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medium (Nelson et al.2018 Oppenheimer et al2018. In computed using the error spectrum. Both the EWs and column
addition, Rocd=abrega et a[2018 showed that @1 depends not  densities are listed in Table
only on mass but on redshift as well. Photoionization of-cold
warm gas dominates duringettpeak of the metagalactic UV
background(z= 2). In massive halos, collisional ionization by
thermal electrons becomes importart €t 0.5. All quasar galaxy elds have been imaged wilST using
Thus, although Mg and Ovi exhibit some similarities, the Advanced Camera for SurveysCS), WFC3, or WFPC2.
their differences make it completely unclear as to whethar Mg Details of the observations are found in Kacprzak €aly,
and OvI are even tracing the same kinematic structures. and the lters used are found in Table ACS and WFC3 data
We aim to further explore the multiphase azimuthal were reduced using the DrizzlePac softm@enzaga et al.
distribution of OvI absorption to determine whether the 2012. When enough frames were present, cosmic rays were
relative galaxyOVI kinematics shows signatures of aw removed during the multidrizzle process; otherwise, L.A.
and out ow along the major and minor axes, respectively. We Cosmic was usedvan Dokkum2001). WFPC2 data were
have acquired Ke¢lESI spectra for 20 galaxies to obtain their reduced using the WFPC2 Associations Science Products
rotation curves, which will then be compared to thebble Pipeline(see Kacprzak et a2011h.
Space Telescop@ST)/ COS Ovi absorption kinematics. In Galaxy photometry was adopted from Kacprzak et al.
Section2 we present our sample, data, and data reduction. In(2015, who used the Source Extractor softwé®&xtractor;
Section 3 we present our observational results and simple Bertin & Arnouts 1996 with a detection criterion of 15
models for OvI residing along the major and minor axes of above background. Thewst magnitudes in eachlter are
galaxies. We provide our interpretation of the data usingquoted in the AB system and are listed in Tahle

2.2.HST Imaging and Galaxy Models

cosmological simulations in Sectidnin Sectiorb, we discuss We adopt calculated halo masses and virial radii from Ng
what can be inferred from the results, and concluding remarkset al.(2019, who applied halo abundance matching methods in
are offered in Sectiorb. Throughout we adopt amg = the BolshoiN-body cosmological simulatioKlypin et al.
70kms$*Mpc®t, = 0.3, = 0.7 cosmology. 2011); see Churchill et ak2013a 20130 for further details.

The galaxy morphological parameters and orientations are

adopted from Kacprzak et #2015. In summary, morphological
2. Galaxy Sample and Data Analysis parameters were quargd by tting a two-component disk
+ bulge model using GIM2[Simard et al2002, where the disk
component has an exponential geowhile the bulge has a Sérsic
pro le (Sérsic1968 with 0.2 n  4.0. The galaxy properties
are listed in Tablel. We use the standard convention of the
azimuthal angle = 0° to be along the galaxy-projected major
axis and = 90° to be along the galaxy-projected minor axis.

We have obtained rdtan curves using Kec¢lESI for a sample
of 20 OvI absorbing galaxies with redshifts ranging between
0.15< z< 0.55 within  300kpc (31 kpc< D < 276 kpg of
bright background quasars. These galaxies are selected to
isolated such that there are no neighbors withinkp@0and to
have velocity separations less than 500%Mm sThese HST
imaged galaxyabsorber pairs were idergd as part of our
“Multiphase Galaxy HaldsSurvey(from PID 13398 plus from 2.3. Galaxy Spectroscopy

the literaturg We discuss the data and analysis below. The galaxy spectra were obtained using the Keck Echelle

Spectrograph and ImagéES|; Sheinis et al2002. The ESI
slit position angle was selected to be near the optical major axis
of each galaxy in order to accurately measure the galaxy
The HST COS quasar spectra have a resolution of rotation curves. Details of the E®leck observations are
R 20,000 and cover the @ A\1031, 1037 doublet for the presented in Tabl The ESI slit is 20in length and set to”1
targeted galaxies. Details of th#ST COS observations are wide. We binned by two in the spatial directions, resulting in
presented in Kacprzak et d2015. The data were reduced pixel scales of 027-0734 over the echelle orders of interest.
using the CALCOS software. Individual grating integrations Binning by twa in the spectral direction results in a sampling
were aligned and co-added using the code“coadd_x18 rate of 22 km3s! pixe! (FWHM 90kms?Y). ESI has a
developed by Danforth et a{2010.° Since the COS FUV  wavelength coverage of 406000004, which covers multiple
spectra are oversampl&ix pixels per resolution eleménive emission lines such as tH® 1] doublet, H3, the [O1il]
binned the data by three pixels to increase the signal-to-noiseloublet, Hy, and the[N 1] doublet.
ratio, and all of our analysis was performed on the binned All ESI data were reduced usitigAF. Galaxy spectra are both
spectra. Continuum normalization was performedtting the vacuum and heliocentric velocity corrected to provide a direct
absorption-free regions with smooth low-order polynomials. comparison with the absorptidine spectra. The derived
We adopted thetted rest-frame EWs and column densities wavelength solution was vedd against a catalog of known sky
from Kacprzak et al.(2019. Non-Gaussian line-spread lines that resulted in an rms difference @f.03A ( 2km &Y.
functions (LSF9 were adopted and obtained by interpolating  The galaxy rotation curve extraction was performed following
the LSF tablegKriss 2011) at the observed central wavelength the methods of Kacprzak et £01Q 2011a see also Vogt et al.
for each absorption line and were convolved with thted 199§ Steidel et al2002. We extracted multiple spectra along the
model Voigt prole VPFIT (Carswell & Webb2014). In all spatial direction of a galaxy img 3-pixel-wide apertures
cases, a minimum number of components was used to obtain &orresponding to approxinedy one resolution element of
satisfactory t with reducedy® 1. The Ovi 21031 model 0781-1”702 for ES) at 1-pixel spatial increments along the slit.
pro les were used to compute the EWs, and thertors were To obtain accurate wavelengtHilseations, we extract spectra of
the arc lines at the same spatial pixels as the extracted galaxy
® https/ casa.colorado.efidanfortt sciencécod costools.html spectra. Fitted arc lamp exposupesvided a dispersion solution

2.1. Quasar Spectroscopy



http://casa.colorado.edu/danforth/science/cos/costools.html

Table 1
Absorption and Host Galaxy Properties
Quasar Zabs Zgal HST MysT log(My,) Riir D i EW, log N(O vI)
Field Filter (AB) (Ms) (kpo) (kpo) (deg (deg A)
Quasar Sight lines Located along the Galasxylajor Axis( < 25°)
J035128.58142908.7 0.356825 0.356992 F702W 20.7 120193 191738 72.3% 0.4 28.515%8 497339 0.396+ 0.013 14.76: 0.17
J091440.39 282330.6 0.244098 0.244312 F814W 196 119493 171433 105.9+ 0.1 39.0404 182414 0.333+ 0.028 14.65 0.07
J094331.61 053131.4 0.353286 0.353052 F814W 212 117103 147133 96.5+ 0.3 44471} 8.2139 0.220+ 0.024 14.66 0.07
J095000.78 483129.3 0.211757 0.211866 F814W 18.0 124733 247438 93.6+ 0.2 477791 16.6101 0.211+ 0.019 14.32+ 0.04
J104116.16 061016.9 0.441630 0.442173 F702W 209  12.0%03 193%32 56.2+ 0.3 49.8%14 43103 0.368+ 0.023 14.64+ 0.18
J113910.78135043.6 0.204297 0.204194 F702W 200 117703 146733 93.2+ 0.3 81.610¢ 5.8704 0.231+ 0.009 14.40¢ 0.28
J132222.46 464546.1 0.214320 0.214431 F814W 18.6  12.1133 205745 38.6+ 0.2 57.9%03 13.9703 0.354+ 0.024 14.62¢ 0.12
J134251.68005345.3 0.227196 0.227042 F814W 182 124733 252738 35.3+ 0.2 10.1598, 13.2153 0.373+ 0.023 14,58 0.11
J213135.26120704.8 0.430164 0.430200 F702W 20.7 120103 200132 484+ 0.2 48.3%33 14,9789 0.385+ 0.013 14.6Q 0.05
J225357.74 160853.6 0.390705 0.390013 F702W 20.6 1221932 21775 276.3+ 0.2 76.1414 242712 0.173+ 0.030 14.2% 0.04
Quasar Sight lines Located along the Galaxinor Axis (& > 33°)

J012528.88 000555.9 0.399090 0.398525 F702W 19.7 12593 28543] 163.0+ 0.1 63.237 73.4%48 0.817+ 0.023 15.16+ 0.04
J045608.93 215909.4 0.381514 0.381511 F702W 20.7  12.0%903 192748 103.4+ 0.3 57.153%° 63.8133 0.219+ 0.013 14,34t 0.13
J094331.6% 053131.4 0.548769 0.548494 F814W 21.0 120193 191733 150.9+ 0.6 58.810¢ 67.2199 0.275+ 0.050 14,51 0.07
J100902.0% 071343.9 0.227851 0.227855 F625W 201 11.8%0% 15553} 64.0+ 0.8 66.375§ 89.6113 0.576+ 0.021 15.14+ 0.10
J113910.78135043.6 0.212237 0.212259 F702wW 200 117403 150133 174.8+ 0.1 85.050¢ 80.4104 0.137+ 0.009 14.12+ 0.12
J113910.78135043.6 0.319167 0.319255 F702W 206 119593 17053} 73.3% 0.4 83.4711 39.1519 0.255+ 0.012 14.41+ 0.09
J124154.02572107.3 0.205538 0.205267 F814W 19.9  11.67% 140437 21.1+ 0.1 56.4703 77.6593 0.519+ 0.018 14.8% 0.13
J155504.39 362847.9 0.189033 0.189201 F814W 185  12.1*93 194443 33.4+ 0.1 51.8+07 47.0%93 0.385+ 0.033 14.74 0.17
J225357.74 160853.6 0.153821 0.153718 F702W 193 116103 130733 31.8+ 0.2 59.6%99 33.3*%] 0.263% 0.056 14.5% 0.06
J225357.74 160853.6 0.352708 0.352787 F702W 20.3 119793 18032 203.2+ 0.5 36.715%2 88.714¢ 0.381+ 0.036 14.7¢ 0.15

Note.

8 Keck ESI redshifts derived from this work.
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Table 2 \ \ \

ESI Observations L e minor axis i
Quasar 24 z4y  Observation  SlitPA  Exp 500  ©® Inajor axis L —
Field Ref Date (deg (9 | LA |
J012528.84000555.9  0.3985 3 2014 Dec 13 15 1800 | ‘ |
J035128.58142908.7  0.3567 1 2014 Dec 13 110 2550
J045608.93215909.4  0.3818 1 2014 Dec 13 110 1200 b
J091440.39282330.6  0.2443 2 2016 Jan 15 23 1500 w ) i
J094331.61053131.4  0.3530 2 2016 Jan 15 38 4500 E
J094331.61053131.4  0.5480 2 2016 Jan 15 $218 4500 ~ 0 =
J095000.78483129.3  0.2119 2 2016 Jan 15 13 1000 — i
J100902.0¥071343.9 0.2278 2 2016 Jan 15 115 1200 <>11 1
J104116.16 061016.9  0.4432 5 2014 Apr25 $110 3300 7
J113910.78135043.6  0.2044 1 2016 Jan 15 160 1650 L i
J113910.79135043.6  0.2123 1 2016 Jan 15 111 2400
J113910.78135043.6  0.3191 1 2016 Jun 6 94 1800 r 7
J124154.02572107.3  0.2053 2 2016 Jun 6 121 1200 ~500 |
J132222.46464546.1  0.2142 2 2016 Jun 6 0 1500
J134251.68005345.3  0.2270 2 2016 Jun6 S24 1800 N 7
J155504.39362847.9  0.1893 2 2016 Jun 6 130 1800 ! T T [ RN
J213135.26120704.8  0.4300 6 2015 Jul 16 55 6000 11 11.5 12 12.5 13
J225357.74160853.6  0.1530 1 2015 Jul 16 ?213 3000 Halo Mass (Mo>
J225357.74160853.6  0.3526 1 2016 Jun 6 S185 3300
J225357.74160853.6  0.3900 1 2016 Jun 6 30 1200 Figure 1. The circles show the velocity of the median optical depth & O

absorption with respect to their associated galaxy systemic velocity as a
function of the inferred galaxy halo mass. The error bars indicate the full

Note. velocity width of the absorption prées. Our sample is split into two azimuthal
a i Yy . .
Original galaxy redshiftz,,) source:(1) Chen et al(2003), (2) Werk et al. angle bins: major axised; < 25°) and minor axigblue; > 33°). The two

(2012, (3) Muzahid et al(2019), (4) Kacprzak et al(2010, (5) Steidel et al. curves indicate the halo escape velocities from Kia(dotted and 200kpc
(2002, (6) Guillemin & Bergeron(1997). (solid). Note that almost all @1 absorption has velocities well within the halo
escape velocities.

with an rms of 0.035A ( 2kms?"). The Gaussian tting o . .
algorithm (FITTER; see Churchill et al2000 was used to  implies that most of the gas resides near the galaxy systemic
compute bestt emission- and absorption-line centers and widths Velocity regardless of its oretion with respect to the host

to derive galaxy redshifts and kinematics. Galaxy redshifts weredalaxy. Also included in the gure are curves indicating the
computed at the velocity ceoid of the line, accounting for ~ €scape velocity for a given halo mass at an impact parameter of
emission-line resolved kinematics Aodluminosity asymmetries. D = 200kpc (inner curvg and 100kpc (outer curvg at the

The galaxy redshifts are listed in Tatiletheir accuracy ranges median redshift af = 0.3. Note that little to no absorption resides
from 3 to 20km3™. The 20 rotation curves are presented in outside of these curves, indicating that thel @as is bound to
AppendixA for the 10 quasar sightline along the galaxyajor their dark matter halos. These results are consistent with previous
axis (Figures 12-16) and in AppendixB for the 10 quasar  hdings showing bound @ gas(e.g., Tumlinson et ak01%

sightline along the galassy minor axis(Figures17-21). Stocke et al2013 Mathes et al2014).
3. Results 3.2. OvI Gas Kinematics along the Galaxy-projected
Major Axis

In this section, we explore the kinematic relationship ) ) ) ]
between Qv absorption and their host galaxies. Given the observed @ azimuthal angle bimodality
(Kacprzak et al2015, our sample can be easily split into

two azimuthal angle bins considered as major- and minor-axis
samples. Here we discuss a subset of 10 systems where the
We rst explore whether the @ CGM gas is gravitationally ~ O VI absorption is detected within 26f the galaxy major axis.
bound to their host galaxy dark matter halos. In Figuvee show This major-axis azimuthal cut was selected to mimic thel Mg
the velocity difference between the median optical depth major-axis sample of Ho et 4R017).
distribution of the Q71 21031 absorption lm and the galaxy We aim to determine whether major-axigiQlisplays similar
systemic velocity as a function of the host galaxy halo mass for allcorotation kinematic signatures to those commonly seen for Mg
azimuthal angles. The error bars show the full velocity range of theabsorptior(e.g., Steidel et a002 Kacprzak et a01Q Ho et al.
absorption, which is deed as where the Voigt prie tted 2017. In Figure2, we present the data used in this analysis for
absorption models return to 1% from the continuum level. Thetwo example elds J0351 and J0914. Thgures for the targeted
Voigt pro le models are preferred to daee the velocity ranges  galaxies where the quasar sightline aligns with their major axis are
since some @I absorption systems are blended with other ions in located in Appendi (Figures12-16). Figure2 shows the I
the spectrdsee Nielsen et a017 and the data tend to be quite host galaxies and the quasars in H&T images along with the

3.1. Gravitationally Bound I

noisy. ESI slit position placed over each galaxy. There further shows
The rest-frame velocity differences between galaxies and theithe Hx-derived galaxy rotation cue, obtained from the ESI
associated @I absorption have a mean offset df= 9.2+ spectra, and theST COS Ovi absorption prole. All velocities

58.8 km §*, with standard error of the mean of 13.5 K §his are shown with respect to the galaxy systemic velocity. Note that
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Figure 2. HSTimages and galaxy rotation curves presented for ®lds where the quasar sightline aligns with the gatamajor axis. Top middle: 45« 25" HST
image of the quasareld J0351. The EBKeck slit is superimposed on the image over the targeted galaxy. The plus sign and minus sign on the slit indicate slit
direction in positive and negative arcseconds, respectively, whésal® ned as the galaxy center. Left= 0.3570 galaxy rotation curve and tH&T COS Ovi
A1031 absorption prde shown with respect to the galaxy systemic velocity. The panel below thelorption is a simple disk rotation model computed using
Equation(1), which is a function of the galaxy rotation speed and orientation with respect to the quasar sightline. The J0351 galaxy is rotating in thecsaase directi
the absorption; however, the velocity range covered by the model is not consistent with the entire range covered by the abderfBiottopnaniddle: same as the
top middle panel, except for the J0914 quasad and for the targeted galaxyzat 0.2443. Right: same as the left panel, except for0.2443 in the J0914 quasar

eld. Note here that the @ absorption is consistent with being counterrotating with respect to the galaxy, and again, the model kaningeibcities to account
for all the absorption kinematics. In both cases disk rotation does not reproduce the observed absorption velocities. Figures for all gatakiesAgpeodixA
(major axi$ and AppendixB (minor axig.

the rotation speeds are Igw50 km §l), which is expected for  rotation scenario. Assuming a maximum disk rotation model is
these moderately inclined spiral galaxies. For the galaxy in JO351teasonable given that we do not know Wdwthe velocity
the Ov! absorption prole covers the entire kinematic range of the changes with impact parameter and there is little to no velocity
galaxy rotation curve. As for the galaxy in J0914, th® O  gradient along the corotating gaseous structures within the
absorption resides mostly to os@e of the galaxy systemic simulations(e.g., Stewart et aR011, 2013 2017).
velocity as previously seen for Nigsystems. We now explore " rpe harametey is the projected line-of-sight position above
whether corotz;ﬂrlgjaggmg disk models can explain the observed . 4isk plane, ang, is the position at the projected disk
CGM I_<|nemat|cs_. . - midplane. The distance along the sightline relative to the point
Similar to previous works, wepply the simple monolithic halo —\ore it intersects the projection of the disk midplane is
model from Steidel et 82002 to determine whether an extended Dioe = (¥ S Yo)/ sini. Thus, Dye = Okpc is where the model
. i . R - 0os — [o) . I} 0os —
disk-like rotating gas disas commonly seen for Mg is able to line-of-sight intersects the projected midplane of the galaxy.

reproduce the observedvDabsorption velocity spread given the . . ;
galaxys rotation speed and relative orientation with respect to thePIease see Figu@ from Steidel et al(2002) for a visual

it : . . tation of the model.
guasar sightline. In summary, model line-of-sight velocitigg represente . . .
are a function of the measurable quantities of impact para(ipgter Shown in the hottom panels of Figiltare the line-of-sight
galaxy inclination anglé), galaxy-quasar position angte ), and velocities through the halo derived for the geometry of both

the maximum projected galaxy rotation velogi such that galax_y—quasar pairs for. CGM gas.rotating at a maximum
pro) gaaxy ) velocity set by the rotation curvésolid curves The dashed

Ve Iy — vl curves indicate model velocities derived from uncertainties in

Vies = {—h—} where, i and . In most cases, error values are small such that the
1+ (1) viani dashed curves lie néan the solid curves. The= 0.3570
p galaxy in the JO351 eld has most of the @ absorption

_ Dsin® and p = D cos® ) blueward of the galaxy systemic velocity, which agrees with

T cosi p = ’ the direction of rotation of the galaxy and thus the model halo.

However, given the galaky moderate inclination, the model is
whereh, is a free parameter representing the scale height forunable to account for the large velocity spread measured for
the velocity lag of the CGM. Here we assume a thick disk the absorption prde. Similarly, thez = 0.2443 galaxy in the
(hy = 1000 kpg, which represents the maximum diSIGM J0914 eld also has the majority of the\D blueward of the
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Figure 3.0 VI A\1031, 1037doublet absorption prdes shown for systems where the quasar sightline is witfio2he galaxy major axis. The red line is &to

the data, and the vertical tick marks indicate the number of components inteA8o shown are the disk model velocities as a function of the distance along the
sightline(Dyos). Dios is equal to zero when the quasar sightline intersects the projected midplane of the galaxy. The solid curves are computed usi( Equations
the values in Tabl&. The dashed curves are models computed for the maximum and minimum predicted model velocities given the unceraitied ire disk
model is considered successful and reproduces the observations when the solid curve overlaps with the bulk of the absorption kinematics.

galaxy systemic velocity. In this case, the galaxy is consistentsystem where the observed/Ogas could be explained by disk
with being counterrotating with respect to th&/1Qwith this rotation andor accretion. Five systems are consistent with
model again failing to reproduce the observed velocity spreadcounterrotating @1 absorption relative to their host galaxies
Figure 3 shows the Qvi A\1031, 1037 absorption prtes (J0914, J0950, J1322, J1342, and J22%hese results are in
along with the Voigt prole ts for the 10 galaxies that have stark contrast to what has been found for IMgalaxy-
guasar sightlines passing within °25f the host galaxXy absorption pairs.
projected major axis. The absorption des are plotted Given that the quasar sightlines are withiri @bthe galaxy
relative to the host galaxy systemic velocities. Note that themajor axis, we created the top panel of Figlirevhich shows
bulk of the gas resides near the galaxy systemic velocity with athe rotation velocities as a function of the projected distance
relatively large velocity spread. Below the pes are the between the galaxies and their quasar sightlines. The rotation
modeled corotating line-of-sight velocities. It is immediately curves for each galaxy are orientated such that the quasar
clear that the absorption pres have a much higher velocity sightline are located along the positive velocity arm of the
range than that of the predicted model line-of-sight velocities.rotation curves. The @ is shown with respect to the galaxy
Furthermore, only four system(@0351, J0943, J1041, and systemic velocity and has the same color as plotted for the
J213) have models that are rotating in the direction of the bulk rotation curve of their host galaxy. The error bars indicate the
of the OvI but still fall short of predicting the observed full extent of the absorption, while the shaded region shows
velocities. Thez = 0.35 system in the J0943Id is the only the actual absorption pr in velocity space. This allows the
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rotation curves are orientated such that the quasar is probing gas along the positive velocity side of the galaxy. Each galaxy is colored bhedayinghiolt is

matched with its corresponding absorption o The OvI is shown with respect to the galaxy systemic velocity, and the error bars indicate the full extent of the

absorption, while the shaded region shows the optical depth distribution of the actual absorpléoin pedocity space. The white tick mark on the geoindicates

the OvI absorption optical-depth-weighted median velocity. Also shown on the right is the average spectrum of the 10 absolggioFher@vi absorption spans
the entire velocity range of the galaxy while being centered close to the systemic velocity. Middle: same as the top panel, except that thiegaadyalstatption
velocities are now normalized to the peak velocity of each rotation curve. Note that the absorption spans twice the dynamical range of theétgaiagemseBis
the middle panel, except as a function of the ratio of the impact parameter and the inferred halo viral radius.
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reader to see where the bulk of the optical depth is in relation tocan account for all the observed absorption velocities.
the galaxy rotation. The white tick mark indicates the optical- However, 710 have model kinematics consistent with
depth-weighted median of theMD absorption prole. counterrotation with respect to the bulk of th&iGbsorption.

It can clearly be seen in the top panel of Figdrihat the What these models demonstrate is that there is not an overall
majority of OvI is inconsistent with corotation and gas consistency between the relativev@Ggalaxy kinematics. Only
accretion models. Most of the gas resides near the galaxyl/ 20 from the total sample of major- and minor-axis galaxies
systemic velocity, and there is no preference toward thehave relative velocities expected of disk-like rotdtgas
direction of galaxy rotation. It is still plausible that some of the accretion. This is in stark contrast to the commonly observed
gas could be accretihgorotating; however, the signature is corotation found for Mg absorption.
not strong or is masked by the other kinematics ongoing within  Given the relative quasagalaxy geometry, it could be
the halo. A mean stacked spectrum of all 10 absorption systemexpected that oubws might be commonly observed along the
is also shown in the top panel, where theviCabsorption galaxy minor axis. Furthermore, this oowing gas is likely
almost symmetrically spans the galaxy systemic velocity wheretraced by warm @1 absorption. To test this, we apply a simple
the optical-dgéath-weighted median of the stacked spectruntonical model for outowing gas from Gauthier & Chen
is at 2.5km3’ relative to the galaxy systemic velocity. (2012. Here we summarize the model, but see Gauthier &
Furthermore, the @I pro le encompasses the entire rotational Chen(2012 for details and their Figure 1 for an illustration of
dynamics of the galaxies. This is more clearly shown in the the model.
middle panel of Figure4, where all the velocities are Their collimated outow model is characterized by an
normalized to the maximum line-of-sight rotation velocity for expanding cone originating from the galaxy center along the
each rotation curve and their associated absorption. Almost alpolar axis with a total angular span af,2As with the disk
of the systems span the entire dynamical range of the galaxyotation modelj is the inclination of the galaxy, while is the
rotation and more. Again, a mean stacked spectrum is als@angle between the projected major axis of the disk and the
shown, and the ®I spans more than twice the full dynamic quasar sightline that is at an impact param@erThese
range of the rotation curves. Recall, though, that the gas is measured quantities are found in TableThe quasar line of
still gravitationally bound to their halos. The bottom panel in sight intercepts the outer edges of the out cone at a heigtzt
Figure4 is similar to the middle panel, except now shown as a from z, to z,, which is determined by the cone opening angle
function of viral radius derived for each galaxy. This clearly 6o. The position anglesp; 5, of the projected oubw cross
shows that 810 systems are well within the viral radius. section atg; z are constrained by

These results indicate that a rotating disk/andadial infall
does not provide a plausible explanation for the total observed
OviI kinematics. Thus, this clearly indicates that if there exists
a kinematic connection between highly ionized gas and its . ) .
galaxies, then it is very low ahdr masked by other kinematic and the relation betweegy 5 and the opening anglg is
sources such as diffuse gas found within the halo. Given that o
the quasar sightlines are withir5° of the galaxy major axes, _ ) 2| _Cos
ongging out o%vs would not likely contribute to the absorption cuiay tando = D1 + sin’ gy, tan l[cos by 2]]' ®
kinematics seen here. However, it is possible that recycled gas '

Dsina — 21,21 sini
tan gy o) = D cosa ’ @

could could be dominating the observed kinematics. Equationg2)—(3) can be used to calculate the corresponding
at any given point along the quasar sightline at heighihere
3.3. OvI Gas Kinematics along the Galaxy-projected 1 2 D )
Minor Axis The out ow speedy, of a gas cloud moving outward at a

heightz corresponds to the line-of-sight velocitys such that
Here we discuss a subset of 10 systems where thie O g P g ol

absorption is detected at33° from the galaxy major axis Vios ) . (D

(within 57 of the galaxy minor ax)s This angle was selected V= ?sj’ where j = sin (? cos 9)~ “)
given that Ovi out owing gas could likely occur within half- '

opening angles as small as’3® even larger to S0(Kacprzak  The line-of-sight velocities are deed by the redmost and
et al. 2019. Figures17-21 show theHSTimages along with 1y ,emost velocity edges of the absorption eaelative to the

the galaxy rotation curves and their correspondingl O o\, systemic velocity. The gas producing the observed

absorption. Inspection of thesegures shows that the absorption is assumed to be distributed symmetrically around
absorption spans the entire galaxy systemic velocity and p y y

encompasses the full galaxy rotation velocity range/it04  the polar axis of the cone, and the absorptian andz, probes
cases, while BLO systems have most of thevDabsorption ~ egions close to the front and back side of the owt
offset to one side of the galaxy systemic velocity. respectively. If asymmetry arises owing to inhomogeneities of

Previous studies have shown that Mgalaxy-absorber gas with the outows, then the computed velocity gradients
pairs with disk-like rotation can be found for quasar sightlines represent a lower limit to the oww velocity eld.

with intermediate to high values(e.g., Kacprzak et a2010. We apply the above model since our observational data of
We explore the disk-like rotation model from Equat{@pfor the galaxyquasar geometry provide constraintségrand the
our minor-axis sample in Figu& In Figure5, the tted Ovi absorption proles constrain the plausible oo velocities.

doublet is shown along with the modeled line-of-sight From these data, we can identify whether or not reasonable

velocities through the halo derived for each galaxy using theopening angles and oww velocities are able to replicate the

maximum velocity set by the rotation cun{sslid curves We observations. If so, then ouwiws are a plausible explanation
nd three system@1241, J0943, and J155&here the model  for the observed kinematics, and if not, then outs may not
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Figure 5. Left: OvI A\1031, 1037 doublet absorption ptes shown for systems where the quasar sightline is witliiofifie galaxy minor axié > 33°). The red

line is the Voigt prole best t, and the vertical tick marks indicate the number of components. The panels below tee @rethe disk model velocities as a function
of the distance along the sightli(ig,,s) computed using Equatioti$) from the values in Tablé. The solid and dashed curves are computed for the maximum and
minimum predicted model velocities given the uncertaintiégsand . The model is considered successful when the solid curve overlaps with the bulk of the

absorption kinematics. Right: oww models from Equatior(®)—(3) showing the allowed parameter space ofztheight(top) and out ow velocitiegbotton) vs. the

half-opening angle. The colored lines highlight the height at which the sightlinegt#ageand leavered the out ow. If we assume that the line-of-sight velocity
increases smoothly from to z,, then out ows accelerate, as seen in the lower velocity panel, when the blue line is below the red line and decelerate when the red line

is below the blue line.
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Table 3

Model Out ow Half-opening Angles and Velocities
Quasar Zabs 2()? Vred(i)® Vorudi)® 6 (deg® 6 (deg® 6 (deg’
Field (kpo) (kmsY (kmsY) (Geometrig (Velocity Limited (Acceleration Only
J012528.8% 000555.9 0.398525 174 991 406 B2 1523 and 40.162 1519
J045608.98215909.4 0.381511 118 266 279 -7 2234 and 49.857
J094331.63053131.4 0.548494 169 369 168 53 19-34 and 42.458 19-23
J100902.0¥ 071343.9 0.227855 70 540 450 —ab 0-14 and 33.866 0-3
J113910.78135043.6 0.212259 172 >1000 >1000 1681 1581
J113910.78135043.6 0.319255 47 >1000 996 5683 5383 65-83
J124154.02572107.3 0.205267 26 428 223 -Bb 1329 and 4255 1116
J155504.39 362847.9 0.189201 43 277 158 -0 3350 33-36
J225357.74 160853.6 0.153718 31 162 74 48 46-60 46-50
J225357.74 160853.6 0.352787 342 192 184 —2b 1-26

Notes.

& The height above the disk.

® The velocity of the red side of the cone at the lowest value of the opening angle.

© The velocity of the blue side of the cone at the lowest value of the opening angle.

9 The half-opening angle constrained by geometric arguments only. )

€ The half-opening angle constrained by geometric arguments and for velocities less than 1090 km s
f Half-opening angles where accelerated oufs exist.

be the likely source driving the @ gas kinematics seen along with respect to the galaxy systemic velocity. The blue line
the galaxy minor axis. corresponds to the oudw velocities where the quasar sightline
Figure5 shows the outow models for each quasgalaxy enters the oubw cone, while the red line corresponds to the
pair for their relative orientation and absorption-gasaxy out ow velocities where the quasar sightline exits the @mut
kinematics. The top right panel for each system shows at whatone. Each galaxgbsorber pair has a large range of modeled
height the quasar sightline enters the out cone(blue dashed  velocities as a function of opening angle required to reproduce
and solid lineand what height the sightline exits the cére®l the observed line-of-sight velocities. Some of these velocities
dashed and solid lingas a function of outow opening angle.  far exceed 1000knT$ as the dot product of the owiw
The gure shows scenarios where the opening angle is not wellyg|ocity vector and the line-of-sight velocity vector approaches
constrained, as seen for J1139_0.2123, since the galaxy iSero. Here we assume that the awt velocities at large
nearly edge-or(i = 85°) and the quasar sightline is almost gjstances above the galaxy disk likely do not exceed
directly along the minor axi@vithin 926). The other scenario 10900 km §! for these systems. This assumption provides
shown is for galaxi_es Whe_re the quasar sightli_ne is not directly 3 qgitional constraints on the acceptable out geometry
along the galaxy minor axis and the oov opening angle has jqicated by the solid line, and those values are listed in
to be suf ciently large enough before it intercepts the sightline. Table3. While the range in opening angles is more limited, the

This can be seen for J1139 0.3193 = 39°) and for ; : ; . . : .

12253 0.1537 = 3%), where the opening has to be at least wgﬁg half-opening angles are still consistent with previous

50° before the sightline Intercepts the cone. The ranges of the oubw velocities required to reproduce
In all cases, the opening angle on both sides of the cone can o observed ® kinematics shown in Figur® appear

be large enough that the quasar sightline no longer intercept; o .
S5 easonable and are within a few hundred kilometers per second
the cone, which is why asymptotes to large values. We use “typical of expected oubw velocities (e.g. Mart[i)n &

the far side of the con@ged as an upper limit on the outw b X 3 .
half-opening angle. From geometric arguments only, the modeff0UCe2009 Weiner et al2009 Bouche et al2012 Gauthier

constrains the half-opening angles to range frérdb@ as the & Chen2012 Martin et aI._2012 Rubin et al2014 Schroetter :
smallest possible angle to 283 at its largest. The half- et al. 2019. We emphasize, however, that a modeled active

opening angle model results are presented in Taflhese are  accelerating oubw occurs when the line-of-sight velocity
consistent with expectéthodeled values found for cooler gas Ncreases from where the quasar sightline enters the conical
tracers, which range betweer®Hhd 70 (Walter et al2002 out ow to where the quasar S|gh.tl_|ne exits the gonu;al @ut
Gauthier & Chen2012 Kacprzak et al2012 Martin et al.  (Sinc€z < 2). The outow velocities(v) shown in Figure5
2012 Bordoloi et al.2014. These are also consistent with Would be consistent with an active oatwing model when the
those derived by Kacprzak et 42015, who examined the  blue line is below the red line. In the opposite case, where the
azimuthal angle dependence of the gas covering fraction anded line is below the blue line, the ootv is decelerating in
concluded that the @ out owing gas could occur within a  order to reproduce the observed kinematics.
half-opening angle as small as°3fF even larger at 50 We nd that 710 galaxies exhibit oubwing gas with an

If realistic outow velocities can reproduce the observed acceleratedow. Note, however, that acceleration only occurs
absorption, it would be a key step for understanding whetherfor very small opening angles typically within 2@nd only
out ows can explain the observed/Ogas-galaxy kinematics. ~ over a range of 10(with the exception of J1139_0.3193

The bottom panels in Figur® show the model oubw These values are also listed in TaBl& hus, if active outows
velocities at the edges of the cones required to reproduce thare occurring, they only occur within a very small opening
entire velocity spread of the observed/iCabsorption prole angle conical outow.
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For the majority of the opening angle range, the owt

velocities required to reproduce the observations would be

Kacprzak et al.

Table 4
Properties ok = 1 VELA Galaxies

decelerating as the gas moves farther away from the hOS{/ELA

galaxy. With the assumed velocity cut of 1000 kih shere

still remains a large range of opening angles that are (sl
Table 3). This would imply that either active ouwdws exist,
and at these large heights above the disk the gas is rapidl
decelerating, or the absorption is a result of previously ejecte
gas that is potentially falling back onto the galaxy.

A caveat of these models is that we have assumed that all o

the gas seen in absorption is a result of the aut If only
some fraction of the gas is associated with ows, then the

IOg(Mvir/MT-J) Iog(M*/MC-‘:) F‘)'vir

Galaxy (kpo)
21 12.0 10.9 151
11.8 10.7 133
11.7 104 118
5 11.5 10.2 103
26 11.6 104 112
7 11.6 10.3 110
28 11.3 9.9 92
29 12.0 10.6 146

model velocities, and where acceleration and deceleratior

occur, would be different and likely are expressed as upper

limits. However, we do not have any evidence to counter this
assumption. Thus, wend that accelerating outw gas can
only occur over a very small range of opening angles, and mos
of the time the gas is found to be decelerating.

4. AMR Cosmological Simulations

We use cosmological simulations to provide further insight
into what mechanisms are driving the observed @elocity
spread. These hydrodynamical simulations provide the theor

Thus, galaxy formation proceeds in a more realistic way

1through a combination of coldow accretion, mergers, and

galaxy outows.

Here we select a subsample of the VELA galaxieq@hatere
evolved to the lowest redshift af= 1, (b) did not experience a
major merger neaz= 1, and(c) have a virial mass range of
log My; = 11.3-12 (see Table4 for halo virial quantities The
selection resulted in eight galaxies having an average
log My;y = 11.7+ 0.2M,, and logM= = 10.5+ 0.3M...

etical means to fully incorporate dynamical processes, such as

accretion and oubws, in a cosmological setting. We apply the

method of quasar absorption lines to the simulations to observe

the OvI absorption kinematics. Here we analyze eight 1

4.2. Simulated Spectra
We employed the HARTRATE photaollisional ionization

simulated galaxies to identify the possible structures andcode(Churchill et al.2014) that is optimally designed to model

mechanisms that give rise to the observedl alo gas
kinematics.

4.1. Description of the Simulations

We analyzed CDM cosmological simulations created using
the Eulerian gasdynamics plidsbody Adaptive Renement
Tree (ART) code (Kravtsov 1999 2003. The zoom-in
technique (Klypin et al. 2001 applied here allows us to
resolve the formation of single galaxies consistently in their full
cosmological context.

We analyzed the VELA simulation suif€everino et al.
2014 Zolotov et al.2015, which was created to compliment
the HST CANDELS survey(Barro et al.2013 2014. The

optically thin gas with no ionization structure. For the vast
majority of the CGM, including the @ column densities and
impact parameters studied here, this is a safe assumption. The
consequence of not including any optical depth considerations
is that HARTRATE may underpredict ions that typically reside
in optically thick conditiongsuch as Mdl); however, this is
not a concern here since this assumption only breaks down
close to central galaxies or near satellite galaxies. A proper
treatment of the radiationeld would require computationally
intensive full radiative transfer computations, which is beyond
the scope of this work.

In summary, HARTRATE incorporates photoionization,
direct collisional ionization, Auger ionization, excitation-
autoionization, photo-recombination, higdw-temperature

hydrodynamic code used to simulate these galaxies incorpodielectronic recombination, charge transfer ionization by H

rates prescriptions for star formation, stellar feedback, Type Il

and charge transfer recombination by Bhd HE HAR-

and la supernova metal enrichment, radiation pressure, selfTRATE uses solar abundance mass fracti@splund et al.
consistent advection of metals, and metallicity-dependent2009 Draine 2011); a Haardt & Madau(2012 ionizing

cooling and photoionization heating due to a cosmological
ultraviolet background. Our simulations have a feedback
model, named RadPre LS Ifeverino et al.2014), that
differs from previous studigZolotov et al.2015. This model

spectrum is used for the ultraviolet background and assumes
ionization equilibrium. The cosmological simulations provide
HARTRATE with the hydrogen number density, kinetic
temperature, and gas metallictye., Type Il and la supernova

includes radiation pressure from infrared photons, as well agjields). The outputs from HARTRATE include the electron

photoheatinfphotoionization around young and massive stars.

density, the ionization and recombination rate coiehts,

Further details regarding the various models included in thesaonization fractions, and the number densities for all ionic

simulations can be found in Ceverino & Klyp{8009 and
Ceverino et al(2014.

species up to zinc. The software has been applied successfully
in previous workgChurchill et al.2012 2015 Kacprzak et al.

These simulations resulted in a maximum spatial resolution2012); see Churchill et a[2014) for details on the code and its

of 17 pc, a dark matter particle mass ok810* M., and a
minimum stellar particle mass of ®lBl.. The high resolution
implemented in the VELA simulations allows us to resolve the
regime in which stellar feedback overcomes the radiative
cooling (Ceverino & Klypin2009, which results in naturally
produced galactic scale oatws (Ceverino et al201Q 2016.

11

successful comparisons to CLOUDY.

The methodology of producing mock observations of quasar
sightlines through the cosmolodicGmulations is described in
detail in Churchill et al(2019 and Vander Vliet(2017. The
outputs from HARTRATE are applied to Mockspec, which
performed the mock quasar absorption analysis. Mockspec is
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publicly available in a GitHub repositofyWe ran HARTRATE 16 | I

on a smaller box size of%;, along a side centered on the dark - g
matter halo of the host galaxy and drew 1000 lines of sight L 1
within @ maximum impact parameter of R,5.

Absorption spectra with the instrumental and noise character- :
istics are generated assuming tath cell gives rise to a Voigt ° °
pro le at its line-of-sight redshifThe mock quasar sightline is E
then objectively analyzed for sdirption above the EW threshold
of 0.02A, which corresponds ttog N (O vI) = 13.55 cni>? for
b= 10kms?®. The optical-depth-weiglad median redshifts,
rest-frame EWSs and velocity dths, and column densities are
then measured from the spedsae Churchill & Vog2001). The
velocity zero-point of the simulated absorption lines is set to the
line-of-sight velocity of the simulated galafgenter of mass of
the stars For this analysis, all eight simulated galaxies are
analyzed with the disk appearing edge-on to the observer. The 3
galaxy inclination is determiderelative to the angular moment - Vi by 1
vector of cold ga$T < 10*K) within 1/ 10 of R;. The systemic 13 | —
velocity of the galaxy is determined by the dark matter particles L i
within the halo virial radius. LT R e

To examine the spatial and kinematic properties of gas 0 50 100 150 200
giving rise to OvI absorption, we identify @I absorbing gas D (kpc)
cells alc.)ng .eaCh Slght“ne as those that contribute to deteCtegigure 6. O VI column densities as a function of impact parameter. Red points
absorption in the simulated spectra. The gas cells along there observations taken from Kacprzak e(2015. Gray points are from mock
sightline are sorted into decreasing column density, and thesightiines around eight simulated galaxies as described in the text.
lowest are systematically removed until the noiseless spectrum

created by the remaining cells has an EW that is 95% of the o .
EW of the original spectrum. laments are not coplaner and tend to be in different locations

for all galaxies. We will explore the spatial distribution o¥10
in an upcoming paper. Next, we examine whether these
structures in the simulations are able to reproduce the typical
In Figure6, we show the @ column density distribution — absorption proles and kinematics seen in our observations.
from the simulations(gray) and from the observations of Figure 8 shows the same @ gas cells contributing to the
Kacprzak et al(2015 (red. We note an anticorrelation for absorption proles as seen in Figui& but now color-coded as
both the observations and simulations between the columra function of velocity in spherical coordinates vy, andv,.
density and impact parameter. There is overlap between thédere the median velocity of all the\D cells contributing to
simulated and observed column densities, while also beingthe absorption along each projection of the sightlines is shown.
consistent with previous works using simulatigitimmels The top panel has the radial velocity component showing
et al.2013 Ford et al.2016 Liang et al.2016 Oppenheimer  what speeds the @ gas is traveling directly away from or
et al. 2016 Gutcke et al2017 Suresh et al2017). Although  toward the center of the galaxy. It can be clearly seen that there
the simulations show a larger degree of scatter, which could bgg signi cant radial inow toward the galaxy center along the
driven by galaxy inclination, etc., they can still provide useful |gment structures. In this particular example, thewving gas
insight into the_ kinematics ervmg the existence ofvIO appears to have a roughly constant velocity ranging between
systems. We will explore this scatter and offsets betweens 5g and$200 km S, with potentially an increase toward

obs_ervanons and S|mulat|pns In an upcoming paper. the galaxy center. The central part of the galaxy halo has a
Figure7 shows the median @ column density distribution component that exhibits slower iow velocities of

for sightlines through the simulations for a single example 0-100 km $* and sits both near and outside of tHaments.

galaxy of VELA 27. Only the cells contributing the \O Most of the gas near the galaxy averages along the line of sight

absorption(as described in the previous secti@me shown. X X . .
The coordinate system for the example galaxy isidd so that |s_close to the systemic veIo_c_lty. We see only_a few ga_s_cells n
this example that have positive, radially aawing velocities

the disk lies in th I ith th I t vector of .
e disk lies in thexy-plane wi e angular moment vector o ranging from O to 100 k<.

cold gas along the positiveaxis. The black circle indicates the . S . .
virial radius. A somewhat sphericaMDhalo is present within The middle panel shows;, which is the rotation velocity,
40-50 kpc of the galaxy center and has almost unity covering where gas corotating with the galaxy has positive speeds and

fraction. This spherical halo around the host galaxy has columr@@s counterrotating with the galaxy has negative velocities. In

densities ranging between 10O VI) = 12.5 and 14. the inner SQ<pc, the gas is rotating in the same direction as the
Beyond 50kpc are possibly three thickaments responsible ~ galaxy having velocities between 50 and 100 krh sThis

for producing the high impact parameter absorption with corotating gas appears to be in the same plane as the edge-on

column densities decreasing to IN¢OVI) = 12.5-11. These  disk galaxy, suggesting some connection between W¥eadd

two features, halos and streams, are seen in all of our simulatedisk gas. There is also some gas withinkp@ that is near the

galaxies. Note that in this particular example galaxy the systemic_velocity and some counterrotating with speeds

<50 km $°. Beyond 50kpc, most of the gas shows little sign

7 https!/ github.contjrviiet/ mockspec of rotation, while some gas is counterrotating with a range of

—_
)l
|

log N(OVI) (cm™2)
=
‘ T
|

4.3. Results Derived from Simulations
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Figure 7. Median OvI column density spatial distribution located along sightlines drawn through an example simulated galaxy. The coordinate systensas de
that the disk lies in they-plane with the angular moment vector of cold gas along the positixis. OVI absorption cells are shown for those that contribute to the
absorption proles (see text for methodoloyyThe black circle shows the virial radius. Note that there are two to three largent structures that extend beyond
150kpc around the galaxy. The @ within the central 4&pc of the galaxy has a roughly spherical distribution.

velocities from 0 t0$150km S The dominant velocity ~ some hints of kinematic structures, such as rotation along the

component outside of Skpc is the radial component. major axis, which does differ from our observations. This could
The bottom panel shows,, which is the rate of change of be due to only having 10 sightlines from our observations, or
the angle between the vector to the gas cell andz#es, differences due to inclination angle effects. We next examine

which is aligned with the galaky angular momentum vector. the typical Ovi velocities to determine what is driving the/O
In the central region, we see positive velocities that decreas&inematic distribution within the simulations.
closer to systemic velocity with increasing impact parameter. Figure 10 shows the median @ cell velocities averaged
There are some negative velocities out in tlenents as well.  over the eight simulations shown for gas along the n{agal
We next explore the eight simulations in a statistical sense inand minor(blue) axis. The left panel shows the radial velocity
order to determine general kinematic trends and origins of thecomponent for major- and minor-axis gas along with the
OviI CGM. standard error in the mean. Gas along the major axis of the
The top panel of Figur® shows the mean stacked Voigt galaxy appears to imw toward the galaxy at high velocities at
pro le ts to the Ovi that is located along the galaxy major high impact parameter and slows to the galaxy systemic
( < 25°) and minor( < 33°) axes for our observations. velocity as it approaches the galaxy center. The largest
Note that both have similar kinematic shape and are centeredeceleration occurs within 3pc, reducing in speed from
near the galaxy systemic velocity. The major-axis gas is offsetS50 to 0 km §*. Thus, both Figure8 and10indicate that QI
by 2.5kms?* from the galaxy systemic velocity, while the gas does inow along laments and decelerates as it
minor-axis gas is offset by 28.0km's from the galaxy  approaches the galaxy.
systemic velocity. This implies that there are no strong On the other hand, minor-axis \@® is out owing out to
kinematic signatures present if ootvs and accretion are about 50kpc, and then it decelerates and falls back toward the
traced by QvI gas, or outow and accretion signatures could be galaxy. The minor-axis gas has similar radial velocities to the
hidden by a larger diffuse collection oD within the halo at major-axis gas beyond #pc, which would make it difcult to
similar velocities. identify the difference between accreting and reaccreted gas.
To compare our observations to the simulations, we select allThus, outows traced by @1 only in uence the CGM out to
absorption systems from the eight simulated galaxies that hav&0 kpc for a Milky-Way-like galaxy, and recycled owiwvs,
an EW larger than 0.4, which is roughly the observational which are a common prediction from simulations as an origin
limit of our sample. For the simulations, major-axis gas is of OvI gas, dominate at higher impact parameters. This is
de ned as having an azimuthal angle less thaf, 8ile consistent with the toy oubw models in Section3.3,
minor-axis gas has an azimuthal angle greater thanTé@se indicating that if the gas is originating from oaws, the gas
absorption systems were then combined to provide the meatas to be decelerating and possibly falling back to the galaxy.
stacked spectra shown in Fige We note that the optical Furthermore, our minor-axis observational sample contains
depths and the velocity spread between the simulations andhree galaxies with impact parameters less thap80In those
observations are similar, with some differences with thethree casegJ1241, J1555, J2253, = 0.1537% the Owvi
kinematic shape of the prte. resides to one side of the galaxy systemic velocity, so it is
The Ovi found near the major axis in the simulations possible that they exhibit signatures of gas oufs.
exhibits a possible bimodal distribution with the bulk of the = The middle panel shows the rotational angular velogity,
absorption residing near IP5km S* on each side of the  where positive velocities indicate that gas is rotating in the
galaxy systemic velocity. This signature is reminiscent of same direction as the galaxy. The major-axis gas is rotating in
corotatioaccretion predictiongStewart et al.2011 2013 the same direction as the galaxy as it infalls toward the disk.
2017 Danovich et al2015. OVI found near the minor axis in  The rotation velocity component increases within k90 and
the simulations exhibits an offset of50km ! from the becomes the dominant velocity component near the galaxy.
galaxy systemic velocity but has a similar velocity spread to theThus, we should see clear signatures of corotation in our
observations. The simulated mean stacked spectra do showbservations. The minor-axis gas may be rotating in a similar
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Figure 8.0 Vi spatial distribution located along sightlines drawn through an example simulated galaxy. The coordinate sysiethss tieat the galaxy disk lies in
the xy-plane with the angular moment vector of cold gas along the pozitixes. Ovi absorption cells are shown for those that contribute to the absorptide pro
(see text OVI gas cells are color-coded by the median velocity along the projection in spatial coordgirfaip)s v, (middle), andv, (bottom). Forv,, positive
velocities indicate gas corotation with the same direction as the galaxy, which occurgl fga®within 25kpc of this example galaxy. Note both the sigmint
radial in ow along the laments and the corotating\@ near the galaxy disk.

direction within 25kpc, but then it scatters around zero, 5. Discussion

showing little sign of following the direction of galaxy rotation.
The right panel shows the polar velocity, which is the rate of

change of the angle between the vector to the cell andakis,

which is aligned with the galaky angular momentum Vector.  — \jiejsen et al(2017 attempted to address the origins of the
This is the lowest velocity coropent for the major-axis gas, gy absorption by examining their kinematic pies. The
showing that this gas is primarily infalling, corotating, and not oy ahsorption veiocity spread is more extended than for Mg
mixing very much azimuthally. The minor-axis gas has roughly apsorption, suggesting that the two ions trace different parts of
zero polar velocity within 5@pc and beyond 12Epc. Between  the CGM. Furthermore, in contrast to Mgwhich shows

50 and 12%pc, the gas begins to have negative velocities. This gifferent kinematics as a function of galaxy color, inclination,
occurs over the same impact parameter range where the radighd azimuthal angle, @ is kinematically homogeneous
velocity of the minor-axis gas transitions from awing regardless of galaxy property. This is consistent with our
accelerating velocities to deaeltng and accreting velocities, results, where, unlike Mg, we do not nd any clear kinematic
indicating a change in the behavior of the kinematics of minor- signature of corotatidmccretion or signatures of dative

axis OvI gas. This is a signature of thevOreturning back to the  out owing gas relative to the host galaxyvOfound along the
disk plane of the galaxy. Overall the dominant minor-axis velocity major axis of galaxies tends to span the entire rotation curve of
component is radial, be it owwing or accreting. their host galaxy, with the averagevO major-axis spectra

The amount of Qv surrounding galaxies is sigmiant, and
we are just beginning to understand the role ofi Gn the
CGM and its origins.
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512 3 accelerated ows (Bouché et al2012 Bordoloi et al.2014
E oé 3 3 Schroetter et al.201§. However, these observed VO
So6F 3 kinematics are consistent with simulations having predicted
g 0.4 — — that a possible origin of @ is from ancient outows, which
3 0-2 =, Minoraxis - Observations would eventually fall back to the galag.g., Ford et a014
-400 -200 0 200 400 2016 Oppenheimer et aR016§. Hence, it is possible that we
Velocity (km/s) are seeing the kinematic signatures of the gas recycling from
12 ‘ —— ‘ ————— ancient outows. .
.................................................. R AN Our simulations show that @ can be found in |amentary

structures and within oubw winds as seen in Figuré The

OVI has_a radial velocity ow toward the galaxy starting at
§80km St at 200kpc and reduces in speed as it approaches
oy the galaxy along with major ax{see Figuré.0). The rotational
speed of the infalling gas also increases as it approaches the
galaxy and shows little sign of azimuthal mixing as indicated
by the low polar velocities. Wend that minor-axis @I

out ows of a modest velocity of 50 kri occur within the
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EOZS E rst 50kpc and then decelerate and begin to fall back onto
204 Minor axis — Simulations 3 the galaxy(as indicated by th&50 km $’* polar velocities
go-i N These gas ows appear quite obvious within the simulations,
-400 -200 0 200 400 but the simulations contain a wealth of information and
Velocity (km/s) thousands of lines of sight, so we typically show velocity
Figure 9. Top: average observational\® spectra of 10 sightlines along both ~ medians and median column densities, but this is not how we
the major(gray) and minor(black axes of our sampl¢see Sectio). Both observe Q1 in reality. What we normally observe is integrated

absorption proles have similar line shapes and kinematics and are centered, i : : : :
near the galaxy systemic velocity. Middle: observational @Gnajor-axis velocities and optical depths, which are quite different from

average spectrum shown along with the average spectrum from the simulation§€dian values.
for major-axis OvI absorption. The simulated galaxy major axis isrde as In Figure 11, we show the histograms of the radial,
having an azimuthal angle less than® 3@ith absorption systems with  rotational, and polar velocities from the eight simulations.
equivalent widths of 0.2A. The simulated spectra were computed using all We de ne two sets of data. In the top panel we selet @as
sightlines along the major axis of all eight simulated galaxies. Bottom: L ) . ’
observational &I minor-axis average spectrum shown along with the average ceII_s W|th_|n a cone of a hal_f-openlng angle of z0ound _the
spectrum from the simulations for minor-axis gas having an azimuthal anglemajor axis and a half-opening angle of’ 4Found the minor
greater than 40for absorption systems having equivalent widths 6f2A. axis, over all impact parameters, and show the velocity
Note that the optical depths are similar between the observations andh|stogram of gas. Both major_ and minor-axis gas peaks at
simulations, while they differ in their kinematic pfes. negative radial velocities since major-axis gasoiwing along
laments and the minor-axis gas is infalling back to the galaxy,

centered at the galaxy systemic veloc{only offset by with some additional power at positive velocities for the minor-
2.5km 1) and spanning roughl 200 km s'*. Only one of axis out owing gas. For rotational velocity the major-axis gas
the OvI major-axis systems could be explained by a corotation Peaks at positive velocities since it is rotating in the same
model. Overall, roughly 50% of the @ optical depth can be  direction as the galaxy, while minor-axis gas has a bimodal
found to either side of the galaxy rotation curve with no distribution exhibiting both co- and counterrotating velocities.
preference for rotation direction. It is still plausible that some of The major-axis gas also exhibits a peak at systemic polar
the OvI could be rotating in the same direction as the galaxy; velocity, while minor-axis gas peaks at negative velocities,
we just have no way of differentiating that component relative indicating that gas can be accreting back onto the galaxy.
to the rest of the ®I. In the bottom panel of Figurél, we show a histogram of
We further nd that the /1 along the minor axis of galaxies ~ Vvelocities for all the Qi gas cells along the quasar sightlines
does not show clear signs of corotation, with only 3 of 10 through the entire galaxy halo. Note that sigaint kinematic
systems that have relative galaxy and gas kinematics that cafeatures become lost and major-axis gas and minor-axis gas
be modeled well with a corotation model. The remainder of the have similar velocity structures, which is what we see in our
systems have the bulk of the gas counterrotating with respect t@bservations shown in Figu& The stronger radial oubw
the galaxy. Maybe this is not so surprising given that the gas iscomponent becomes lost along with the co- and counterrotating
not located in the plane of the disk, but off-axis corotation is gas. Both major-axis gas and minor-axis gas have similar

still common for Mgl absorberge.g., Kacprzak et ak010). distributions in all velocity components. This implies that gas
We further apply simple oubw models in an attempt to  all along the quasar sightlines through the entire halo conspires
constrain the probability of oubws driving the observed @ to line up in velocity, masking any signatures of gasvs.

kinematics. Interestingly, wend that accelerating outws can Hence, although it is likely that there is some fraction of the
only occur when opening angles are small. The remainder ofobserved (VI that could be tracing accretion and amws, we

the parameter space has thei@ecelerating and falling back are unable to quantify this with our observations.

on the galaxy. This could be why in the stacked minor axis Although Kacprzak et al(2015 reported that the spatial
OVI pro les only have a systematic offset of 28 K from OvI azimuthal dependence is a result of gas major-axis-fed
the galaxy systemic velocity. Again, this would be kinemati- in owd recycled gas and minor-axis-driven oms, it is
cally different compared to what is seen for Mgvhere, over  impossible to conrm this using the kinematics of @ alone.

a similar impact parameter range, Mgyas tends to have Furthermore, Nielsen et 2017 postulated that the higher
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Figure 10. Median OvI velocities averaged over the eight simulations shown for the major axis and minor axis. Major-axis gasdsadéhaving an azimuthal
angle less than 3pwhile minor-axis gas has an azimuthal angle greater tharrie left panel shows the radial velocity for major- and minor-axis gas in red and
blue, respectively, along with the standard error in the mean. The middle panel shows the rotational angular velocity where positive velieit®gl iges
rotating in the same direction as the galaxy. The right panel shows the polar velocity, which is the rate of change of the angle between the \edictordtohihe ¢
z-axis, which is aligned with the galabsyangular momentum vector.
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galaxy. It might be further complicated by the fact that the
simulations predict that collisional ionized/Ois dominant in the
central regions of haloginside 0.R;—0.3R;), while photo-
ionization is more signcant at the outskirts arouri};, (Roca-
Fabrega et aR018. It is likely that Ovi is more indicative of the
thermal motions of the gas probing the temperature of the dark
matter halogOppenheimer et a2016 Roca-Fabrega et &018,
though this remains highly dekdt A halo mass dependence has
been directly observed for ¥ (Pointon et al.2017 Ng et al.
2019, lending credence to the thermal temperature model.

6. Conclusions

We have constructed a subsample from Kacprzak @19
of 20 OvI absorption system@EW > 0.1A) associated with
isolated galaxies that have accurate spectroscopic redshifts and
rotation curves obtained from Ke&dkSI. Given the observed
OvI azimuthal angle bimodalitfKacprzak et al2015, our
sample is split into two azimuthal angle bins described as major-
axis( < 25°) and minor-axi§ > 33°) samples. Our results
are summarized as follows:

1. The OvI absorption found along the major axisithin

Figure 11. Histograms of the radial and rotational velocities from the eight
simulations. Top: we select gas cells within a cone of an opening asgfe
around the major axis angl50° around the minor axis showing the velocity
histogram of gas that is likely infalling and oowing. We choose these
regions in order to select gas likely only associated with gass. Bottom:
histogram of the velocities for all the gas cells along the quasar sightlines
through the entire halo, selecting all gas though the halo showing the full range
of velocities being intercepted. Note that sigmaint kinematic features become
lost and that there is a lot of gas at similar velocities aligning along both the
major and minor axes.

column densities found near the major and minor axes of

galaxies, as traced by Migabsorption, my provide a shield

such that /1 is not so easily further ionized as it would be at

intermediate azimuthal angles. This would naturally produce an

azimuthal dependence withoutVvO being directly linked to

out ows and accretion. Disentangling these two ideas will

require much more investigation using multiphase gas tracers.
Overall, although the simulations indicate thati@ present in

in owing and outowing gas, observatially it seems that @I is

not ideal to use as a kinematic tracer of gaw/s within the

16

= 25°) of their host galaxy does not show any

signi cant correlation with galaxy rotation andvO
kinematics. Only one system can be explained by the
simple rotatiohaccretion model. This is in contrast to
corotation commonly observed for Ng absorption
systems. The ®I absorption kinematics span the entire
dynamical range of their host galaxies and have a relative
velocity offset of only 2.5km¥ from the galaxy
systemic velocity.

2. The Ovi found along the minor axis of galaxies

(> 33) could be modeled by oubws. Simple models

show that only over a small parameter sp@déh small

opening anglescan Ovi be accelerating in oubws. The

rest of the time the gas must be decelerating and getting

recycled, which is consistent with simulations, The

absorption redshift has a velocity offset of 28.0Rrh's

relative to the host galaxy systemic velocity.

3D visualization of our simulations shows thatiQOs

contained in laments and in a spherical halo 050 kpc

in size surrounding the host galaxy. This implies that we

3.
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should see kinematic signatures ofviOwithin the the award of a Future Fellowsh{pT14010093B G.G.K. and
simulations. N.M.N. acknowledge the support of the Australian Research
4. The Ovi abso.rption_lines created from. sightlines passing Council through a Discovery Project DP170103470. C.W.C. and
through the simulations along the major and minor axes J.C.C. are supported by NASA through grants HST GO-13398
have similar optical depths and velocity widths and differ from the Space Telescope Science Institute, which is operated by
only in kinematic shape. This difference is likely the Association of Universities for Research in Astronomy, Inc.,
attributed to differences in galaxy properties such asynder NASA contract NAS5-26555. C.W.C. and J.C.C. are
inclination. _ o further supported by NSF AST-1517816. S.M. acknowledges
5. All Ovi identi ed in the simulated sightlines along the 561t from the ERC grant 278594-GasAroundGalaxies. D.C.
major axis have kinematics consistent with gas accretion,an funded by the ERC Advanced Grant, STARLIGHT:
ﬁloosr;g ;"’I‘g(entsi’nfgm'ﬁh dzc;el;lr;t)e %?attgiyiﬁpﬁzgaggr;heeFormation of the First Staf®roject no. 339177 The VELA
ost ¢ Y. 949 X ) ; - simulations were performed at the National Energy Research
direction as the galaxy and increases in velocity as it Scienti ¢ Computing CentefNERSQ at Lawrence Berkeley
Zggrrgt?gr:]es the galaxy. Thus, VD can trace gas National Laboratory and at NASA Advanced Supercomputing
: (NAS) at NASA Ames Research Center. Most of the data

6. All O VI identi ed in the simulated sightlines along the )
minor show that outws only have positive velocities presented here were obtained at the W. M. Keck Observatory,

within the inner 5675kpc, where they eventually which is operated as a sciemti partnership among the
decelerate and fall back in at arou880 km S, California Institute of Technology, the University of California,

7. The kinematic signatures inetisimulations are quite clear and the National Aeronautics and Space Administration. The
when computing median velocities and column densities. Observatory was made possible by the generawancial
However, when we comparbese to apparent kinematic support of the W. M. Keck Foundation. Observations were
signatures integrated along lines of sight, we that strong ~ supported by Swinburne Keck programs 2016A_WO56E,
gas kinematic signatures are washed out owing to existing2015B_WO018E, 2014A W178E, and 2014B_WO18E. The
velocity structure from all the different structures through authors wish to recognize and acknowledge the very signt
the halo and the diffuse gas between them. cultural role and reverence that the summit of Maunakea has

always had within the indigenous Hawaiian community. We are

to not serve as a useful kinematic indicator of ongoing gasmOSt fortunate to have the opportunity to _conduct obser_vations
accretion, outows, or star formation. lons such as MgSill, from this mountain. Based on observatlons_ made with the
and Cal have all indicated that they are better tracers of gasNASA/ ESA Hubble Space Telescopmd obtained from the
kinematics even over the same kolumn density range as Hubble Legacy Archive, which is a collaboration between

OVI. Ng et al.(2019 and Pointon et al(2017) show clear  the Space Telescope Science Inst{B#Scl NASA), the Space

evidence that @1 is halo mass dependent, efently probing ~ Telescope European Coordinating Fac(#{-ECF ESA), and

the viral temperature of the halo as predicted in the simulationghe Canadian Astronomy Data Cen@ADC/ NRC/ CSA).

(Oppenheimer et 2016 Roca-Fabrega et #1018. Although Facilities: Keck Il (ESI) HST(COS, WFPC2, ACS, WFQ3

OVI can trace interesting phenomena within galaxy halos, this

is masked by all the diffuse gas found ubiquitously within the

halos at velocities of + 200 km $*. The interest in @I has Appendix A

increased in recent years owing to the ease with which it can be Major-axis Sample

simulated in cosmological simulations and fré#sT COS o
initiatives, but we must now turn more of our efforts to Here we show 10 systems where the/iCabsorption is

simulating the cool CGM in order to place reasonable gasdetected within 250f the galaxy major axis in Figurd2-16.

physics constraints on galaxy growth and evolution. We present the data used in this analysis, which indH@ig
COS OvI absorption spectr&STimaging of the quasar and

We thank Roberto AvilgSTSc) for his help and advice galaxy eld, and KeckESI spectra for each galaxy to derive
with modeling PSFs with ACS and WFC3. G.G.K. acknowl- their rotation curves. We further present a simple rotating disk
edges the support of the Australian Research Council throughmodel as described in Secti@r.

Although we do not know the true origins of\@ it appears
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Figure 12. Same as Figure—HSTimages and galaxy rotation curves presented for tedds where the quasar sightline aligns with the gatamajor axis. Top
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the slit indicate slit direction in positive and negative arcseconds, respectively, Wisede Ged as the galaxy center. Left= 0.3570 galaxy rotation curve and the

HST COS Ovi A1031 absorption prde shown with respect to the galaxy systemic velocity. The panel below ¥helorption is a simple disk rotation model
computed using Equatiqi), which is a function of the galaxy rotation speed and orientation with respect to the quasar sightline. The J0351 galaxy is rotating in the
same direction as the absorption; however, the velocity range covered by the model is not consistent with the entire range covered by theoalesdptiompr

middle: same as the top middle panel, except for the J0914 quedand for the targeted galaxyzat 0.2443. Right: same as the left panel, except for0.2443

in the J0914 quasarrld. Note here that the @ absorption is consistent with being counterrotating with respect to the galaxy, and again the model leganinsuf
velocities to account for all the absorption kinematics. In both cases disk rotation does not reproduce the observed absorption velocities.
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Figure 13.Same as Figurg2, except that the top middle and left panels are for the JO8KI3with thez = 0.3531 galaxy and the bottom middle and right panels are
for the J0950 eld with thez = 0.2119 galaxy. The J0943= 0.3531 galaxy has a rotation velocity that matches the observedli3orption kinematics. The J0950
z= 0.2119 galaxy is counterrotating with respect to the bulk of tive &sorption.
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Figure 16.Same as Figurg2, except the top middle and left panels are for the J2&B1 with thez = 0.4302 galaxy and the bottom middle and right panels are for
the J2253 eld with thez = 0.3900 galaxy. Both galaxies here are counterrotating with respect to the bulk o¥/treb&brption.
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Figure 17.Same as Figurg2, except the top middle and left panels are for the J1@Rbwith thez = 0.3985 galaxy and the bottom middle and right panels are for
the J0456 eld with thez = 0.3815 galaxy. For the J1025= 0.3985 galaxy, the @I has a large velocity spread that extends opposite to the rotational direction of
the galaxy. The JO456= 0.3815 galaxy is counterrotating with respect to the bulk of tive &bsorption.
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