid et al.|2015} |Turner et al |
. The low metal covering fraction at low impact param-
eter (< 164 kpc; Figure @ suggests an absence of outflow-
ing material polluting the CGM with metals, rejecting the
notion that any recent (within 160 Myr) AGN-driven winds
have enhanced the CGM. We note that the Lya EW at these
column densities is more sensitive to the kinematics of the
gas than to the amount of gas. Although we have rejected

gas from the host galaxy (= 100 km s™'; see figure 5 from
[Heckman et al.||2017), whereas the COS-AGN sightlines do
not (bottom panel of Figure @ Assuming the AGN activ-
ity was triggered by the starburst, a minimum delay time
of 200 Myr could allow for any starburst-driven winds to
dissipate and kinematic offsets to no longer be present at
the impact parameters of the COS-AGN sample. Although
this starburst picture provides a possible explanation of our
observations, we caution that starbursts are not the only
astrophysical event linked to AGN accretion activity. For
example, mergers that trigger the AGN (Ellison et al.|[2011]
2013} [Satyapal et al][2014; [Silverman et al|[2014} [Goulding]
et al.[|2017) could potentially affect the surrounding CGM
gas. Past and future work focussing on the CGM of galaxy
mergers can further test this result (Johnson et al.|[2014}

2017, Bordoloi et al. in prep.).
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4.2 Are we seeing the effects from environment or
other galaxy properties?

If the AGN (or host galaxy) is not responsible for the ob-
served differences in the CGM, an alternative is that the cir-
cumgalactic environment in which an AGN host is found is
different. Results from Quasars probing Quasars (Prochaska
et al.|[2013), [Farina et al.| (2014]), and |Johnson et al.| (2015))
have all suggested that the excess of cool gas seen in the
CGM out to 1 Mpc around z ~ 1 quasars is a result of resid-
ing in group environments. Although the excess of cool gas
around quasars goes in the same direction as the 0.1 dex en-
hancement we find in the outer CGM of z ~ 0.1 COS-AGN
galaxies (though we do not see an excess in the Lya EW in
the inner CGM of AGN hosts, as seen for QSOs), the dark
matter haloes of the AGN in our sample are typically an
order of magnitude smaller than group dark matter haloes
that host quasars. As stated in Section the 5 param-
eter provides an estimate of the environment. Given that
differences in the distributions of d5 between AGN and star-
forming galaxies in the SDSS vary on the order of a percent
for a given stellar mass, it is likely that the enhanced EW
of cool gas is not due to the contribution from a difference
in the galaxy environment.

Given that we find an excess in the H I content of the
outer CGM around AGN hosts, the results from [Borthakur
et al.| (2013)) which find a connection between the ISM and
CGM gas properties would imply that the ISM would also
host a large reservoir of H I gas. Such an enhancement in the
ISM gas mass (relative to non-AGN galaxies) has been pre-
viously seen in AGN hosts (e.g. |Vito et al.|[2014), where an
excess of ~ 0.2 dex in gas mass is seen for AGN hosts similar
to those probed in our sample. If such large gas reservoirs
do exist in the ISM of AGN hosts, the AGN could be fu-
elled by the excess cool gas in the ISM, which in turn is fed
by the cool CGM gas surrounding the AGN host. We note
that other works such as [Fabello et al.| (2011) have found
that the ISM of optically-selected AGN hosts contain the
same H I gas mass as their star-forming counterparts. How-
ever, ~50% of the |[Fabello et al.| (2011) AGN sample are
so-called ‘composite’ AGN (galaxies whose emission lines
contain contributions from both star formation and AGN
activity), which are not representative of the AGN hosts
selected in our COS-AGN sample.

A further test of this accretion picture would be to
look for any orientation effects. If we are probing the gas
reservoirs that are fuelling the AGN, we are likely to find
the accreting gas along the major axis of the galaxy (e.g.
Kacprzak et al[/2012} |[Nielsen et al.[2015; [Ho et al.||2017).
Unfortunately, we do not have the ability to measure ro-
bust inclinations for many of our COS-AGN galaxies from
SDSS imaging (see Figure , and have too small of a sam-
ple size to produce a significant statistic. In addition, the Ho
et al.| (2017) sample are at much closer impact parameters
(< 50 kpc) whereas [Borthakur et al.| (2015) showed that at
higher impact parameters (such as those probed by COS-
AGN) there is no evidence of orientation effects for galaxies
in COS-GASS. However, we do note that for the 4-5 sight-
lines that are probing along the edge of the disc relative to
the 2-3 that are perpendicular to the disc, there is no signif-
icant difference in the median Alog(EW). A larger sample
would be required to test this explicitly.

5 SUMMARY

Using a sample of 19 quasar sightlines through the circum-
galactic medium (CGM) of 20 Type II Seyfert AGN and
LINERs, we have demonstrated that there are mild differ-
ences in the rest-frame equivalent widths (EWs) of cool
CGM gas around AGN hosts relative to their non-AGN
counterparts. After matching in stellar mass and impact pa-
rameter, we find:

1. The covering fraction of Lya gas for the AGN is
94'_”233%, which is comparable to the star-forming control
galaxies (10079,%) and consistent with passive galaxies
(75725%). The covering fractions of metal species (C 11, Si 11,
Si 11, C 1v, Si1v, and N V) are consistent with the control-
matched galaxies (Figure .

2. An insignificant increase in the Lyar EW for AGN rel-
ative to control-matched galaxies on a sightline by sightline
basis. The measured median EW offset between these two
population is +0.10 + 0.13 dex (Figure E[)

3. After stacking the spectra, the observed EW enhance-
ment of low ionization species for AGN is seen only at high
impact parameters (pimp> 164 kpc; the median impact pa-
rameter of COS-AGN) for both Lya (dlog(EW)= +0.45 +
0.05) and cool metal line tracers (Si 11 1260 A [slog(EW)>
0.27 dex] and Si 11 1206 A [Slog(EW)> 0.75 dex]; Figure
. These results are inconsistent with the expected effects
from AGN feedback seen in our zoom-in simulations at high
impact parameters (Figure. At lower impact parameters
(pimp< 164 kpc), our results are consistent with the simula-
tions.

4. The Ly« line kinematics for the COS-AGN sightlines
does not differ significantly from what is observed around
the control-matched sample, suggesting there is no strong
bulk motion in the CGM due to the presence of an AGN
(Figure@. As all but one system show gas within the escape
velocity of the host halo, the probed material is likely bound
to the AGN host.

These results suggest that the circumgalactic environ-
ments that host AGN show little difference than their non-
AGN hosts on a sightline-by-sightline basis, likely attributed
to our small sample size. We only detect a significant differ-
ence in the amount of cool gas in our stacked spectrum at
high impact parameters (pimp> 164 kpc), which we use to in-
terpret our results. Given the lack of signatures (in both EW
and kinematic diagnostics) of recent AGN feedback on the
CGM from winds and ionizing radiation, we speculate that
possible causes for these stacked spectrum results could be
from the accretion of cool gas to feed the AGN, or a remnant
effect from previous evolutionary activity of the host galaxy
(such as starbursts) prior to the AGN accretion phase.
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APPENDIX A: VELOCITY PROFILES AND
EQUIVALENT WIDTHS

In this Appendix, we present the velocity profiles and mea-
sured EWs for the COS-AGN sample on a sightline by sight-
line basis. Table contains a summary of all adopted EW
values. For the five sightlines with absorption lines that ap-
pear marginally contaminated but could very well be real,
we have justified why we do not adopt the measured EWs
below.

J0042—-1037 (24.1=0.036)

The region of the Lya absorption towards J0042—1037 at
the redshift of the AGN host (2ga1=0.036) is heavily contam-
inated by Milky Way S 111259 A and Si 11 1260 A absorption
lines (see Figure . As a result, we cannot constrain the
amount of Lya absorption in the CGM around this galaxy.
The presence of a strong Si 111 1206 A line with minimal Lya
absorption is extremely unlikely, thus we do not trust the
absorption present at the location of Si 111 1206 A (Figure

to be associated with the CGM of the AGN host.

J111742634 (2., =0.029)

The CGM around the AGN host towards the QSO
J111742634 (2ga1=0.029) is the only absorber whose
Lya feature is kinematically offset by a large amount
(+350km s~ !; Figure |A8)) relative to the host galaxy. This
feature at +350km s~ was selected as the associated CGM
material as it is the only absorption not associated with the
Galaxy (the component at =~ —100km s~ ' is Galactic S 11
1250 A) or another system at a different redshift. However,
we are cautious in adopting the measured EW as this gas is
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Table A1l. Measured EWs for J0042-1037 195406 (z=0.036) Table A2. Measured EWs for J0116+1429 (z=0.060)
Ton A f Umin VUmax EwW flag Ton A Umin Umax EwW flag*
A km s~ ! km s~ ! mA [A] [km s~ 1] [km s~ 1] [mA]
HI 1215.670  4.164E-01 85 160 c 2 H1 1215.670  4.164BE-01 -200 50 306 + 38 9
cn 1334.532  1.278E-01 -50 50 <78 5 Cu  1334.532  1.278E-01 -50 50 < 45 5
CIV  1548.195  1.908E-01 -50 50 < 148 5 Cwv 1548195  1.908E-01 -50 50 <138 5
CIV  1550.770  9.522E-02 -50 50 < 230 5 Cwv  1550.770  9.522E-02 -50 50 < 141 5
o1 1302.168  4.887E-02 -50 50 <74 5 Nv  1238.821  1.570E-01 -50 50 <103 5
Sill  1190.416  2.502E-01 -50 50 <71 5 Nv  1242.804  7.823E-02 -50 50 <89 5
Sill  1193.290  4.991E-01 -50 50 < 69 5 01 1302.168  4.887E-02 -50 50 < 106 5
Sill  1526.707  1.270E-01 -50 50 <192 5 Sim  1190.416  2.502E-01 -50 50 < 84 5
Sill  1304.370  9.400E-02 -50 50 <71 5 Sim  1193.290  4.991E-01 -50 50 < 83 5
SiTIT  1206.500  1.660E+00 -80 65 206 + 22 1 Sin  1260.422  1.007E+00 -200 10 < 190 3
SiIV  1393.755  5.280E-01 -50 50 < 64 5 Sim  1206.500  1.660E+00 -50 50 < 85 5
SiIV  1402.770  2.620E-01 -50 50 <57 5 Siv  1393.755  5.280E-01 -50 50 <72 5
Fell ~ 1608.451  5.800E-02 -50 50 < 244 5 Sitv 1402770  2.620E-01 -50 50 <75 5
Fern  1608.451  5.800E-02 -50 50 < 100 5
. . . . . *The data quality flags represent a sum of whether or not the line is:
highly offset, with no other absorption line to confirm this adopted (+1), blended (+2), undetected (+4), or saturated (+8).
offset.
Table A3. Measured EWs for J0843+4117 (z=0.068)
J115542922 (24,=0.046)
We flagged the absorption towards J11554+2922 at the ex- Ton N i v EW  flag*
pected location of Fe 111144 A of the AGN host (24.1=0.046) 14] kms=1]  [kms~!]  [mA]
as ter.luogs. The strongest compopent of the Fe II.1144 A ab- o1 1215.670  4.164F.01 50 =0 < 131 s
sorption is on the edge of the entire Ly« absorption feature. CIv  1548.195  1.908E-01 50 50 < 188 5
Given that the neutral CGM gas should be coincidental, and Ciwv  1550.770  9.522E-02 -50 50 <188 5
that the feature i tion i el N d Nu  1083.990  1.031E-01 -50 50 <123 5
at the feature in question is uniquely very strong compare Nv 1238821  1.570B.01 =0 =0 <124 s
to other systems; we suspect this absorption is not from the Nv  1242.804  7.823E-02 -50 50 <127 5
CGM of the AGN host Si 1190.416 2.502E-01 -50 50 < 104 5
) Sin  1193.290  4.991E-01 -50 50 < 156 5
Sim  1260.422  1.007E400 -50 50 < 128 5
Sim  1206.500  1.660E+00 0 100 <172 5
J12144-0825 (2,,=0.074 Fen  1144.938  1.060E-01 -50 50 < 129 5
g
We note that for the AGN host towards J1214+0825 *The data quality flags represent a sum of whether or not the line is:
. . . adopted (+1), blended (+42), undetected (4+4), or saturated (48).
(zga1=0.074) that the Lyaw EW is heavily blended with the ( +2 o )
O 11302 A emission line from the Galaxy, making it impos-
sible to determine a robust’ measu@ment of the EW. As a Table A4. Measured EWs for J0851+4243 (z=0.024)
result, we do not adopt this EW into our final catalogue,
even though the absorption feature is present.
Ton A f Umin Umax EwW flag*
[A] [km s~ [kms™?!] [mA]
J2133-0712 (zg1=0.064) Hi 1215.670  4.164BE-01 -275 250 1066 + 53 9
. . Cu  1334.532  1.278E-01 -50 50 < 64 7
The apparent Si 111 1206 A absorption for the AGN host Cwv  1548.195  1.908E-01 50 50 < 84 5
towards J2133—0712 (7g1=0.064) is offset ~ +200km s~! Cwv  1550.770  9.522E-02 -50 50 <85 5
. . Nv  1238.821  1.570E-01 -50 50 <92 5
from the Ly« absorptlon. feature. Such strong .veloc1ty offs- Nv 1949804  7.893E.02 50 50 P s
ests are rarely seen for Si 111 from neutral H 1 in the CGM. o1 1302.168 4.887E-02 275 250 2
We note the possibility that this absorption feature is co- Sinm 1190416  2.502E-01 -275 250 e 2
. . . . Sim  1193.290  4.991E-01 -50 50 < 98 5
incident with an O vI 1037 A absorber at higher redshift Sinm 1260422 1.007E400 50 50 < 92 s
(z= 0.238), which is confirmed by a tenuously detected O v1 Sim  1206.500  1.660E+400 -200 75 165 + 44 1
1031 A feature at the same redshift. As a result, we do not Siv. 1393755 5.280E-01 -50 50 < 56 5
. . . ) Sitv 1402770  2.620E-01 -50 50 o 6
associate this absorption with the AGN host. Foru  1144.938  1.060E-01 50 50 <ol 5
Fern  1608.451  5.800E-02 -50 50 <128 5

*The data quality flags represent a sum of whether or not the line is:
adopted (+41), blended (42), undetected (+4), or saturated (+8).
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Figure A1l. Velocity profiles for the sightline towards J0042—1037 (2g,1=0.036).

Table A5. Measured EWs for J0853+4349 (z=0.090)

Ion A f Umin VUmax EwW flag*
[A] [km 571] [km sfl] [mA]
H1 1025.722 7.912E-02 130 340 185 + 19 9
H1 1215.670 4.164E-01 85 350 512+ 9 9
Cu 1036.337 1.231E-01 50 150 < 30 5
N 1083.990 1.031E-01 150 250 < 20 5
N v 1238.821 1.570E-01 150 250 <21 5
N v 1242.804 7.823E-02 -50 50 < 22 5
Sin 1190.416 2.502E-01 150 250 < 22 5
Si 1206.500 1.660E+00 130 295 71+9 1
Fe 11 1144.938 1.060E-01 150 250 < 20 5

*The data quality flags represent a sum of whether or not the line is:
adopted (41), blended (42), undetected (+4), or saturated (+8).
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Relative flux

1.0

Probing the CGM around AGN hosts

T

CHI1215 ¢ § “ NV 1242 ©  f  Silll 1206

__.i.___._

"Cll 1334

Relative velocity (km s™1)

Figure A4. Velocity profiles for the sightline towards J085144243 (2g,1=0.024).

27



28

Relative flux

Berg et al.

1.0
0.5
0.0

CHI 1025

' Sill1190

" NIl1083 :

- - ——-—-— -9 - — = — — —

0 250

Relative velocity (km s™!)
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Table A6. Measured EWs for J0948+5800 (z=0.084) Table A9. Measured EWs for J1127+2654 (z=0.033)
Ion A f Vmin Umax EW flag* Ion A VUmin Umax EW flag*
[A] [kms™']  [km s [mA] [A] [km s~ [kms™!] [mA]
Hi1 1215.670 4.164E-01 -220 0 398 + 39 9 Hi1 1215.670 4.164E-01 -200 200 723 + 36 9
Cu 1334.532 1.278E-01 -50 50 < 64 5 Cu 1334.532 1.278E-01 -50 50 < 83 5
C v 1548.195 1.908E-01 -170 -70 107 + 67 1 C1v 1548.195 1.908E-01 -200 200 - 2
C1v 1550.770 9.5622E-02 -170 -70 29 £ 70 1 C1v 1550.770 9.522E-02 -50 50 < 79 5
N 1 1083.990 1.031E-01 -50 50 <77 5 N v 1238.821 1.570E-01 -50 50 < 88 5
Nv 1238.821 1.570E-01 -50 50 < 100 5 Nv 1242.804 7.823E-02 -200 200 S 2
Nv 1242.804 7.823E-02 -220 0 P 2 O1 1302.168 4.887E-02 -50 50 < 80 5
O1 1302.168 4.887E-02 -50 50 < 49 5 Si 1190.416 2.502E-01 -50 50 < 66 5
Sin 1190.416 2.502E-01 -50 50 < 221 5 Sin 1193.290 4.991E-01 -50 50 < 90 5
Sin 1193.290 4.991E-01 -50 50 < 106 5 Si 11 1206.500 1.660E+00 -50 50 < 66 5
Si 1260.422 1.007E+400 -50 50 < 98 5 Si v 1393.755 5.280E-01 0 100 < 34 5
Si v 1393.755 5.280E-01 -220 0 BN 6 Si v 1402.770 2.620E-01 -50 50 < 39 5
Siv  1402.770  2.620E-01 50 50 <74 5 Fen  1144.938  1.060E-01 25 75 <83 5
Fen  1144.938  1.060E-01 -200 25 . 2 Feu  1608.451  5.800E-02 -50 50 < 80 5
Fe 11 1608.451 5.800E-02 -50 50 < 335 5
*The data quality flags represent a sum of whether or not the line is:
*The data quality flags represent a sum of whether or not the line is: adopted (+1), blended (+42), undetected (44), or saturated (48).
adopted (+1), blended (42), undetected (+4), or saturated (+8).
Table A10. Measured EWs for J1142+3016 (z=0.032)
Table A7. Measured EWs for J1117+2634 (z=0.065)
Ton A Vmin Vmax EW flag*
Ion A Umin VUmax EW flag* [A] [km s~ 1] [km s_l] [mA]
[A] [km s~  [kms™!] [mA]
Hi1 1215.670 4.164E-01 -130 230 927 + 36 9
Hi1 1215.670 4.164E-01 =75 200 453 + 38 9 Cu 1334.532 1.278E-01 -230 130 S 2
Cu 1334.532 1.278E-01 -50 50 < 38 5 Civ 1548.195 1.908E-01 -130 230 167 £ 53 1
C v 1548.195 1.908E-01 -50 50 < 113 5 C1v 1550.770 9.522E-02 -130 230 129 + 54 1
Civ 1550.770 9.522E-02 -50 50 < 118 5 Nv 1238.821 1.570E-01 -50 50 < 123 5
N 1 1083.990 1.031E-01 -50 50 < 96 5 Nv 1242.804 7.823E-02 -50 50 < 114 5
Nv 1242.804  7.823E-02 -50 50 <61 5 o1 1302.168  4.887E-02 -50 50 < 100 5
Sin 1193.290  4.991E-01 -50 50 < 54 5 Sin 1190.416  2.502E-01 50 50 < 82 5
Sin  1260.422  1.007E+400 -50 50 < 63 5 Sin  1193.290  4.991E-01 50 50 < 76 5
Sim  1206.500  1.660E-+00 -50 50 < 87 5 Sin  1260.422  1.007E-+00 50 50 < 86 5
Si v 1393.755 5.280E-01 -50 50 < 68 5 Si 1 1206.500 1.660E+00 -130 170 268 + 41 1
Siv  1402.770  2.620E-01 -50 50 < 68 5 Siv  1393.755  5.280E-01 -50 50 < 36 5
Fen  1608.451  5.800BE-02 -50 50 < 68 5 Siv  1402.770  2.620E-01 50 50 < 38 5
Fen  1144.938  1.060E-01 50 50 <98 5
*The data quality flags represent a sum of whether or not the line is: Fe 11 1608.451 5.800E-02 -50 50 4
adopted (+1), blended (+2), undetected (+4), or saturated (+8).
*The data quality flags represent a sum of whether or not the line is:
adopted (+41), blended (42), undetected (+4), or saturated (+8).
Table A8. Measured EWs for J1117+2634 (z=0.029)
Table A11. Measured EWs for J1155+2922 (z=0.046)
Ion A f Umin VUmax EW flag*
[A) km s™1]  [km sT!] [mA]
Ton A Vmin Umax EW flag*
H1 1215.670  4.164E-01 230 435 256 =+ 25 9 [A] [kms=1]  [km s 1] [mA]
Cn 1334.532 1.278E-01 -50 50 <73 5
C1v 1548.195 1.908E-01 -50 50 < 138 5 Hi1 1215.670 4.164E-01 -300 175 721 + 43 9
Civ 1550.770 9.522E-02 -50 50 < 148 5 Cu 1334.532 1.278E-01 -50 50 < 109 5
Nv 1242.804 7.823E-02 -50 50 < 86 5 Nv 1238.821 1.570E-01 -50 50 < 100 5
Sin 1190.416 2.502E-01 -50 50 <77 5 O1 1302.168 4.887E-02 -50 50 < 97 5
Sin 1193.290 4.991E-01 -50 50 < 74 5 Sin 1190.416 2.502E-01 -50 50 <71 5
Sin 1260.422 1.007E+00 -50 50 < 82 5 Sin 1193.290 4.991E-01 -50 50 < 69 5
Si v 1393.755 5.280E-01 -50 50 < 41 5 Si 1 1260.422 1.007E4-00 -50 50 < 124 5
Si v 1402.770 2.620E-01 -50 50 < 42 5 Si 1206.500 1.660E4-00 -70 120 73 + 33 1
Fe 11 1144.938 1.060E-01 -50 50 < 68 5 Si1v 1393.755 5.280E-01 -50 50 < 177 5
Fe 11 1608.451 5.800E-02 -50 50 < 124 5 Fe 11 1144.938 1.060E-01 -300 175 85 + 52 1

*The data quality flags represent a sum of whether or not the line is:

adopted (+1), blended (+42), undetected (44), or saturated (48).

*The data quality flags represent a sum of whether or not the line is:
adopted (+1), blended (+42), undetected (44), or saturated (48).
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Figure A6. Velocity profiles for the sightline towards J094845800 (zg,1=0.084).

Table A12. Measured EWs for J1214+0825 (z=0.074)

Table A13. Measured EWs for J1404+3353 (2z=0.026)

Ton A f Umin Umax EwW flag* Ton A f Umin Umax EW flag
[A] [km s~ [kmsT1] [mA] (4] [km s~ [kmsT1] [mA]
Hi1 1215.670 4.164E-01 -120 120 229 + 34 9 Hi1 1215.670 4.164E-01 -75 300 736 £ 58 9
Cu 1334.532 1.278E-01 -70 120 154 £+ 41 1 Cu 1334.532 1.278E-01 0 200 R 2
N 1083.990 1.031E-01 -50 50 < 92 5 Nv 1238.821 1.570E-01 -50 50 < 101 5
Nv 1238.821 1.570E-01 -50 50 <74 5 Nv 1242.804 7.823E-02 -50 50 < 103 5
O1 1302.168 4.887E-02 -50 50 < 83 5 O1 1302.168 4.887E-02 -50 50 < 147 5
Sin 1190.416 2.502E-01 -50 50 < 66 5 Si 1 1260.422 1.007E+00 -50 50 < 108 5
Sin 1193.290 4.991E-01 -50 120 R 2 Si v 1393.755 5.280E-01 -50 50 < 179 5
Si 1 1260.422 1.007E+00 -80 120 107 + 34 1 Si v 1402.770 2.620E-01 70 300 e 10
Fe 11 1144.938 1.060E-01 -50 50 < 65 5 Fe 11 1144.938 1.060E-01 -50 50 < 117 5

*The data quality flags represent a sum of whether or not the line is:

adopted (41), blended (42), undetected (+4), or saturated (+8).

*The data quality flags represent a sum of whether or not the line i
adopted (41), blended (42), undetected (+4), or saturated (+8).
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Figure A7. Velocity profiles for the sightline towards J111742634 (24,1=0.065).

Table A14. Measured EWs for J1419+0606 (z=0.049)

Ion A f Vmin VUmax EwW flag*
[A] [km 571] [km sfl] [mA]
H 1 1215.670 4.164E-01 -220 70 575 £ 48 9
C1v 1548.195 1.908E-01 -160 -30 135 £+ 100 9
C1v 1550.770 9.522E-02 -160 -30 107 £+ 103 9
N 1083.990 1.031E-01 -50 50 < 146 5
O1 1302.168 4.887E-02 -50 50 <97 5
Sin 1190.416 2.502E-01 -125 -25 <71 5
Sin 1193.290 4.991E-01 -125 -25 < 70 5
Sin 1260.422 1.007E+00 -220 0 158 + 41 1
Si 1206.500 1.660E+00 -220 70 294 + 34 1
Si v 1393.755 5.280E-01 -190 -30 119 + 43 1
Si v 1402.770 2.620E-01 -190 -30 93 + 44 1
Fe 11 1608.451 5.800E-02 -50 50 < 331 5

*The data quality flags represent a sum of whether or not the line is:
adopted (+1), blended (42), undetected (4+4), or saturated (48).
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Figure AS8. Velocity profiles for the sightline towards J111742634 (zg,1=0.029).
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Figure A10. Velocity profiles for the sightline towards J1142+3016 (zg1=0.032).
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Figure A11. Velocity profiles for the sightline towards J1155+2922 (zg,1=0.046).
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Figure A13. Velocity profiles for the sightline towards J1404+3353 (2g1=0.026).
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Table A15. Measured EWs for J1454+3046 (z=0.031)

Table A18. Measured EWs for J2133-0712 (z=0.064)

*

Ton A Umin Umax EwW flag Ton A Umin Umax EwW flag™

[A] [km s~  [kms™?!) [mA] [A] [km s~ [kms™!] [mA]
Hi1 1215.670 4.164E-01 -195 -55 194 + 27 9 Hi1 1215.670 4.164E-01 -200 120 501 £ 37 9
Cu 1334.532 1.278E-01 -50 50 < 95 5 Cn 1334.532 1.278E-01 -140 -50 53 + 18 1
N v 1238.821 1.570E-01 -50 50 L 2 C1v 1548.195 1.908E-01 -50 50 < 205 5
Nv 1242.804 7.823E-02 -50 50 < 105 5 C1v 1550.770 9.522E-02 -50 50 < 212 5
O1 1302.168 4.887E-02 -50 50 <97 5 N v 1238.821 1.570E-01 -50 50 < 74 5
Si 1190.416 2.502E-01 -50 50 < 80 5 Nv 1242.804 7.823E-02 -50 50 < 83 5
Sin 1193.290 4.991E-01 -50 50 < 78 5 O1 1302.168 4.887E-02 -50 50 <73 5
Sin 1260.422 1.007E4-00 -50 50 < 84 5 Si 1190.416 2.502E-01 -50 50 < 46 5
Sin 1304.370 9.400E-02 -50 50 < 97 5 Sin 1193.290 4.991E-01 -50 50 < 47 5
Si 11 1206.500 1.660E+00 -50 50 < 76 5 Sin 1260.422 1.007E+00 -50 50 < 84 5
Si v 1393.755 5.280E-01 -50 50 < 160 5 Si 1206.500 1.660E+00 75 370 243 £ 18 1
Si v 1402.770 2.620E-01 -50 50 < 170 5 Si v 1393.755 5.280E-01 -50 50 <75 5
Feu  1144.938  1.060E-01 -50 50 <92 5 Siv  1402.770  2.620E-01 -50 50 < 59 5

Feu  1608.451  5.800E-02 -50 50 < 252 5
*The data quality flags represent a sum of whether or not the line is:
adopted (+1), blended (+2), undetected (+4), or saturated (+8). *The data quality flags represent a sum of whether or not the line is:
adopted (+1), blended (+42), undetected (44), or saturated (48).
Table A16. Measured EWs for J1536+1412 (z=0.093)
Table A19. Measured EWs for J2322-0053 (z=0.081)

Ion A f VUmin VUmax EwW flag*

[A] [km s™1] [km s~ 1] [mA] Ton A VUmin VUmax EW flag*

[A] [kms™!]  [kmsT!] [mA]
Hi1 1215.670 4.164E-01 -200 90 367 £ 52 9
Cn 1334.532 1.278E-01 -50 50 < 61 5 Hi1 1215.670 4.164E-01 -250 220 785 + 48 9
Civ 1548.195 1.908E-01 -50 50 < 105 5 Cn 1334.532 1.278E-01 -250 120 63 £+ 29 1
C v 1550.770 9.522E-02 -50 50 < 101 5 Civ 1548.195 1.908E-01 -235 50 350 £ 90 1
N1 1083.990 1.031E-01 -50 50 < 108 5 C1v 1550.770 9.5622E-02 -200 50 244 + 85 1
Nv 1238.821 1.570E-01 -175 -75 R 6 N 1083.990 1.031E-01 -50 50 < 63 5
N v 1242.804 7.823E-02 -50 50 <97 5 N v 1238.821 1.570E-01 -60 40 <78 5
O1 1302.168 4.887E-02 -50 50 < 59 5 Nv 1242.804 7.823E-02 -50 50 <77 5
Sin 1260.422 1.007E4-00 -50 50 < 100 5 O1 1302.168 4.887E-02 -50 50 < 39 5
Si m 1206.500 1.660E4-00 -50 50 < 96 5 Si 1193.290 4.991E-01 -50 50 < 119 5
Si v 1393.755 5.280E-01 -50 50 < 111 5 Sin 1260.422 1.007E4-00 -100 0 <78 5
Si v 1402.770 2.620E-01 -50 50 < 119 5 Si v 1393.755 5.280E-01 -200 0 79 + 33 1
Fe 11 1144.938 1.060E-01 -50 50 < 89 5 Si v 1402.770 2.620E-01 -200 0 137 + 34 1
Fe 11 1608.451 5.800E-02 -50 50 < 267 5 Fe 11 1144.938 1.060E-01 -50 50 < 56 5
Fe 11 1608.451 5.800E-02 -50 50 < 202 5
*The data quality flags represent a sum of whether or not the line is:
adopted (+1), blended (+2), undetected (+4), or saturated (+8). *The data quality flags represent a sum of whether or not the line is:
adopted (+1), blended (+2), undetected (+4), or saturated (+8).
Table A17. Measured EWs for J1607+1334 (2z=0.069)

Ton A f Vmin Umax EW flag™

[A] km s~ [km sT1] [mA]
Hi1 1215.670 4.164E-01 -220 200 400 £ 82 9
Cn 1334.532 1.278E-01 -50 50 < 87 5
C1v 1548.195 1.908E-01 -50 50 < 363 5
Civ 1550.770 9.522E-02 -50 50 < 361 5
Nv 1238.821 1.570E-01 -50 50 < 182 5
Nv 1242.804 7.823E-02 -50 50 < 165 5
O1 1302.168 4.887E-02 -50 50 < 108 5
Sin 1190.416 2.502E-01 -50 50 < 112 5
Si 1193.290 4.991E-01 -50 50 < 111 5
Sin 1260.422 1.007E+00 -100 0 < 172 5
Si 1206.500 1.660E4-00 -50 50 < 113 5
Si v 1393.755 5.280E-01 -50 50 < 93 5
Si v 1402.770 2.620E-01 -50 50 < 85 5
Fe 11 1144.938 1.060E-01 -50 50 < 121 5
Fe 11 1608.451 5.800E-02 -50 50 < 412 5

*The data quality flags represent a sum of whether or not the line is:

adopted (+1), blended (+2), undetected (+4), or saturated (+8).
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Figure A15. Velocity profiles for the sightline towards J1454+3046 (zg1=0.031).



40  Berg et al.

iHI1215 0, O Nv1238 f, . SilV1393

Relative flux

Relative velocity (km s™1)
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Figure A17. Velocity profiles for the sightline towards J1607+1334 (2g41=0.069).
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Figure A18. Velocity profiles for the sightline towards J2133—0712 (zg41=0.064).
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Table A20: Adopted EWs for COS-AGN sightlines

QSO Zgm  lon X Vmin Vmax EW flag™
[A] [kms™'] [km s [mA]
J0116+1429 0.060 Hi1 1215 -200 50 306 £ 38 9
J0116+1429 0.060 Cn 1334 -50 50 < 45 5
JO0116+1429 0.060 C1v 1548 -50 50 < 138 5
JO0116+1429 0.060 C1v 1550 -50 50 < 141 5
J0116+1429 0.060 Nv 1238 -50 50 < 103 5
J0116+1429 0.060 N v 1242 -50 50 < 89 5
J0116+1429 0.060 Or1 1302 -50 50 < 106 5
JO0116+1429 0.060 Sii1r 1190 -50 50 < 84 5
JO0116+1429 0.060 Siim 1193 -50 50 < 83 5
JO0116+1429 0.060 Siimt 1260 -200 10 < 190 3
JO0116+1429 0.060 Simr 1206 -50 50 < 85 5
JO0116+1429 0.060 Sitv 1393 -50 50 <72 5
JO0116+1429 0.060 Si1v 1402 -50 50 <75 5
J0116+1429 0.060 Fe1r 1608 -50 50 < 100 5
J0843+4117 0.068 Hi1 1215 -50 50 < 131 5
JO843+4117 0.068 C1v 1548 -50 50 < 188 5
JO843+4117 0.068 Cr1v 1550 -50 50 < 188 5
J0843+4117 0.068 N 11 1083 -50 50 < 123 5
JO843+4117 0.068 N v 1238 -50 50 <124 5
J0843+4117 0.068 Nv 1242 -50 50 < 127 5
JO843+4117 0.068 Siim 1190 -50 50 < 104 5
J0843+4117 0.068 Simm 1193 -50 50 < 156 5
J0843+4117  0.068 Si 11 1260 -50 50 < 128 5
JO843+4117 0.068 Simr 1206 0 100 <172 5
JO843+4117 0.068 Fe1r 1144 -50 50 <129 5
JO851+4243 0.024 Hi1 1215 =275 250 1066 + 53 9
JO851+4243 0.024 Cu 1334 -50 50 < 64 7
JO0851+4243 0.024 C1v 1548 -50 50 < 84 5
JO851+4243 0.024 Cr1v 1550 -50 50 < 85 5
JO851+4243 0.024 NvVv 1238 -50 50 < 92 5
JO851+4243 0.024 N v 1242 -50 50 < 87 5
JO851+4243 0.024 Si1t 1193 -50 50 < 98 5
JO851+4243 0.024 Siim 1260 -50 50 < 92 5
JO0851+4243 0.024 Siix 1206 -200 75 165 £+ 44 1
JO851+4243 0.024 Si1v 1393 -50 50 < 56 5
JO851+4243 0.024 Femm 1144 -50 50 <91 5
JO851+4243 0.024 Fe1r 1608 -50 50 < 128 5
J0852+0313 0.129 Hi1 1025 -250 300 752 £+ 91 9
J0852+0313 0.129 H1 1215 =275 300 1356 + 56 9
JO0852+0313  0.129 Cn 1036 -155 230 < 366 11
JO852+0313 0.129 C1v 1548 -200 190 657 4+ 66 1
J0852+0313 0.129 Cr1v 1550 -210 190 474+ 71 1
JO0852+0313 0.129 N1 1083 -30 215 200 + 41 1
J0852+0313 0.129 Nv 1238 -130 195 260 £ 56 1
J0852+0313 0.129 Or1 1302 -250 150 < 264 3
J0852+0313 0.129 O vi 1031 -200 240 < 451 11
JO0852+0313 0.129 O vi 1037 -135 235 273 + 80 1
JO852+0313 0.129 Simm 1190 -50 200 234 4+ 30 1
J0852+0313 0.129 Simm 1193 -145 200 378 + 40 9
JO852+0313 0.129 Simm 1260 -130 200 458 + 18 1
JO852+0313 0.129 Simr 1206 -225 215 804 £ 52 9
J0852+0313 0.129 Si1v 1393 -155 230 235+ 19 1
J0852+0313 0.129 Si1v 1402 -125 150 115 + 28 1
J0852+0313 0.129 Femm 1144 50 200 87 £+ 39 1

Continued on next page

*The data quality flags represent a sum of whether or not the line is:
adopted (41), blended (+2), undetected (+4), or saturated (+8).



Probing the CGM around AGN hosts

Table A20 — continued from previous page

QSO Zgal Ion A Umin Umax EW flag®
[A] [km sfl] [km sfl] [mA]
J0853+4349  0.090 Hi1 1025 130 340 185+ 19 9
JO853+4349  0.090 Hi1 1215 85 350 512+9 9
JO0853+4349 0.090 C 1 1036 50 150 < 30 5
JO853+4349 0.090 N 11 1083 150 250 < 20 5
JO853+4349 0.090 Nv 1238 150 250 < 21 5
JO853+4349 0.090 Nv 1242 -50 50 < 22 5
JO853+4349 0.090 Simm 1190 150 250 < 22 5
J08534+4349 0.090 Simr 1206 130 295 71+9 1
JO853+4349 0.090 Ferr 1144 150 250 < 20 5
J0948+5800 0.084 Hi1 1215 -220 0 398 + 39 9
J0948+5800 0.084 C 11 1334 -50 50 < 64 5
J0948+5800 0.084 Ci1v 1548 -170 -70 107 £ 67 1
J0948+5800 0.084 Cr1v 1550 -170 -70 29+ 70 1
J0948+5800 0.084 N 1083 -50 50 <77 5
J0948+5800 0.084 Nv 1238 -50 50 < 100 5
J0948+5800 0.084 Or1 1302 -50 50 < 49 5
J0948+5800 0.084 Simm 1190 -50 50 < 221 5
J0948+5800 0.084 Siim 1193 -50 50 < 106 5
J0948+5800 0.084 Siir 1260 -50 50 < 98 5
J0948+5800 0.084 Si1v 1402 -50 50 <74 5
J0948+5800 0.084 Fe1r 1608 -50 50 < 335 5
J1117+2634  0.065 Hi1 1215 =75 200 453 + 38 9
J1117+42634  0.065 Cn 1334 -50 50 < 38 5
J1117+2634 0.065 C1v 1548 -50 50 < 113 5
J1117+42634 0.065 C1v 1550 -50 50 < 118 5
J1117+42634  0.065 N 11 1083 -50 50 < 96 5
J111742634 0.065 NvVv 1242 -50 50 < 61 5
J1117+2634 0.065 Siim 1193 -50 50 < 54 5
J1117+2634 0.065 Si1n 1260 -50 50 < 63 5
J1117+2634 0.065 Sinmr 1206 -50 50 < 87 5
J1117+42634 0.065 Si1v 1393 -50 50 < 68 5
J1117+2634 0.065 Si1v 1402 -50 50 < 68 5
J111742634 0.065 Fe1r 1608 -50 50 < 68 5
J1117+2634  0.029 Hi1 1215 230 435 256 £+ 25 9
J1117+42634  0.029 Cn 1334 -50 50 <173 5
J1117+2634 0.029 Cr1v 1548 -50 50 < 138 5
J1117+42634 0.029 C1v 1550 -50 50 < 148 5
J1117+42634  0.029 Nv 1242 -50 50 < 86 5
J1117+2634 0.029 Siimm 1190 -50 50 <77 5
J1117+42634 0.029 Siim 1193 -50 50 <74 5
J1117+2634 0.029 Sin 1260 -50 50 < 82 5
J1117+2634 0.029 Sitv 1393 -50 50 < 41 5
J1117+42634 0.029 Si1v 1402 -50 50 < 42 5
J111742634 0.029 Feur 1144 -50 50 < 68 5
J111742634 0.029 Feimr 1608 -50 50 <124 5
J1127+2654  0.033 Hi1 1215 -200 200 723 + 36 9
J1127+2654 0.033 Cu 1334 -50 50 < 83 5
J1127+2654 0.033 C1v 1550 -50 50 <179 5
J1127+42654 0.033 N v 1238 -50 50 < 88 5
J1127+2654 0.033 O1 1302 -50 50 < 80 5
J1127+2654 0.033 Siimm 1190 -50 50 < 66 5
J1127+2654 0.033 Simm 1193 -50 50 <90 5
J1127+2654 0.033 Siix 1206 -50 50 < 66 5
J1127+2654 0.033 Si1v 1393 0 100 < 34 5
J1127+2654 0.033 Si1v 1402 -50 50 < 39 5
J1127+42654 0.033 Fe1rr 1144 -25 75 < 83 5

Continued on next page

*The data quality flags represent a sum of whether or not the line is:
adopted (+1), blended (+2), undetected (+4), or saturated (+8).
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Table A20 — continued from previous page

QSO Zgal Ton A Umin VUmax EW flag*
[A] [km sfl] [km sfl] [mA]
J112742654 0.033 Fe1r 1608 -50 50 < 80 5
J1142+3016 0.032 Hi1 1215 -130 230 927 + 36 9
J1142+3016 0.032 C1v 1548 -130 230 167 + 53 1
J1142+3016 0.032 C1v 1550 -130 230 129 + 54 1
J1142+43016 0.032 N v 1238 -50 50 < 123 5
J11424-3016  0.032 Nv 1242 -50 50 <114 5
J1142+3016  0.032 Or1 1302 -50 50 < 100 5
J1142+3016 0.032 Simm 1190 -50 50 < 82 5
J1142+3016 0.032 Siim 1193 -50 50 <76 5
J1142+3016 0.032 Siim 1260 -50 50 < 86 5
J1142+3016 0.032 Siix 1206 -130 170 268 + 41 1
J1142+3016 0.032 Si1v 1393 -50 50 < 36 5
J1142+3016 0.032 Si1v 1402 -50 50 < 38 5
J1142+43016 0.032 Fe1nr 1144 -50 50 < 98 5
J11554-2922  0.046 Hi1 1215 -300 175 721 +£43 9
J1155+2922  0.046 Cu 1334 -50 50 < 109 5
J1155+42922 0.046 N v 1238 -50 50 < 100 5
J11554-2922  0.046 Or1 1302 -50 50 <97 5
J1155+2922 0.046 Siim 1190 -50 50 <71 5
J1155+2922 0.046 Simm 1193 -50 50 < 69 5
J11554-2922  0.046 Si1r 1260 -50 50 <124 5
J1155+2922 0.046 Simr 1206 =70 120 73+ 33 1
J1155+2922 0.046 Si1v 1393 -50 50 < 177 5
J1155+42922 0.046 Ferr 1144 -300 175 85 £+ 52 1
J1214+0825 0.074 Hi1 1215 -120 120 229 4+ 34 9
J121440825 0.074 Cn 1334 -70 120 154 + 41 1
J121440825 0.074 N 11 1083 -50 50 < 92 5
J1214+0825 0.074 N v 1238 -50 50 <74 5
J1214+0825 0.074 O1 1302 -50 50 < 83 5
J1214+0825 0.074 Siim 1190 -50 50 < 66 5
J1214+0825 0.074 Si1t 1260 -80 120 107 £ 34 1
J1214+0825 0.074 Fen 1144 -50 50 < 65 5
J1404+3353  0.026 Hi1 1215 -75 300 736 £+ 58 9
J1404+3353 0.026 N v 1238 -50 50 < 101 5
J1404+3353  0.026 Nv 1242 -50 50 < 103 5
J1404+3353  0.026 Or1 1302 -50 50 < 147 5
J1404+3353 0.026 Siir 1260 -50 50 < 108 5
J1404+3353 0.026 Si1v 1393 -50 50 <179 5
J1404+3353 0.026 Fermr 1144 -50 50 < 117 5
J1419+0606  0.049 Hi1 1215 -220 70 575 4+ 48 9
J1419+0606 0.049 C1v 1548 -160 -30 135 + 100 9
J1419+0606 0.049 Cr1v 1550 -160 -30 107 £+ 103 9
J1419+0606 0.049 N1 1083 -50 50 < 146 5
J1419+0606  0.049 O1 1302 -50 50 < 97 5
J1419+0606 0.049 Siim 1190 -125 -25 <171 5
J1419+0606 0.049 Simm 1193 -125 -25 <170 5
J141940606 0.049 Si1r 1260 -220 0 158 +41 1
J1419+0606 0.049 Sinmr 1206 -220 70 294 4+ 34 1
J1419+0606 0.049 Si1v 1393 -190 -30 119 £43 1
J1419+0606 0.049 Si1v 1402 -190 -30 93 £+ 44 1
J141940606 0.049 Ferr 1608 -50 50 < 331 5
J1454+3046 0.031 Hi1 1215 -195 -55 194 £ 27 9
J1454+3046 0.031 Cn 1334 -50 50 < 95 5
J1454+3046 0.031 Nv 1242 -50 50 < 105 5
J1454+3046 0.031 O1 1302 -50 50 <97 5
J1454+3046 0.031 Si1r 1190 -50 50 < 80 5

Continued on next page

*The data quality flags represent a sum of whether or not the line is:
adopted (+1), blended (+2), undetected (+4), or saturated (+8).
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Table A20 — continued from previous page

QSO Zgal Ion A Umin Umax EW flag®
[A] [km sfl] [km sfl] [mA]
J1454+3046 0.031 Siim 1193 -50 50 <78 5
J1454+3046 0.031 Simm 1260 -50 50 < 84 5
J1454+3046 0.031 Siim 1304 -50 50 <97 5
J1454+3046 0.031 Simr 1206 -50 50 <76 5
J1454+3046 0.031 Si1v 1393 -50 50 < 160 5
J1454+3046 0.031 Si1v 1402 -50 50 < 170 5
J1454+3046 0.031 Fenr 1144 -50 50 < 92 5
J1536+1412  0.093 Hi1 1215 -200 90 367 £ 52 9
J1536+1412 0.093 Cn 1334 -50 50 < 61 5
J1536+1412 0.093 C1v 1548 -50 50 < 105 5
J1536+1412 0.093 C1v 1550 -50 50 < 101 5
J1536+1412 0.093 N1 1083 -50 50 < 108 5
J1536+1412 0.093 N v 1242 -50 50 <97 5
J1536+1412 0.093 O1 1302 -50 50 < 59 5
J1536+1412 0.093 Si1m 1260 -50 50 < 100 5
J1536+1412 0.093 Simr 1206 -50 50 < 96 5
J1536+1412 0.093 Si1v 1393 -50 50 < 111 5
J1536+1412 0.093 Si1v 1402 -50 50 < 119 5
J1536+1412 0.093 Fe1r 1144 -50 50 < 89 5
J1536+1412 0.093 Fe1r 1608 -50 50 < 267 5
J1607+1334  0.069 Hi1 1215 -220 200 400 + 82 9
J1607+1334 0.069 Cu 1334 -50 50 < 87 5
J1607+1334 0.069 C1v 1548 -50 50 < 363 5
J1607+1334 0.069 C1v 1550 -50 50 < 361 5
J1607+1334 0.069 N v 1238 -50 50 < 182 5
J1607+1334  0.069 Nv 1242 -50 50 < 165 5
J1607+1334  0.069 Or1 1302 -50 50 < 108 5
J1607+1334 0.069 Siim 1190 -50 50 < 112 5
J1607+1334 0.069 Sin 1193 -50 50 < 111 5
J1607+1334 0.069 Siim 1260 -100 0 <172 5
J1607+1334 0.069 Simr 1206 -50 50 < 113 5
J1607+1334 0.069 Si1v 1393 -50 50 <93 5
J1607+1334 0.069 Si1v 1402 -50 50 < 85 5
J1607+1334 0.069 Fe1r 1144 -50 50 <121 5
J1607+1334 0.069 Feir 1608 -50 50 < 412 5
J2133-0712 0.064 Hi1 1215 -200 120 501 4+ 37 9
J2133-0712 0.064 Cu 1334 -140 -50 53 £ 18 1
J2133-0712 0.064 Ci1v 1548 -50 50 < 205 5
J2133-0712 0.064 Cr1v 1550 -50 50 < 212 5
J2133-0712 0.064 NvVv 1238 -50 50 <74 5
J2133-0712 0.064 Nv 1242 -50 50 < 83 5
J2133-0712 0.064 Or1 1302 -50 50 <173 5
J2133-0712 0.064 Sim 1190 -50 50 < 46 5
J2133-0712 0.064 Sin 1193 -50 50 <47 5
J2133-0712 0.064 Simm 1260 -50 50 < 84 5
J2133-0712 0.064 Sim 1206 75 370 243 + 18 1
J2133-0712 0.064 Si1v 1393 -50 50 <175 5
J2133-0712 0.064 Sitv 1402 -50 50 < 59 5
J2133-0712 0.064 Fe1r 1608 -50 50 < 252 5
J2322-0053 0.081 Hi1 1215 -250 220 785 4+ 48 9
J2322-0053 0.081 Cua 1334 -250 120 63 £+ 29 1
J2322-0053 0.081 Ci1v 1548 -235 50 350 + 90 1
J2322-0053 0.081 Ci1v 1550 -200 50 244 + 85 1
J2322-0053 0.081 N1 1083 -50 50 < 63 5
J2322-0053 0.081 Nv 1238 -60 40 <78 5
J2322-0053 0.081 Nv 1242 -50 50 <77 5

Continued on next page

*The data quality flags represent a sum of whether or not the line is:
adopted (+1), blended (+2), undetected (+4), or saturated (+8).
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Table A20 — continued from previous page

QSO Zgal Ton A Umin Umax EW flag
[A] [km sfl] [km sfl] [mA]
J2322-0053 0.081 Or1 1302 -50 50 < 39 5
J2322-0053 0.081 Sim 1193 -50 50 < 119 5
J2322-0053 0.081 Simm 1260 -100 0 <178 5
J2322-0053 0.081 Sirv 1393 -200 0 79 £+ 33 1
J2322-0053 0.081 Si1v 1402 -200 0 137 £ 34 1
J2322-0053 0.081 Fermr 1144 -50 50 < 56 5
J2322-0053 0.081 Fermr 1608 -50 50 < 202 5

*The data quality flags represent a sum of whether or not the line is:
adopted (41), blended (42), undetected (4+4), or saturated (+8).
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