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ABSTRACT

The high incidence rate of the O VI AA1032, 1038 absorption around low-redshift, ~L* star-forming
galaxies has generated interest in studies of the circumgalactic medium. We use the high-resolution
EAGLE cosmological simulation to analyze the circumgalactic O VI gas around z =~ 0.3 star-forming
galaxies. Motivated by the limitation that observations do not reveal where the gas lies along the line-
of-sight, we compare the O VI measurements produced by gas within fixed distances around galaxies
and by gas selected using line-of-sight velocity cuts commonly adopted by observers. We show that
gas selected by a velocity cut of £300 km s~! or £500 km s~! produces a higher O VI column density,
a flatter column density profile, and a higher covering fraction compared to gas within one, two, or
three times the virial radius (ry;,) of galaxies. The discrepancy increases with impact parameter and
worsens for lower mass galaxies. For example, compared to the gas within 2ry;., identifying the gas
using velocity cuts of 200-500 km s~! increases the O VI column density by 0.2 dex (0.1 dex) at 1ry;,
to over 0.75 dex (0.7 dex) at ~ 2r.;, for galaxies with stellar masses of 107-10%-°Mg (101°-1010-5M,).
We furthermore estimate that excluding O VI outside ry;, decreases the circumgalactic oxygen mass
measured by Tumlinson et al. (2011) by over 50%. Our results demonstrate that gas at large line-
of-sight separations but selected by conventional velocity windows has significant effects on the O VI
measurements and may not be observationally distinguishable from gas near the galaxies.

Keywords: Circumgalactic medium (1879), Extragalactic astronomy (506), Hydrodynamical simula-

tions (767)

1. INTRODUCTION

Absorption-line spectroscopy has revealed the sub-
stantial reservoir of baryons and metals surrounding
galaxies, known as the circumgalactic medium (CGM,
Tumlinson et al. 2017, and references therein). The
CGM extends to at least the virial radius ry;, and regu-
lates the interplay between the gas accretion onto galax-
ies and the feedback from massive stars. The ubiquitous
detection of the O VI AA1032, 1038 absorption in sight-
lines intersecting the CGM of ~L* star-forming galax-
ies in contrast to the rare O VI detection around qui-
escent galaxies has drawn particular attention (Tum-
linson et al. 2011). This observed “O VI bimodality”
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possibly indicates a link between O VI and ongoing star
formation. This link may however be indirect. The ab-
sence of detectable O VI may indicate lower CGM mass
fractions, which in turn may result from active galac-
tic nucleus (AGN) feedback (Davies et al. 2020; Nelson
et al. 2018), or higher virial temperatures and hence halo
masses (Oppenheimer et al. 2016).

Dedicated observational efforts have characterized the
circumgalactic O VI properties and explored its depen-
dence on galaxy properties and its relationship with the
low-ionization-state (LIS) absorbers (e.g., Mg II, SiII).
The ~L* star-forming galaxies do not only have a higher
O VI incidence rate and column density than quiescent
galaxies (Tumlinson et al. 2011) but also compared with
dwarf galaxies (Prochaska et al. 2011; Johnson et al.
2015, 2017) and massive luminous red galaxies (Zahedy
et al. 2019). This suggests that the strength of the
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O VI absorption depends on star formation and/or the
galaxy mass. The O VI column density decreases with
the sightline impact parameter, but the decline is less
steep (Tumlinson et al. 2011; Stern et al. 2018) com-
pared to the LIS absorbers (Chen et al. 2010; Huang
et al. 2021). Even though O VI systems have broader
line profiles than the LIS counterparts (Werk et al. 2016;
Nielsen et al. 2017), most O VI absorption components
have matching LIS components with similar Doppler
shifts (Werk et al. 2016). However, unlike the tentative
evidence for stronger and broader LIS absorption de-
tected near the galaxy minor axes compared to that near
the galaxy major axes (Kacprzak et al. 2012; Nielsen
et al. 2015), a result typically attributed to galactic out-
flows (Martin et al. 2019; Schroetter et al. 2019), O VI
absorption is kinematically uniform at all azimuthal an-
gles (Nielsen et al. 2017).1 The O VI Doppler shifts mea-
sured in major-axis sightlines do not correlate with disk
rotation (Kacprzak et al. 2019), whereas the LIS gas
corotates with the galaxy (Ho et al. 2017; Zabl et al.
2019; Ho & Martin 2020). These similarities and differ-
ences in the low ions and O VI properties highlight the
complexity of the multiphase CGM.

One challenge for interpreting the observed circum-
galactic absorption, is that absorption-line measure-
ments do not reveal where the gas lies along the line-of-
sight (LOS). Observers typically associate the absorbing
gas with the galaxy at the smallest impact parameter
from the sightline that has a comparable redshift, i.e.,
within a preset line-of-sight velocity window from the
galaxy systemic velocity. However, the gas potentially
resides relatively far away from the galaxy in 3D space
and may therefore have no direct physical relation with
the galaxy (see Ho et al. 2020 for a study of this is-
sue for Mg II absorption). Faint galaxies responsible for
the absorption may also remain undetected until deeper
imaging and spectroscopy of the galaxy field becomes
available, and incorrectly associating the gas to another
bright galaxy in the field would alter the interpretation
of the origin of the detected gas. These uncertainties in
identifying the gas associated with target galaxies lead
to possible errors in interpreting the CGM properties
from absorption-line measurements.

The ambiguity of the relative location between the
gas and the galaxies does not pose a problem for CGM
analyses using large volume hydrodynamic simulations,
though zoom-in simulations may underestimate the pro-
jection effects. Simulations that reproduce the radial

1 The azimuthal angle is the angle between the galaxy major-axis

and the line joining the sightline and the center of the galaxy.

profiles of the column density of LIS gas (Ford et al.
2016; Oppenheimer et al. 2018a) often underestimate
the O VI column density around ~L* galaxies by about
a factor of two (e.g., Hummels et al. 2013; Oppenheimer
et al. 2016; Gutcke et al. 2017; Suresh et al. 2017; Marra
et al. 2021). This problem could potentially be resolved
by fossil AGN proximity zones (Oppenheimer & Schaye
2013; Oppenheimer et al. 2018b), black hole feedback
(Nelson et al. 2018), by including cosmic ray physics (Ji
et al. 2020), or by changing the model for the UV back-
ground (Appleby et al. 2021). While simulations repro-
duced the O VI bimodality observed in the star-forming
and quiescent galaxy sample from Tumlinson et al. (Op-
penheimer et al. 2016; Nelson et al. 2018), Oppenheimer
et al. suggested that the observed bimodality was due
to the higher halo mass of the quiescent galaxy sample;
the virial temperature of the ~L* star-forming galax-
ies (~ 1055 K) coincides with the narrow temperature
range at which the O VI fraction peaks in a collisionally
ionized plasma.

This paper focuses on the circumgalactic O VI gas us-
ing the high-resolution EAGLE simulation (Schaye et al.
2015; Crain et al. 2015). EAGLE broadly reproduces
many galaxy observables, e.g., the galaxy stellar mass
function (Schaye et al. 2015), the evolution of galaxy
masses (Furlong et al. 2015), sizes (Furlong et al. 2017),
colors (Trayford et al. 2015, 2017), and gas contents (La-
gos et al. 2015; Bahé et al. 2016; Crain et al. 2017). Al-
though EAGLE was not calibrated to match the observed
CGM properties, the simulation shows broad agreement
with absorption-line statistics for both H I and metal
ions (Rahmati et al. 2015, 2016; Turner et al. 2016, 2017;
Oppenheimer et al. 2018a). For example, EAGLE repro-
duces the anticorrelation between the covering fraction
and impact parameter of low ions (Oppenheimer et al.
2018a) and the observed O VI bimodality in low-redshift
galaxies (Oppenheimer et al. 2016).

In this paper, we analyze the O VI gas around low-
redshift galaxies and focus on how selecting the gas
around galaxies by LOS velocity instead of 3D distance
affects the O VI measurements and the interpretations
of the O VI properties of galaxies. We present the pa-
per as follows. Section 2 describes the EAGLE simula-
tion. In Section 3, we present the O VI measurements
and contrast the results from gas selected using different
fixed radii and LOS velocity windows. We discuss the
observational consequences and conclude in Section 4.
Throughout this paper, we use the flat ACDM cosmol-
ogy with (Q,,Qa,h) = (0.307,0.693,0.6777) adopted
by EAGLE from Planck Collaboration et al. (2014). We
prefix comoving and proper (i.e., physical) length units
with “c” and “p”, respectively, e.g., cMpc and pkpc.
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2. GALAXY SELECTION IN THE EAGLE
SIMULATION AND COLUMN DENSITY MAPS

2.1. Simulation Overview and Galazy Selection

The EAGLE simulation suite consists of a large num-
ber of cosmological hydrodynamical simulations with
different resolutions, cosmological volumes, and phys-
ical models (Schaye et al. 2015; Crain et al. 2015;
McAlpine et al. 2016). EAGLE was performed using
a modified version of the N-Body Tree-PM smoothed
particle hydrodynamics (SPH) code GADGET-3 (last de-
scribed in Springel 2005) with a new hydrodynamics
solver (Schaller et al. 2015). Unresolved physical pro-
cesses are captured by state-of-the-art subgrid models,
including radiative cooling and photoheating, star for-
mation, stellar evolution and enrichment, stellar feed-
back, and black hole growth and AGN feedback. Schaye
et al. (2015) introduced a reference model; the subgrid
model parameters for energy feedback from stars and
accreting black holes were calibrated to reproduce the
z ~ 0 galaxy stellar mass function, the sizes of disk
galaxies, and the amplitude of the galaxy-central black
hole mass relation.

EAGLE defines galaxies using the SUBFIND algorithm
(Springel et al. 2001; Dolag et al. 2009). Briefly, the
friends-of-friends (FoF) algorithm connects dark matter
particles to the same halo if the particle separation is be-
low 0.2 times the average particle separation. Baryons
are linked to the same halo (if it exists) as their closest
dark matter particle. In each FoF halo, SUBFIND identi-
fies self-bound overdense regions as subhalos. Each sub-
halo represents a galaxy. The central galaxy is defined as
the subhalo with the particle at the lowest gravitational
potential, and the location of this particle represents the
center of the central galaxy.

In this work, we use the Recal-LLO025N0752 simulation
with a box size of 25 cMpc.? This simulation has a dark
matter particle mass of 1.21 x 10° M, an initial bary-
onic particle mass of 2.26 x 10> My, and a Plummer-
equivalent gravitational softening length of 0.35 pkpc
at the low-redshift we study here. This simulation run
has 8 (2) times better mass (spatial) resolution com-
pared to the default EAGLE intermediate-resolution runs
(e.g., Ref-L0100N1504). We analyze the z = 0.271 snap-
shot output;? this redshift is comparable to the redshifts

of targeted galaxies in circumgalactic O VI observations
(e.g., Tumlinson et al. 2011; Johnson et al. 2015, 2017;
Kacprzak et al. 2019; Beckett et al. 2021). Because
EAGLE applied periodic boundary conditions, the maxi-
mum LOS separation is half of the box size and corre-
sponds to a velocity difference of 767 km s~! (physical)
at z = 0.271.

We select central, star-forming galaxies with stellar
masses (M,) between 10° to 101t Mg. The galaxy stel-
lar mass is defined as the total mass of star particles as-
sociated with the subhalo within 30 pkpc (in 3D) from
the galaxy center (Schaye et al. 2015). Following Ho
et al. (2020), galaxies are classified as star-forming if
they lie above the dividing line between star-forming and
quiescent galaxies on the SFR-M, plane as defined by
Moustakas et al. (2013), who fitted a redshift-dependent
relation to separate star-forming and quiescent galax-
ies using ~120,000 spectroscopically observed galaxies
in the PRism MUlti-object Survey (also see Figure 1
of Ho et al. 2020). Our sample consists of 144 star-
forming galaxies; Figure 1 shows the distributions of
the galaxy stellar mass, specific star formation rate, halo
virial mass, and virial radius of the sample.*
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Figure 1. Distributions of stellar mass M., specific star

formation rate (sSFR), halo virial mass Myi;, and virial ra-
dius rvir of the selected central, star-forming galaxies. The
sample consists of 144 star-forming galaxies.

2.2. Column Density Maps

We project galaxies along the Z-axis in the simulation
box and produce the O VI (and Mg II) column density
maps. Calculating the ionic column density requires the
element abundance and the ion fraction, i.e., the num-
ber of atoms in each ionization state divided by the total

2 The “Recal” model was calibrated to the same z ~ 0 galaxy prop-
erties as the reference model, but subgrid parameters for stellar
and AGN feedback were modified and recalibrated as a conse-
quence of the higher resolution compared to the default (inter-
mediate) resolution runs.

3 Particle data snapshots can be downloaded from http://icc.dur.
ac.uk/Eagle/database.php

4 The virial radius 7;, is the radius enclosing an average density of
Ayirpe(z), where pc(z) represents the critical density at redshift
z. The overdensity Ay, follows the top-hat spherical collapse
calculation in Bryan & Norman (1998). The halo virial mass is
the total mass enclosed within the sphere of radius ryi;.
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number of atoms of the element in the gas phase. For
O VI we use the ion fraction tables from Bertone et al.
(2010a,b), who adopted the UV /X-ray background by
Haardt & Madau (2001) and computed the tables under
the same assumptions as the gas cooling in the EAGLE
runs. For Mg II we obtain the ion fraction using the
fiducial model in Ploeckinger & Schaye (2020), whose
calculations use the UV /X-ray background by Faucher-
Giguere (2020)° and include the effects of depletion of
metals onto dust grains and self-shielding (also see Ho
et al. 2020). The Mg II fraction will be slightly differ-
ent compared to that used for computing the cooling
rates during EAGLE run, because EAGLE used a different
UV background model and did not include self-shielding.
However, we do not expect the difference to be signif-
icant, because magnesium is not an important coolant
(Wiersma et al. 2009). We interpolate the ion fraction
tables in redshift, log temperature, and log density to
obtain the O VI and Mg II ion fractions per SPH parti-
cle. Then we multiply the ion fraction by the particle
mass and the element abundance to calculate the num-
ber of ions per particle. We obtain the column den-
sity by summing the total number of ions through a
gas column and divide that by the cross-sectional area
of the column, during which the spatial distribution of
gas (i.e., the ion) of each SPH particle is modeled by
the same C? Wendland (1995) kernel used for the hy-
drodynamics calculations in the EAGLE simulations (also
see Wijers et al. 2019). For our galaxies, Mg II traces
T~10* K gas and is photoionized, whereas collision-
ally ionized O VI (T~10°°K) dominates the inner ra-
dius. Photoionized O VI becomes increasingly impor-
tant at larger radii especially for lower mass galaxies
(with 7 < 10°K and density ng < 107*%cm™2). This
agrees with the radial and galaxy mass dependence of
O VI ionization shown in recent work from zoom-in sim-
ulations (Roca-Fabrega et al. 2019; Strawn et al. 2021)
and the “low-pressure” O VI scenario presented in Stern
et al. (2018), for which cool, photoionized O VI exists
beyond the accretion shock. Detailed discussion on the
ionization mechanism is beyond the scope of this paper
(see Oppenheimer et al. 2016, Rahmati et al. 2016, and
Wijers et al. 2020).

We use two approaches to select the gas around galax-
ies while making the column density maps. Our first
approach selects only gas within fixed 3D radii of 1, 2,

5 Ploeckinger & Schaye (2020) modified the z > 3 UV/X-ray back-
ground in Faucher-Giguére (2020) to improve the self-consistency
of the treatment of attenuation before H I and He II reionization
(their Appendix B). This modification is irrelevant to this work
at low redshift.

and 3ry; from each galaxy center. This method ex-
cludes gas further away from the galaxy but appear-
ing nearby because of the 2D projection. The second
approach selects gas within a fixed LOS velocity differ-
ence |Avp,og| from the galaxy systemic velocity.5 We use
|Avpos| = 300 km s=! and 500 km s~!, both of which
are commonly adopted in observational analyses to iden-
tify absorption systems associated with the target galax-
ies (e.g., Chen et al. 2010; Werk et al. 2016). On the
column density maps, each pixel shows the total gas
column summed along the path enclosed by the sphere
of a fixed radius or the LOS velocity window. Each pixel
has an area of (1.25 pkpc)? or (0.005 7yi,)?.

As an illustration, the maps in Figure 2 show the me-
dian Mg II (top) and O VI (middle and bottom) column
density for the stacks of all star-forming galaxies. For
this Figure only, individual galaxies are projected edge-
on (i = 90°, left) or face-on (i = 0°, right) before they
are stacked together. The O VI gas clearly extends to a
larger radius than Mg II, which is concentrated within
0.4ry;, around the galaxy center. The O VI and Mg II
gas also show different morphologies, for which only
Mg IT but not O VI shows an axisymmetric structure.
We defer the discussion of O VI morphology and its de-
pendence on inclination and azimuthal angles to a future
paper (Ho et al., in prep.) and refer readers to Ho et al.
(2020) for the Mg II analysis.

3. O VI COLUMN DENSITY AND COVERING
FRACTION MEASUREMENTS

The high O VI incidence rate out to at least 150 pkpc
(~ryiy) from ~L* star-forming galaxies suggest that
O VI extends to this radius or further (Tumlinson et al.
2011). In this Section, we use EAGLE to demonstrate how
selecting the gas within different fixed LOS separations
around the target galaxies (1, 2, and 3ry;,) and differ-
ent LOS velocity windows (|Avros| = 300 km s~ and
500 km s~!) changes the measurements for O VI column
density (Section 3.1) and covering fraction (Section 3.2).

3.1. Column Density Profile

We create the column density profiles for stacks of
randomly oriented galaxies using all the pixels from in-
dividual galaxies in each stack. For the stack of all star-
forming galaxies, Figure 3 shows the O VI column den-
sity as a function of impact parameter b (left) and that
normalized by 7y, (right). Each line shows the median
column density from gas selected using different criteria.

6 The galaxy systemic velocity is the mass-weighted velocity of
all particles (stars, gas, dark matter, and black hole) associated
with the galaxy at the z = 0.271 snapshot.
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Figure 2. Median Mg II (top) and O VI (middle and bot-
tom) column density around all star-forming central galaxies
in the sample. The median stellar mass and halo mass of the
stacked galaxies are 10%7 Mg and 10*!® Mg, respectively.
In the top and middle rows, only the gas within 2ry;; of indi-
vidual galaxies is included. Each white dashed circle marks
a radius of 0.57vir. The bottom row zooms out and shows
the O VI gas distribution at larger scale. The concentric solid
circles mark the radii of 1, 2, and 3ryi,. The gas around indi-
vidual galaxies is selected using the LOS velocity window of
|Avpos| = 500 km s~1. The left and right columns show the
edge-on (7 = 90°) and face-on projections (¢ = 0°), respec-
tively. The galaxy orientation is defined using the stellar an-
gular momentum vector (as in Ho et al. 2020). The Mg II gas
distribution is concentrated near the galaxy center, whereas
the O VI gas extends to a larger radius.

First, the O VI gas clearly extends beyond ryi,. The
sharp column density drop-off from gas selected within
rvir (black) is not observed from gas within 2r;, (purple)
or 3ryi; (magenta). Second, at a fixed impact parameter,
gas selected by a larger radius around galaxies produces
a higher column density. For impact parameters b ~ r;;,
the O VI absorption is dominated by gas at & 27y, (see
also Oppenheimer et al. 2016 and Wijers et al. 2020).
Although selecting the gas within 2ry;, and 3ryi, pro-
duces a significantly smaller column density difference
compared to that from gas within 1r; and larger radii,
this still implies a non-negligible amount of O VI be-

yond 27 This extended O VI distribution is in stark
contrast to the centrally concentrated Mg II distribution
(e.g., Figure 2).

More importantly, selecting gas using a LOS velocity
window |Avpos| of 300 km s~ (orange) or 500 km s~!
(yellow) produces a higher O VI column density at all
impact parameters, even compared to that from gas
physically within 3ry;,. The difference increases with im-
pact parameter. Consequently, gas selected by |Avgos|
produces a flatter O VI column density profile compared
to that from gas within a fixed radius. Altogether, our
results imply that even at a small impact parameter
(b < 150 pkpe or < 1ryi;), selecting gas using a fixed
LOS velocity window includes a large contribution from
O VI that is relatively far away from the galaxies.

Figure 4 shows the median O VI column density pro-
files for galaxies in different stellar mass bins. The top
row shows the profiles from gas physically within 27,
(solid lines) and gas selected by the LOS velocity win-
dow of |Avpos| = 500 km s™1 (dashed lines). Darker
(lighter) lines represent the measurements around lower
(higher) mass galaxies. In all mass bins, similar to Fig-
ure 3, gas within |Avpog| = 500 km s~! produces a
higher column density than that from gas within 27y,
at a fixed impact parameter. To illustrate how the
column density difference varies with impact parame-
ter and galaxy stellar mass, the bottom row shows the
difference of the median column density profiles. The
dashed (dotted) lines show the results from gas within
|Avr,os| of 500 km s~ (300 km s™1) compared to that
from gas inside 27;.. These plots clearly show that the
column density difference increases with impact param-
eter. Then at a fixed impact parameter, the darker lines
generally lie above the lighter lines. This indicates that
the difference in the O VI column density is typically
larger for a lower mass galaxy. For example, at b = 150
pkpc or ~1ry;,, the 9.0 < log(M,/Mg) < 9.5 galaxies
detect a difference of about 0.25 dex, whereas the dif-
ference is around 0.1 dex for the 10.0 < log(M,/Mg)
< 10.5 galaxies. In other words, by selecting the gas us-
ing the £300 km s~! or £500 km s~! window instead of
a fixed radius of 2ry;., the measured O VI column den-
sity increases by 25% - 80% at an impact parameter of
1rvir~

3.2. Covering Fraction

Because selecting gas using a commonly adopted LOS
velocity window produces higher O VI column density
than that from gas within a fixed radius of ~7y;, around
galaxies, gas outside the fixed radius but selected by
|Avros| will elevate the O VI detection rate for a fixed
column density threshold. To illustrate this effect, we
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Figure 3. O VI column density as a function of impact parameter (left) and that normalized by halo virial radius (right).
Different colors show the column density measured from the gas within 1, 2, or 3 ryi, of individual galaxies or within a LOS
velocity window of 4300 km s™! or +500 km s~' from the galaxy systemic velocity. Each line shows the median from all pixels
around all star-forming galaxies, and each shaded region of the same color encloses the 16" and 84" percentiles. At all impact
parameters, selecting gas using a fixed LOS velocity window produces a higher column density and a flatter column density

profile compared to that from gas even within 3ryi,.

calculate the O VI covering fraction as a function of im-
pact parameter. First, we bin the pixels of all galaxies in
each stack by the impact parameter b or b/ry;,. Then, in
each bin, we count the number of pixels with O VI col-
umn density above the threshold and divide that number
by the total number of pixels in the bin.

Figure 5 shows the O VI covering fraction for star-
forming galaxies in different stellar mass bins (columns).
The top and bottom rows show the fraction as a func-
tion of b and b/ryi;, respectively. We adopt a detec-
tion threshold of log N(OVI)/em~2= 13.5, which is
comparable to the lowest O VI column density detected
in quasar sightlines around low-redshift galaxies (e.g.,
Tumlinson et al. 2011; Johnson et al. 2015). In all mass
bins, selecting gas within 500 km s=! (green dashed
lines) and |Avpos| = 300 km s™! (red dotted lines) pro-
duces comparable covering fractions with a difference
no greater than 0.03. In contrast, selecting gas using ei-
ther value of |Av,og| produces a higher covering fraction
than gas within 1ry; or 27y, and the difference is more
prominent at larger impact parameters and for lower
mass galaxies. For instance, at b = 1ry;, (vertical dotted
lines), selecting the gas using 17, produces a zero cov-

ering fraction (by definition)”, but the fraction is clearly
above zero when we adopt other selection criteria. If we
select the gas using |Avpog| instead of 2ry;,, then the
O VI covering fraction around 9 < log(M,/Mg) < 9.5
(10 < log(M,/Mg) < 10.5) galaxies increases from 0.3
to 0.55 (0.75 to 0.85), implying an ~=85% (15%) increase.

4. DISCUSSION AND CONCLUSION

In the last decade, the ubiquitous O VI absorption de-
tected around ~L* star-forming galaxies out to a large
impact parameter of 2150 pkpc has generated interest
in CGM studies. A challenge for understanding and
interpreting circumgalactic absorption is that the mea-
surements do not reveal where the detected gas lies along
the LOS. Hence, observers typically identify absorption
systems associated with the target galaxies using a LOS
velocity cut around the galaxy systemic velocity (e.g.,
4300 km s~! and 4500 km s~1). In this paper, we used
the high-resolution EAGLE (25 cMpc)? simulation and
analyzed the O VI gas around z = 0.25, star-forming
galaxies. We demonstrated that the O VI column den-
sity and detection rate depend on whether we include

7 In the top row of Figure 5, gas selected within 17, (dot-dashed
curves) does not produce a zero covering fraction at the verti-
cal dotted lines, because the vertical dotted lines only show the
median ry;, of galaxies in individual mass bins.
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Figure 4. Median O VI column density around star-forming galaxies in different stellar mass bins as a function of impact

parameter (left) and that normalized by halo virial radius (right). The top row shows the O VI column density profiles from gas
inside 2ryir (solid lines) and gas selected by a LOS velocity window of |Avr,os| = 500 km s™* (dashed lines). The bottom row
shows the difference in the median O VI column density profiles between gas selected using |AvLos| and gas within 27yi,. The
dashed (dotted) lines represent the results from |Avpos| = 500 km s™* (300 km s™!). In all panels, darker (lighter) lines show
the results for galaxies in the lower (higher) mass bins. In all mass bins, gas within |Avpos| produces a higher O VI column
density than that from gas within 2ryi,, and the difference increases with impact parameter.

gas around galaxies within a fixed 3D radius (1, 2, and
3ryir) or gas selected using a LOS velocity window.

We showed that selecting gas using the commonly
adopted LOS velocity windows of |Avp,os| = 300 km s~1
or 500 km s~! always produces a higher O VI column
density and a flatter column density profile compared to
gas within a fixed radius (Figure 3). The column density
discrepancy increases with impact parameter and gen-
erally worsens for lower mass galaxies (Figure 4). For
example, when we compared the column density mea-
sured from gas within |Avpog| and 27y, the difference

increases from 0.2 dex (0.1 dex) at 17y, to over 0.75 dex
(0.7 dex) at & 2ry;, for 9.0 < log(M,/Mg) < 9.5 (10.0 <
log(M,/Mg) < 10.5) galaxies. Because selecting gas us-
ing the |Avpog| criterion increases the measured O VI
column density, it also raises the O VI detection rate for
a fixed detection threshold, i.e., the covering fraction
(Figure 5).

4.1. Exzamples of how the enhanced O VI column
density affects the interpretation of observational
measurements
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Figure 5. O VI covering fraction for star-forming galaxies as a function of impact parameter (top) and that normalized by the
halo virial radius (bottom). The adopted detection threshold is log N(O VI)/ecm™2?= 13.5. Different columns show the results
for galaxies in different stellar mass bins, and different line styles show the results from gas selected using different criteria. The
vertical dotted lines show the median rviy of the galaxies in the sample. At a fixed impact parameter, gas selected by |Avrog|
always produces a higher covering fraction than gas within 27.i,, and lower mass galaxies show a larger difference.

We use the COS-Halos dataset (Tumlinson et al. 2011)
to demonstrate how the elevated O VI column density
from the LOS velocity selection affects the O VI mass es-
timation deduced from observational data. Their sample
consists of 30 (12) sightlines within b = 150 pkpc, i.e.,
Sryir, of 2 & 0.2, ~L* star-forming (quiescent) galax-
ies, and 27 (4) of the sightlines have detected O VI. By
projecting a circular region of radius R = 150 pkpc on
the sky, they estimated the total mass of O VI around
star-forming galaxies using Mo vi = mR?*mok{No v1),
where mo is the oxygen atomic mass, (No vy1) is the
mean O VI column density, and & is the covering frac-
tion. They measured the log(No vi)/cm™2 as 14.7,
14.6, and 14.5 in radial bins R of 0-50 pkpc, 50-100
pkpc, and 100-150 pkpc, respectively, but they adopted
log(No vi)/ecm™2 = 14.5 to obtain an O VI mass lower
limit.® The resultant O VI and oxygen mass are 2.4 x 10°
Mg and 1.2 x 107(0.2/ fo vi) M, respectively, where
fo vi is the O VI ionization fraction. Because their
sightlines lie within 150 pkpc, this calculation is often
interpreted as the total O VI and oxygen mass within a

8 Adopting log(No vi)/cm~2 = 14.5 also avoids the calculated
O VI and oxygen masses being skewed by sightlines with large

log N(O VI) at small impact parameters.

volume of R < 150 pkpe, i.e., <ryir, of the star-forming
galaxies.

However, our analysis with EAGLE demonstrates that
the LOS velocity window selects a non-negligible amount
of O VI gas outside 7yi,. Hence, we use the difference in
O VI column density measured from gas within r;, and
|Avr,og| to correct the observed log N(O VI) values and
recalculate the O VI mass within ry;, of the star-forming
galaxies. Because Tumlinson et al. (2011) showed that
most O VI velocity components have Doppler shifts be-
low +300 km s~—!, we correct the observed column den-
sities from |Avpog| of 300 km s™! to within ry;, based on
the stellar mass of each galaxy and the sightline impact
parameter. We note that our calculations and conclu-
sions remain unchanged if we use |Avrog| = 200 km s~!
instead (as further discussed in Section 4.2). Figure 6
is analogous to the top row of Figure 4, but the O VI
column density profiles are measured from gas within
Tvir (solid) and |Avros| = 300 km s~! (dotted) around
EAGLE star-forming galaxies. For the 27 observed sight-
lines with O VI detected in Tumlinson et al. (2011), the
average log N(O VI) correction is —0.28 dex, and the
corrected log(No vi)/cm~2 in 0-50 pkpe, 50-100 pkpc,
and 100-150 pkpc are 14.47, 14.33, and 14.13, respec-
tively. Following Tumlinson et al., we calculate the mass
lower limit using the smallest log(No vy1). The 0.37 dex
decrease in log(No v1)/cm~2 (from 14.5 to 14.13) cor-
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Figure 6. Median O VI column density around star-forming galaxies in different stellar mass bins as a function of impact

parameter (left) and that normalized by halo virial radius (right). This figure is analogous to the top row of Figure 4, but this

figure shows the profiles measured from gas within 7vi, (solid lines) and the LOS velocity window of |Avros| = 300 km s~

1

(dotted lines). Such selections are comparable to the COS-Halos dataset in Tumlinson et al. (2011); the sightlines lie within
150 pkpe (Sryie) of the selected galaxies, and the Doppler shifts of most O VI velocity components lie within 4300 km s™" of

the galaxy systemic velocities.

responds to a decrease of 57% for the O VI and oxy-
gen masses. Hence, this reduces the baryon budget es-
timated for the warm-hot CGM by more than 50%.

Detailed discussion of the rare O VI detection around
quiescent galaxies and the “O VI bimodality” in the
COS-Halos sample is beyond the scope of this paper.
However, it is worth noting that Oppenheimer et al.
(2016) suggested that this “bimodality” does not imply
a causal link between sSFR and O VI column density
but reflects the higher halo mass of the quiescent galaxy
sample. In fact, even with our simulated star-forming
galaxies only, those with halo masses above 102> M
have a lower log N(O VI) than those slightly less mas-
sive. As an illustration, Figure 7 shows the O VI column
density as a function of halo mass at fixed impact param-
eters of 50 pkpc (top) and 150 pkpc (bottom). Different
markers represent the results from gas selected using
different criteria. Regardless of the selection method we
use, galaxies with halo mass above 10125 M, have lower
O VI column densites than those around lower mass ha-
los of 101157125 M. This also agrees with the halo
mass dependence of O VI column density shown in Wi-
jers et al. (2020); low-redshift EAGLE galaxies with halo
masses of ~ 102 M, have the highest O VI column den-
sity compared to both higher and lower mass halos (see
their Figure 8). Altogether, this demonstrates the de-
cline of O VI column density at the high mass end as
emphasized in Oppenheimer et al. (2016) while inter-
preting the COS-Halos measurements.

As another example for the O VI mass calculation, we
use the Johnson et al. (2017) sample of 18 star-forming
dwarf galaxies with stellar masses of ~ 1057 My. The
authors estimated the O VI mass within r;; = 90 pkpc
using the mean O VI column density measured from the
two sightlines at the smallest impact parameters; these
two sightlines detected O VI of log N(O VI)/cm™2 =
14.10 and 14.17 at 0.237; and 0.267y;,, respectively.
Because our analysis did not include EAGLE galaxies
with stellar masses below 10° My, we estimate the col-
umn density correction using the results from the EAGLE
galaxies with the closest stellar masses (109795 Mg).
The estimated correction is conservative; the column
density discrepancy measured from gas within a fixed
radius and a LOS velocity window worsens with decreas-
ing stellar mass (Figures 4 and 6). The log N(O VI) cor-
rection from |Avpog| = 300 km s™! to i, for the two
sightlines are —0.16 dex and —0.17 dex. As a result, the
mean log N(O VI), and hence the estimated O VI mass,
decreases by over 30%.°

9 We obtain a smaller O VI mass correction for the dwarf galaxy
sample in Johnson et al. (2017) than the ~L* galaxy sample in
Tumlinson et al. (2011). This is because Johnson et al. (2017)
obtained log(No v1) from sightlines at small impact parameters
of 0.23ryi; and 0.267y;;, whereas Tumlinson et al. (2011) used
sightlines at larger impact parameters of b < 150 pkpc, i.e, Sryir.
However, we note that the correction estimated for the Johnson
et al. sample is conservative, because we estimate the correction
from EAGLE galaxies an order of magnitude more massive than
the observed dwarf galaxies.
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Figure 7. O VI column density around star-forming galax-
ies as a function of halo mass at impact parameters of 50
pkpc (top) and 150 pkpc (bottom). Different markers show
the median O VI column densities measured from gas se-
lected using different criteria. The error bars show the 16"
and 84" percentiles. Points are offset along the horizon-
tal axis to avoid the overlapping of error bars. At b = 150
pkpc, the median O VI column density of galaxies with halo
masses of 1011715 Mg is below the axis limit (downward
arrow). Galaxies with halo masses above 10'*® Mg have a
lower O VI column density than those with halo masses of
10157125 Mg, In all mass bins, gas within 7., always pro-
duces a lower O VI column density compared to gas selected
by the LOS velocity windows.

Because O VI column density scales with the O VI
mass, the difference in O VI column density between
gas selected using a fixed radius versus a LOS velocity
window demonstrates the difference in the O VI mass
included. Even at small impact parameters, when ob-
servers use a LOS velocity window to identify the O VI
gas associated with the target galaxies, a non-negligible
amount, possibly even dominant amount of the detected

O VI, actually resides at large physical distances (e.g.,
>ryir; Figures 6 and 7). Not only does the gas at large
distances increase the O VI detection rate and column
density, this gas potentially weakens any O VI kinematic
signature produced by gas close to the galaxy. While
we defer the O VI kinematic analysis to a future paper
(Ho et al., in prep.), a similar analysis of Mg II showed
that even though the Mg II gas corotates with galaxies
out to at least 0.5ry;,, the gas far away (> ryi;) but se-
lected by the LOS velocity window makes observers less
likely to conclude that gas at 2 0.257;, is corotating (Ho
et al. 2020). This result from Mg II illustrates that gas
at large distances can “contaminate” the measurements
and mask the “true” circumgalactic gas properties.

4.2. Comments on the radial extent of O VI gas and
the small LOS velocity differences

While observers typically adopt the £300 km s~! or
+500 km s~! window to search for absorption systems
associated with the target galaxies, most detected O VI
systems have Doppler shifts within 200 km s~! from
the galaxy systemic velocity (Tumlinson et al. 2011; Za-
hedy et al. 2019, private communication). This how-
ever is also true for simulations, and when we repeat
our analysis with the narrower window of 4200 km s—!,
our conclusions remain unchanged. Figure 8 illus-
trates this point; especially at small impact parameters
(< 150 pkpe or 7yi), the O VI column density profiles
measured from gas within 4200 km s=! (red dashed),
+300 km s=! (orange dashed), and £500 km s~! (yel-
low dashed) largely overlap. This implies that even out
to larger scale, i.e., beyond 1-3ry; of the galaxies and
into the intergalactic scale, the O VI gas still has a small
LOS velocity relative to the galaxies.

Figure 8 shows that in order to measure an O VI
column density comparable to that from gas selected
by the LOS velocity windows of 4300 km s~! (orange
dashed) and £500 km s~! (yellow dashed), we have to
include the gas within 30ry;; (light green solid) around
the galaxies. In fact, nearly 100% of the O VI gas
within 30r;, have LOS velocities within +300 km s~!
and £500 km s™! (not shown). Given that the me-
dian 7y, of our galaxy sample is 160 pkpc; 30ryi, cor-
responds to about 4.8 pMpc and a Hubble flow velocity
of 380 km s~!. This Figure clearly demonstrates that
O VI extends far beyond 1-3ry;, and to tens of ry; at
~pMpc scale. The Hubble flow velocity of 380 km s~*
also explains why the gas at such a large LOS sepa-
ration is still included in our velocity windows; unless
the O VI resides in massive clusters with peculiar veloc-
ities of ~ 1000 km s~!, the O VI at ~pMpc scale moving
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density profile comparable to those measured from gas selected by the LOS velocity window of 200 km s~*, £300 km s~* or

+500 km s~ 1.

with the Hubble flow will have LOS velocity comparable
to or smaller than £300 km s~ and 4500 km s—!.
The large spatial extent of O VI gas around galax-
ies and the small O VI velocity along LOS agree with
results from previous observational (and simulation)
O VI-galaxy cross-correlation analyses. Prochaska et al.
(2019) used the CASBaH survey with thousands of
0.12 < z < 0.75 galaxies in nine quasar fields and showed
that while the O VI covering fraction (> 1013°cm=2) de-
clines with impact parameter, there still exists an excess
in the covering fraction out to a8 pMpc compared to the
expectation from random O VI incidence.! This im-
plies an O VI-galaxy clustering out to this length scale,
and hence, it is not surprising that we find O VI around
galaxies out to a similar scale. With an observed sample
of 160 O VI absorbers and over 50,000 galaxies at z < 1
and with EAGLE, Finn et al. (2016) showed that O VI
has a very small velocity dispersion of < 100 km s~!
on ~pMpc scale. They also measured a lower corre-
lation amplitude in the O VI-galaxy cross-correlation
function than that from the galaxy autocorrelation func-
tion. They concluded that this potentially implies that
O VI and galaxies do not trace the same underlying mat-
ter distribution, and not all detected O VI is close to

10 The rate of random O VI incidence is estimated by surveying
many sightlines in blind surveys and calculating the number of

O VI absorbers per redshift interval.

the galaxies. In fact, with the FIRE-2 cosmological sim-
ulations, Hafen et al. (2020) showed that especially for
low-mass galaxies, most of the CGM at z = 2 is ac-
creted onto galaxies but ended up being ejected to the
intergalactic medium by z = 0. This picture implies
the transport of metals to the intergalactic scale at low-
redshift. Altogether, these results indicate the possibil-
ity that a non-negligible amount of detected O VI traces
the warm-hot intergalactic medium (WHIM) beyond the
galaxy and group halo scales. The small velocity dis-
persion and LOS velocity also imply a lack of substan-
tial large-scale O VI inflow and outflow at ~pMpc scale,
which thereby suggest an early chemical enrichment his-
tory of the WHIM (e.g., Wiersma et al. 2010, and see
Finn et al. 2016 for further discussion).

4.3.  Caveat on identifying circumgalactic gas in
observational analysis and the O VI comparison
with simulations

Our results highlight the challenges and limitations for
observers to interpret circumgalactic absorption mea-
surements. Figure 7 clearly shows that the gas within
Tvir always produces a lower O VI column density com-
pared to gas selected by the LOS velocity windows of
4300 km s~—! and £500 km s~!'. Even though the two
velocity windows produce indistinguishable O VI col-
umn density measurements, this does not imply the gas
lies close to (<ryiy) and/or is bound to the galaxies (see
also Figures 3 and 4). In other words, even if differ-
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ent O VI velocity components within the |Avgog| win-
dow have comparable LOS velocities, the detected gas
possibly comes from distinct regions and have different
physical origins. These velocity components may even
be blended and indistinguishable depending on the LOS
velocity separation and the resolution of the absorption
spectum. This potentially also explains why O VI does
not always have matching velocity components with the
centrally concentrated LIS gas (e.g., Werk et al. 2016).
Hence, the lack of knowledge of where the gas lies along
LOS makes it challenging for observers to interpret the
O VI measurements and deduce the origin(s) of the de-
tected O VI gas.

Our analysis demonstrates a caveat for comparing
O VI measurements between observations and simula-
tions. With simulations, the column density is typically
calculated by integrating the gas along a column with
a specified path length (Hummels et al. 2013; Oppen-
heimer et al. 2016, etc.). In other words, the gas is
selected based on its 3D position relative to the galaxy.
This approach is different from observational analyses,
which identify the gas based on the LOS velocity regard-
less of the 3D location.

By selecting the gas around galaxies using the LOS
velocity windows, we still underpredict the O VI col-
umn density compared to that observed around ~L*
star-forming galaxies with 10%cm™=2 at b < 150 pkpc
(Tumlinson et al. 2011). However, the difference we find
between velocity and LOS distance selection partially

accounts for the differences that have been reported be-
tween simulations and observations and thereby reduces
the discrepancies reported between the two. Therefore,
our analysis emphasizes the importance of recognizing
how the use of different criteria for identifying the cir-
cumgalactic gas can lead to discrepancies in O VI mea-
surements between observations and cosmological simu-
lations. Zoom-in simulations may not also have a large
enough volume to include all the gas within the velocity
window and may thereby underestimate the projection
effects.
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