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ABSTRACT

We present observations of 50 pairs of redshift z = (.2 star-forming galaxies and background quasars.
These sightlines probe the circumgalactic medium (CGM) out to half the virial radius, and we describe
the circumgalactic gas kinematics relative to the reference frame defined by the galactic disks. We
detect halo gas in Mg IT absorption, measure the equivalent-width-weighted Doppler shifts relative to
each galaxy, and find that the CGM has a component of angular momentum that is aligned with the
galactic disk. No net counter-rotation of the CGM is detected within 45° of the major axis at any
impact parameter. The velocity offset of the circumgalactic gas correlates with the projected rotation
speed in the disk plane out to disk radii of roughly 70 kpe. We confirm previous claims that the Mg 11
absorption becomes stronger near the galactic minor axis and show that the equivalent width correlates
with the velocity range of the absorption. We cannot directly measure the location of any absorber
along the sightline, but we explore the hypothesis that individual velocity components can be associated
with eas orbitine in the disk plane or fowine radially outward in a conical outfow. We conclude that



Bbibopka: 50 nap ranaktuka-kBasap

the sample to z > 0.15 galaxies in order to redshift the

Mg IT AA2796, 2803 doublet longward of the atmospheric

limit. We also chose low redshift galaxies because we
ranted to spatially resolve morphological features.

These star-forming galaxies have a median redshift
of z = (.21 so they are fainter than the Sloan Digi-
tal Sky Survey DR9 (SDSS,Ahn et al. (2012)) spectro-
scopic sample. We used photometric redshifts to select
the galaxies but then measured spectroscopic redshifts
from our new spectra. These redshift revisions mean
that our selection criteria are not strict Limits.

Passive, red galaxies were excluded from the galaxy
sample using a color cut M, — M, < 2.0 (Schawinski
et al. 2014). We rejected galaxies with disks observed
face-on by requiring the SDSS r-band semi-minor axis to
be less than (.71 times the length of the semi-major axis.
We later obtained higher resolution imaging and revised
the disk inclination and position angle measurements for
a few galaxies.

Our target galaxies are the subset of this sample with
a background quasar brighter than u = 18.5 and impact
parameters b < 100 kpc, corresponding to 10-50% of the
halo virial radius. We inspected the SDSS DR9 spectra
of these quasars, eliminating a few Lyman-limit systems
and misidentified stars, and obtained a parent sample
of galaxy — quasar pairs. Our observational campaign
nrioritized pairs with & < 60 kpe.
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Figure 6. Rest-frame equivalent width of Mg II 2796 ver-
sus impact parameter. Absorption strength declines with
the distance of the sightline from the galaxy, consistent with
previous studies. For comparison, the black line shows the
maximum likelihood fit from Nielsen et al. (2013); the shaded
region shows the root-mean-square variation between this fit
and their sample.
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Figure 7. Top: Doppler shifts of Mg II systems in quasar
sightlines. The location of each sightline is plotted relative
to the projected plane of the galactic disk on the sky. The
redshifted side of the major axis has been aligned with the
positive x-axis of the coordinate system. The colorbar de-
scribes corotation (red), counter rotation (blue), and sys-
temic absorption (white). Sightlines without Mg Il detec-
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Figure 10. Velocity range of Mg II absorption versus rest-
frame equivalent width of Mg 11 2796. The grayscale identi-
fies the impact parameter of each sightline. The Spearman
rank-order correlation coefficient is rs = 0.82 (4.3¢), indicat-
ing a significant correlation.
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Figure 12. Absorption strength vs. azimuthal angle. We
have scaled the symbol size by the equivalent width, illustrat-
ing the very strong absorbers (W, = 1.0 A), strong absorbers
(0.3 < W, < 1.0 A), and optically thin absorbers (W, < 0.3
A) Many of the very strong absorbers were found in low im-
pact parameter sightlines near the major axis, so they may
intersect extended disks. The strong absorbers confirm the
established trend that absorption strength increases near the
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Figure 16. Coordinate system describing the three-
dimensional geometry of a galactic disk and bipolar outflow.
The outflow is radial in a cone perpendicular to the disk.
Clouds of low-ionization gas could populate the interior of
the cone or be concentrated along its surface. The angular
momentum vector of the disk defines the direction of the z-
axis. The angle between the z-axis and the cone defines the
outflow opening angle, O0.. The positive x-axis corresponds
to the receding side of the major axis. A quasar sightline lies
in a plane at * = xy. The intersection of this plane with
the outflow cone defines a parabola. The observer lies at a
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Figure 18. Examples of galaxies oriented in ways that pro-
duce outflow and disk plane combonents which can be easilv
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New Constraints on Models for Circumgalactic Gas Inflow: How Do Galaxies Get Their GGas at Low Redshi:
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ABSTRACT

We constrain gas inflow speeds in several star-forming galaxies having color gradients consistent with
inside-out disk growth. Our method combines new measurements of disk orientation with previously
described circumgalactic absorption in background quasar spectra. Two quantities, a position angle
and an axis ratio, describe the projected shape of each galactic disk on the sky, leaving an ambiguity
about which side of the minor axis is tipped toward the observer. This degeneracy regarding the
3D orientation of disks has compromised previous efforts to measure gas inflow speeds. We present
HST and Keck/LGSAO imaging that resolves spiral structure in redshift z ~ 0.2 galaxies. We then
determine the sign of the disk inclination, under the assumption that the spiral arms trail the rotation.
Using the measured rotation curve, we then model the projection of both radial infall in the disk plane
and circular orbits onto each quasar sightline. We compare the resulting line-of-sight velocities to the
observed velocity range of Mg II absorption in quasar spectra. We find maximum radial inflow speeds
of 30-40 km s~ ! in two sightlines. We also rule out a velocity component from radial inflow in one
sightline, suggesting that the structures feeding gas to these disks do not have unity covering factor
(even within 30° of the major axis and low impact parameters). We recommend appropriate selection
criteria for building larger samples of galaxy — quasar pairs that produce orientations sensitive to
constraining inflow properties.
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Table 2. Target Information and Summary of Spectroscopic Measurements

Chiasar Name Galaxy Name i 7] x Zgal b W/ 2728 'e,'gg‘ L Avargs ._"u'?;(ﬁ}' Urot
S I (kpc) (A) (km s—1) (lkm s~ 1) (km s—1) (km s~ 1)
(1) (2) B8 @ () (8 (7) (8) (9) (10) (11) (12)
J091954+291408 J091954+291345 73 23.1 15 0.23288 88  0.527007 13744 [-51, 292 7, 235] 250
0.2279%  _154+9  [-266, —8]  [—208, —66) .

J102907+421752 J102907+421737 50 154 19 0.26238 65 0.12700% 53115  [-134, 34] [-76, —24] 155
J1230494-071036 J123049+071050 38 17.7 4 0.39946 98 0.08T007 -—914£34" [-172, —21] [-115, —79] 190
J124601+173156 J124601+173152 63 4.5 11 0.26897 19 0317008 200411 [-404, —200] [-314, —290] 60
J142501+382100 J142459+382113 61 23.2 8 0.21205 83  0.24T)3 87 [—128, 221] [—37, 130] 190

We attribute this blue, weak absorption component to a red galaxy within the group. See Paper I or Section 3 for details.

bThe absorption system falls in a part of the LRIS spectrum without arclamp lines. Extrapolation of the dispersion solution adds an

additional error term of 34 km s~ on top of the measurement error.

NoTE— (1) Name of the quasar. (2) Name of the galaxy. (3) Inclination of the galactic disk. (4) Angular separation between the galaxy and
the quasar. (5) Azimuthal angle, the angle between the galaxcy major axis and the quasar sightline. (6) Galaxy systemic redshift measured
from emission lines. (7) Sightline impact parameter. (8) Rest-frame equivalent width of Mg 11 A2796. (9) Mg II Doppler shift measured from
line profile fitting. (10) Measured velocity range. (11) Intrinsic velocity range (corrected for the line broadening effect due to the instrumental

resolution). (12) Asymptotic galaxy rotation speed.
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Figure 7. J1020074+421737: Dhsk tilt helps tighten constraint on radial inflow speed. The spiral arms become prominent
after processing the WEFCS F390W image as shown in Figure 2. The vellow arrow points to the quasar sightline position, The
schematic disk diagram illustrates the wrapping direction of the spiral arms, the sense of disk rotation, and the deduced sign of
disk inclination. A rotating disk (left) can produce absorption that marginally matches the observed LOS velocity range within
measurement uncertainties. Disks with positive (middle) and negative (right) inclination allow maximum radial infow speeds
of 40 km =71 and 80 km 571 respectively. Otherwise, the absorption becomes too blue or not blue enongh at the disk midplane.

With the inferred disk inclination being positive, the radial inflow speed cannot exceed 40 km 71,
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Figure 8. JU91954+4291345: Disk tilt helps tighten constraint on radial inflow speed. The K. galaxy image clearly shows the
spiral arms, Together with the disk rotation, we deduce the disk as negatively inclined (see the schematic diagram). A rotating
disk marginally reproduces the LOS velocity range of the absorption (left). Disks with positive (middle) and negative (right)
inclination allow maximum radial inflow speeds of 140 km 57" and 30 km 57" respectively. Otherwise, the absorption becomes
too red or not red enough at the disk midplane. Hence, deducing the disk as negatively inclined limits the inflow speed to

30 km s71,
Hop of 10 kpe and an exceptionally high radial inflow the radial inflow speeds permitted by the model largely
speed of 480 km s~1. However, the disk is positively in- overlap, Therefore, knowing the disk tilt cannot tighten

clined A roatating Jdigk already oradoees hlier absorm- the constraint on the infAoer sneed
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Figure 9. J1424594382113: Disk tilt excludes radial inflow detection. Both WFC3 F390W and F814W images show the spira
arms. Disk rotation alone (left) cannot reproduce the broad absorption that spans both sides of the galaxy sys
and the rotation produces bluer absorption at the disk midplane than measured. Only a negatively inclined disk (right) car
reproduce the LOS velocity range. However, the disk is positively inclined (see the schematic diagram). Introducing radia
inflow produces even bluer net absorption (middle) than a rotating disk (left) at the midplane. We demonstrate this problen
using a fiducial inflow speed of 100 km s™'. Hence, the positively inclined disk of this galaxy excludes the detection of radia
inflow in the sightline.

temic velocity

Figure 11. Three-color images of two disk galaxies. The
color images are created by combining images in the WFC?
F390W (blue), WFC3 F814W (green), and NIRC2 K (red)
bands. For J1029074+421737, our target galaxy (z=0.26238)
is on the left, and the galaxy on the right (z=0.18469)
does not form a group with our galaxy. The disks of both
J142459+4+-382113 and J102907+4+421737 are more extended in
bluer bands, which imply each outer disk has a younger stel-
lar population and a lower metallicity.
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Fiekd and absorber Galaxy 1D Coordinate b A fiony Note
() @ (B @ (5)

Field: JO103p1332 2z, = 0.788  gal 0T88_3.25 01:03:32.37 +13:32:36.1 20 61 7.2+0.1

Field: JO145p1056 2,5, — 0.554 gal 0554 3 52 01:15:13.28 +10:56:28.8 22 97 32101

Field: JOS00p1849 z,. = 0.608  gal 0608_10_108  08:00:05.20 +18:49:32.6 65 -12 26.0=1.0 a
gal BO8_19_140 08:00:05.41 +18:49:20.5 129  -419 = b
gal 608 23_163 08:00:05.03 +18:49:13.1 155 -278 1.06 = 0.04
gal BO8_27_322 08:00:03.37 +18:49:56.6 184 -60 0.5 0.1
gal 608_30_144 08:00:05.79 +18:49:10.9 201 6 0.7 0.1

Field: J1039p0714 z.h. = 0.949  gal 0949 _6_324 10:39:36.42 +07:14:32.4 49 141 0.5 +0.1
gal 09499 344 10:39:36.48 +07:14:36.1 T2 111 31101 [

Field: J1107p1021 2,50 — 1.048 gal 1048 5359 11074271 +10:21:31.4 41 -45 38101

Field: J1236p0725 zape = 0.912  gal 0912 2 246 12:36:24.25 +07:25:50.8 17 34 8.7 +0.6

Field: J1358p1145 2., — 1.418 gal 1418.3.291  13:58:00.26 +11:45:59.2 30 60 148 +0.1 a
gal 1418 5 238 13:58:09.22 +11:45:55.1 40  -186 1.4+0.1

Field: J1509p1506 z,h. = 1.046 gal 1046_2 351 15:09:00.10 +15:06:36.5 13 68 5.4+0.2

Field: J2152p0625 z,,. = 1.053 gal 1053_6.57 21:52:00.36 +06:25:19.7 49 -G8 11.4 £0.3
gal 1053_23_341 21:51:50.54 +06:25:38.4 187 6 5.7 £0.2

Table 3. Absorber-galaxy identification. Primary galaxies are indicated in bold. (1) ID. The first number in the 1D indicates the
absorber redshift, the second the impact parameter in arcsec, and the third the position angle between quasar and galaxy in degrees. (2)
Right ascension and Declination of galaxy (hh:mm:ss dd:mm:ss; J2000); (3) Impact parameter [kpel; (4) Velocity offset between absorber
redshift, z,pe, and redshift of galaxy, z.4) lkm s~ 1]; (5) [O11] Aux in units of 10717 Lem—2

ergs” as obtained from the 1D line flux (Auxes

are measured in large SErtructor MAG_AUTO apertures, but not aperture corrected).

Note. a) blend w. foreground galaxy; b) passive HK; ¢) aligned with minor axis to quasar; d) At this redshift Ca H&EK falls outside of
the MUSE wavelength range and our automatic detection would miss quiescent galaxies without any residual [O11] line emission. As an
alternative, we checked here for stellar Mgi1 A2796, 2803 absorption, but did not find any additional candidates.
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ID  Ewmas(B-V) FEspp(B—-V) SFRioq2 SFRiows  SFRsep M, 3(MS) 505 B

(1) (2) (3) (4) (5) (6) (7) (8) (9)  (10)
J0103p1332 022705 0.007 500 31T g.9%, > QRTS GBS T 556 -19.6
J0145p1056 g:231 029 i 8. T 0.80.2 g0 15 gty —gastial  aTasy 192
JO800p1849 0.18=0.00 n.os]fﬁ;%‘f 4.6+1.0 ph e 1.f1f‘f‘,f: 9.5i‘?,;ﬁ AT 83x7  -20.0
J1039p0714 0.21+0.09 D hRere 1128192, 1mg2tdl-e  gytde  pantlad 14m <204
J1107p1021 g.agto 2 0.261%:'.1,?; 49%37 4.3%:2 .:_3;*“; 1D.Dt[[ﬁ 0.0675:35 134x14  -206
J1236p0725 gaagtys gpat iy 1pgt¥e  dggties g tGElA g ptds  gadddlS  ae4ar 208
J1358p1145 n.zﬁf‘?,;}% n.zﬁfﬁ;[‘,; DT o pRigTh 2 mreTlEY  09uns n.mfﬁ;g"; 48+1  -22.0
J1509p1506 0.14=0.09 57 R Af+0.8 43210 amellf  garde pEtYe® eRie 202
J2152p0625 0347124 0.:131’[%3};“; 18125 srates oo qiEe  gpath o.agf{’,;ﬁ 125+13  -21.2

Table 5. Physical parameters of the galaxies as obtained from the [OIl] emission line luxes and SED fitting. (2) Nebular E(B — V)
estimated from stellar mass (Eq. (1)): (3) nebular E(B — V) as obtained from SED fitting (see §5.2); (4) [O11] based SFR [Mg yr—!]
from Eq. (2) and assuming Eyae(B — V) as extinetion; (5) Same as in 4, but using Esgp(8 — V') as extinction estimate; (6) In-
stantaneous SFR [Mg, yr—1!] directly from SED fit; (7) Stellar mass [log,,(Mg)] from SED fit; (8) Distance from the Main Sequence
(log(sSFR(Obs) /sSFR(MS)). The observed sSFR was calculated using columns 4) and 7); (9) So5 = (0.5v2,, + r:rﬁ]“'ﬁ flkem s~1] (10)
rest-frame B absolute magnitude calculated from best fit-SED model [mag].
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Figure 1. Assumed geometry of the cold CGM. Left: CGM
geometry as observed on the sky-plane, where rgy, is without
loss of generality aligned with the disk’s projected major axis.
The impact parameter b and the azimuthal angle o are the polar
coordinates of the background quasar (orange) on the sky-plane.
Right: Same geometry as seen from the side, where zg., is along
the line-of-sight. i is the inclination of the disk on the sky.

(iv) The primary galaxy is not a clear merger and does
not have strong AGN signatures.
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25 E
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@ Accretion cases 0.5 —
@  All primary galaxies
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Figure 2. Distribution of the MEGAFLOW primary Mgll host
galaxies (see §4.2). In the upper part the o histogram is shown for

0

201

[Ol]

the points in the o — i plane below. The colour-scale indicates the
[O11] Aux of the galaxies. The nine points circled in green within
the cyan boundaries are suitable (as in §4.3) candidates for this
study. One galaxy in the selection region is excluded as it is an
AGN (red cross). Two of the 45 primary galaxies are omitted in
the o histogram, as we could not obtain robust o for those. Four
further primary galaxies are not included in the lower panel, as
we could not obtain robust inclinations.
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Figure 3. Same galaxies as in Fig. 2, but here shown in the
impact parameter vs a diagram. The grey-scale indicates here
the inclination. The two objects at b = 50kpc are overlapping.
For an explanation of the red cross see Fig. 2.
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Figure 7. Mgn AZFE ateorption comparsd to galaxy rotation for cach of the nine golaxics-ahsorher pairs of this study, Galaxy-absorber
pairg can Lo identibBed by mstching coloam (a8 in ke A) The ey sectical Lo represent he Dg i AZT0E probile wheee the ki
regions indicate wore absorption, and shifted in che cdivection when they wonld o P The stars indicnte the peak of the Mgt prafile
[see B5.5]. The solid lines represent the rotation curves (ab the observed inclinntion), as obtained from che Al 0| fies, aned
wemsured along the galaxy major axis, The top panel shows the kioematics as o function of npact pars ter b, oot galacto-centric
ditanee. The bottom pand shows the same as in the upper panel, bat here b aml 1, bave been pormalized by v and v siné,
rempectively, The colowred Gold vertical bar indicate the impact of the uncertainties Tor oy, sind on the pormalieed peak absorption
veloeity, The colowred borizontal b iodicate the velocity expectesd oo exteapolating the rotating galaxy disk out do the galacto-contric
radins of the quasar sight-line asuming a thin disk and rotation with 2,5
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Figure 8. Average absorption profile for our sample of nine galaxy-absorber pairs. The Mgl stack was obtained by caleulating the mean
of the profiles shown in the lower panel of Fig. 7. The stacks for Mg1 and Fell were obtained in an identical way. As in Fig. 7, for those pairs
where the galaxy-rotation was blue-shifted towards the quasar sight-line, we flipped both galaxy and absorber velocities. Consequently,
all co-rotation has positive velocities in these stacks (salmon), while all counter-rotating gas has negative velocities (light-blue).
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Figure 9. Tangential velocity v, inferred from wy,. under the
assumption that the gas is on })1.11'(: circular orbits in the disk
plane. For gas on stable circular orbits the expectation is that
vy A vyip. The two cases at the extreme ends of the vy /vy,
distribution (J1107 cyan; J1509 purple, indicated by an arrow as
outside of plot range) have both the highest a’s and inclinations
among our nine galaxy-absorber pairs. The values of the plotted
points are listed in Table C4 of the Supplementary Appendix.

6.3 Disk with angular and radial motion - Cold
accretion disks
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Figure 10. Rotation velocities, vy, inferred from measured vy,
under the assumption of a radial velocity component with v, =
—0.6v,; and co-rotation with the galaxy for each of the nine
absorbers. There can be up to two solutions per absorber. The
projected LOS components of vy and vy have the same sign for
solutions indicated by stars, while they have opposite signs for
solutions indicate by diamonds. The lines indicate different spin
parameters (A, see Eq. (12)), with their values indicated in the
legend. The values of the plotted points are listed in Table C4 of
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Figure 11. DMass inflow rate estimated from Mgill equivalent
width plotted against SFR estimate obtained from [O11] flux cor-
rected for reddening using the E(B — V') estimate based on the
Garn & Best (2010) M.-extinction relation. The dashed line rep-
resents a 1:1 relation. The dotted lines represent deviations from
the 1:1 correspondence by a factor five.



