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ABSTRACT

The region surrounding galaxies, often called the circumgalactic medium (CGM), contains informa-
tion on gas flows around galaxies, such as accretion and supernova-driven winds. Recent absorption
line studies of the CGM have revealed a complicated kinematic structure, but due to the geometry
and nature of single absorption sightlines, they cannot constrain these processes unambigu-
ously. Here, we use the high-resolution TNG50 cosmological magneto-hydrodynamical simulation to
study the properties and kinematics of the CGM around star-forming galaxies in 1015 — 10'2 M
halos at z ~ 1 using mock MgiI absorption lines. We post-process the TNG50 simulations to
account for the ionization properties of the CGM including both collisional and photoion-
ization in the presence of a UV + X-ray background. Here, we focus on the low-ionization
line MgiI1, and find that the Mgil gas is a very good tracer of the cool CGM component,
which is also accreting inwards at an inflow velocity of ~ 50 km s~!. For sightlines aligned with
the galaxy major-axis, we find that MgIl absorption lines are kinematically shifted due to the cold
CGM’s significant co-rotation at speeds up to 50% of the virial velocity for impact parameters up to
60 kpc. We compare mock Mgii spectra to Mgil observations from the MusE GAs FLow

and Wind (MEGAFLOW) survey of strong Mgll absorbers (EWZ™%4 > 0.5 A). We find
that eventhough sight-lines are probing a very small fraction of the Mgil halo, the mock
spectra tend to reflect the diversity of observed kinematics and equivalent widths. After
matching the EW selection, we find that the properties of the mock Mgil spectra are in
good agreement with those from MEGAFLOW in terms of shape, equivalent widths (EW)
and kinematics. Mgll absorption in higher-mass halos is stronger and broader than in lower-mass
halos at z = 1 but has qualitatively similar kinematics.

Keywords: galaxies: formation — galaxies: kinematics and dynamics — galaxies: structure — hydrody-
namics — methods: numerical

1. INTRODUCTION The accretion of gas onto disk galaxies is a fundamen-
tal part of galaxy formation and evolution, as gas within
disks is continually used to form stars and must therefore
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the local environment surrounding galaxies, often called
the circumgalactic medium (CGM). The CGM might
contain a substantial amount of angular momentum as
shown by many studies of galaxy simulations (e.g. Stew-
art et al. 2011; Danovich et al. 2015; DeFelippis et al.
2020). As the gas accretes onto the galaxy, the angular
momentum will flow inwards too, meaning the CGM is
a source not just of the mass of the disk, but its angular
momentum as well.

Not all gas surrounding galaxies is inflowing though:
the CGM also contains outflowing gas ejected from the
galaxy by feedback from supernovae and active galactic
nuclei (AGN), which is capable of affecting the way in
which CGM gas eventually joins the galaxy (DeFelippis
et al. 2017). All of these physical processes occur con-
currently and result in a multiphase environment shown
in observations to have complex kinematics (see Tum-
linson et al. 2017, and references therein).

A large number of recent observations of the CGM
have been accomplished through absorption line stud-
ies of background quasars through dedicated surveys.
For instance, some surveys are constructed by cross-
correlating quasar absorption lines with spectroscopic
redshift surveys such as the Keck Baryonic Structure
Survey (KBSS: Rudie et al. 2012; Turner et al. 2014) or
with photometric surveys like SDSS (Lan & Mo 2018;
Lan 2020). Other CGM surveys attempt to either match
individual absorption lines to known galaxies (i.e. are
“galaxy-selected”), like the COS-Halos (e.g. Tumlinson
et al. 2011; Werk et al. 2013; Burchett et al. 2019)
and the low-redshift Keck surveys conducted at Keck
Observatory (Ho et al. 2017; Martin et al. 2019), or
match galaxies near known absorbers (i.e. “absorber-
selected”) such as the MusE GAs FLOw and Wind sur-
vey (MEGAFLOW: Schroetter et al. 2016, 2019, 2021;
Wendt et al. 2021; Zabl et al. 2019, 2020, 2021).

The Mg1I ion has been a focus of many recent surveys
including the Mgir Absorber-Galaxy Catalog (MAGI-
ICAT: e.g. Nielsen et al. 2013, 2015), the MUSE Anal-
ysis of Gas around Galaxies Survey (MAGG: Dutta
ot ale 2020).  it-has-inspired-subsequent—analysis
of surveyslike the PRIsm MUIti-object Survey
(PRIMUS: Coil et al. 2011; Rubin et al. 2018)
and the aforementioned MEGAFLOW survey. These
studies belong to a long history of Mgt A2796 absorp-
tion line surveys (e.g. Bergeron & Boissé 1991; Berg-
eron et al. 1992; Steidel & Sargent 1992), which unveiled
the first galaxy-absorber pairs at intermediate redshifts.
Though not the focus of this paper, Mgil has
also been seen in emission in extended structures
around the galaxy and in the CGM (e.g. Rubin

et al. 2011; Rickards Vaught et al. 2019; Rupke
et al. 2019; Burchett et al. 2020; Zabl et al. 2021).

Along with this wealth of MgIi observations, re-
searchers in recent years have found MgiI kinemat-
ics to be correlated over large spatial scales. In particu-
lar, both Bordoloi et al. (2011) and Bouché et al. (2012)
found a strong dependence of MgII absorption with az-
imuthal angle: specifically, more absorption near ¢ = 0°
and 90° and a lack of absorption near 45°. This type of
absorption distribution is generally interpreted as bipo-
lar outflows along the minor axis and inflows along the
major axis. In this context, both galaxy-selected (e.g.
Ho et al. 2017; Martin et al. 2019) and absorption-
selected Mg11 studies (e.g. Bouché et al. 2013, 2016; Zabl
et al. 2019) have given support to the interpretation of
accretion of gas from the CGM onto the galaxy. These
Mg studies show that when sightlines are lo-
cated near the major axis of the galaxy there
are clear signatures of corotating cold gas with
respect to the galaxy kinematics.

However, despite such extensive observational data,
developing a general understanding of cold gas in the
CGM from the MgiIr line alone remains difficult due
to the limited spatial information provided by the
observational technique (though IFU mapping
of lensed arcs in e.g. Lopez et al. 2020 and
Mortensen et al. 2020 can improve this in the
future), as well as the fact that Mgil gas may not
be representative of the entire cold phase of the CGM.
To study more physically fundamental properties of the
CGM, it is therefore necessary to turn to galaxy simu-
lations.

In cosmological simulations, the CGM has been no-
toriously difficult to model accurately due to the need
to resolve very small structures (see Hummels et al.
2019; Peeples et al. 2019; Suresh et al. 2019; Cor-
lies et al. 2020). Nonetheless, the CGM has been
shown to preferentially align with and rotate in the same
direction of the galaxy, especially near the galaxy’s ma-
jor axis (Stewart et al. 2013, 2017; Ho et al. 2019; De-
Felippis et al. 2020), which is qualitatively consistent
with observations in the same spatial region of the CGM
(e.g. Zabl et al. 2019). However, this general qualita-
tive agreement between simulations and observations is
difficult to put on firm grounds quantitatively due to
differences in how gas phases are generally mea-
sured in simulations using density and temper-
ature cuts vs. how they are understood from
observations with ionic tracers like Mgi1. NB:This
is vague to me. Perhaps:[...] is difficult to put on
firm grounds quantitatively due to inherent dif-
ferences between observations and simulations.
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In this paper, we analyze a set of halos from the
TNG50 simulation (Nelson et al. 2019; Pillepich et al.
2019) using the TRIDENT tool (Hummels et al. 2017) to
model the ionization state of the CGM and then per-
form a quantitative comparison of the kinematics of the
cool (T < 3 x 10* K) CGM traced by Mgl to major-
axis sightlines from the MEGAFLOW survey (Zabl et al.
2019) while attempting to match the observational selec-
tion criteria as described in Section 2. We note that our
comparison to MEGAFLOW galaxies with stel-
lar masses M, ~ 10'° M, is complementary to that of
Nelson et al. (2020) who study the origins of cold CGM
gas of very massive galaxies (M, > 10! My).

The paper is organized as follows. In Section 2, we
describe the TNG50 simulation and MEGAFLOW sam-
ple used in the comparison, and we outline the analysis
pipeline used to generate mock observations. In Section
3, we describe our main results, first by comparing the
simulated and real observations, then by analyzing the
features of the simulation that give rise to the proper-
ties of the mock observations. In Section 4, we discuss
the implications of our results for the role of the CGM
in galaxy formation, and we summarize our findings in
Section 5.

2. METHODS
2.1. Simulations

We utilize the TNG50 simulation (Nelson et al. 2019;
Pillepich et al. 2019), the highest resolution version of
the MustrisTNG simulation suite (Marinacci et al. 2018,
Naiman et al. 2018; Nelson et al. 2018; Pillepich et al.
2018; Springel et al. 2018). TNG50 evolves a periodic
~ (52 Mpc)? box from cosmological initial conditions
to z = 0 with the moving-mesh code AREPO (Springel
2010; Weinberger et al. 2019). It has a baryonic mass
resolution of ~ 8.5 x 10* Mg, per cell, which is a factor of
~ 16 better than the resolution of TNG100. We discuss
the effect of simulation resolution on our results later in
Section 3.

2.2. Observational Data

NB : We—wil—ecompare—otr—mock—observations—to—the
MusE-GAsFEOw—and—Wind-MBEGAFLOW ) —survey.
The MEGAFLOW survey (Bouché et al., in prep.) con-
sists of a sample of 79 Mgil AA2796, 2803 absorbers in
22 quasar lines-of-sight observed with the Multi-Unit
Spectrograph Exporer (MUSE: Bacon et al. 2006). The
quasars were selected to have at least three MgIl ab-
sorbers from the Zhu & Ménard (2013) SDSS catalog
in the redshift range 0.4 < z < 1.4 such that the [O11]
AN3727, 3729 galaxy emission lines fell within the MUSE
wavelength range (4800 — 9300 A). A threshold on the

rest-frame equivalent width of ~ 0.5 — 0.8 A was also
imposed on each absorber.

For this paper, we focus on a preliminary subset of
the MEGAFLOW sample of MgI1 absorber-galaxy pairs
whose quasar location is positioned within 35° of the
major axis of the host galaxy (Zabl et al. 2019). This
subset, consisting of nine absorber-galaxy pairs with
redshifts 0.5 < z < 1.4 and Zabl et al. (2019) found
that the Mgl gas show a strong preference for coro-
tation with their corresponding host galaxies. The Mg11
absorbers themselves have a mean impact parameter (b)
of ~ 34 kpc while ranging from 17 — 65 kpc from the
galaxy.

The galaxies in Zabl et al. (2019) are both fairly
isolated by having at most one companion within
100 kpc and star-forming with [O11] fluxes fo >
4 x 10717 ergs™! cm™2, ie. NBA—H—gﬂ%ﬂaﬂeﬁ—m%his
sample have star-formation rates > 1 My yr~!. The
galaxies NB:in—+this—sample have a mean stellar mass
M, ~ 100 Mg and a mean halo mass of My =
7 x 101! Mg, where M,;; is defined from Bryan & Nor-
man (1998) and inferred from the measured rotation ve-
locity of the absorber (for further details see Zabl et al.
2019). NB:Here you quote the mean, but we should
quote the range, no? since you use the range in the next
section?/ They are from 11.4 to 11.8. and 11.5 to 12 if
scaled to z = 0.5.

2.3. Sample selection and forward-modeling

NB:I reorganized a bit. Figure 1 shows the central
galaxies’ instantaneous star formation rates (SFR)
and stellar masses of all TNG50 halos in and around
the mass range of interest.

Since we aim to compare the MgIl absorption
properties of mock line-of-sight observations through
TNGH50 halos to those of major-axis sight-lines of the
MEGAFLOW survey, we first select a sample of simu-
lated halos at z = 1 in the mass range 10*° M, <
Mhpao < 1012 Mg using the Bryan & Norman
(1998) definition for M ,),, which results in a sample
of 495 halos.In the remainder of this paper, we will
refer to this sub-sample as the ‘fiducial’ sample.

The chosen redshift is typical for the Zabl et al. (2019)
sample and the halo mass range covers the mean inferred
virial masses of their host galaxies. NB:Currently, we
didn’t show the mass range? Nearly all of the halos
in our fiducial NB:Fiducial is not defined? mass range
host central galaxies with SFR > 1 Mg yr~! and
stellar masses of ~ 10'° Mg, which is consistent with
MEGAFLOW sub-sample as described in Section 2.2.

For each halo, we adjust all velocities to be in the
center-of-mass frame of the stars in the central galaxy,
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Figure 1. Star formation rate of the central galaxy vs. halo
mass for all TNG50 halos between 10 Mg to 10** My, at
z = 1. Each point is colored by the stellar mass of the halo’s
central galaxy. Two vertical lines demarcate the halo mass
range of the fiducial sample.

and we rotate it so that the stellar specific angular mo-
mentum of the central galaxy points in the +z-direction
(the = and y directions are both arbitrary). With this ge-
ometry we then define a sightline in the x—z plane by the
impact parameter b, the azimuthal angle o, and the in-
clination angle i, where b is the projected distance from
the center of the galaxy in the y — z plane (i.e. “sky”-
plane), « is the angle above the rotational plane of the
galaxy, and i is the angle of the sightline with respect to
the sky-plane. In this setup, edge-on and face-on views
have ¢ = 90° and ¢ = 0° respectively (see Figure 1 of
Zabl et al. 2019, for a sketch of the geometry described
here). In order to mimic the observations of Zabl et al.
(2019), we select sightlines through each halo at values
of b ranging from 15 kpc to 60 kpc, a = 5° and 25°, and
at ¢ = 60°, representing the average inclination angle of
a random sightline.

NB:This paragraph would need more physical descrip-
tion. What physical processes are included? mnot in-
cluded? what UV background? Cfr abstract In order to
generate observations of our TNG50 sample, we use the
TRIDENT package (Hummels et al. 2017), which calcu-
lates ionization parameters for outputs of galaxy simu-
lations using properties of the simulated gas cells and
CLoupy (Ferland et al. 2013) ionization tables. These
tables take as input the gas temperature, density, metal-
licity, and cosmological redshift of each gas cell and pro-
vide ionization fractions and number densities of desired
ions. We make use of the current development

version of TRIDENT! (v1.3), which itself depends
on the current development version of y1° (v4.0).
NB:Do we need this at all??: We choose these soft-
ware versions because rather than generating a
new grid to deposit the Arepo gas cells into (as
the stable versions do), they treat the gas cells
as particles that are individually smoothed, thus
removing grid artifacts that would be otherwise
present.

Since our focus is on the Mgit A2796 line, we show
In Figure 2 we show a temperature-density phase dia-
gram of the gas in one of the TNGH0 halos from our
sample, colored by the MgIil mass probability density.
From this plot, it is clear that Mgil is mostly formed
from the coldest (< 10*® K) and densest (> 0.01 cm™3)
gas in the halo, though some MglII mass exists at a
larger range of temperatures and densities. However,
contours showing the total gas mass demonstrate that
despite this large range in temperature and density, es-
sentially none of the diffuse “hot” phase, comparable in
mass to the cold phase, contributes to Mg1r absorption.
We also note here that for this analysis we are exclud-
ing star-forming gas defined from its an effective equa-
tion of state from Springel & Hernquist (2003) and are
therefore not analogous to the physical proper-
ties of non-star-forming gas. Properly modeling
the physical properties of the star-forming gas
(see Ramos Padilla et al. 2020, for an example
of this technique) introduces a level of complex-
ity not necessary for this analysis: we find that
our results are not affected by the exclusion of this gas
since our sightlines through the CGM rarely intersect
any star-forming gas cells as most of them are within
the galactic disk.

We make two adjustments to TRIDENT’s default set-
tings, both to achieve greater self-consistency with
TNG50. First, we use the elemental abundance of mag-
nesium in each gas cell tracked by TNG50 rather than
assuming a constant solar abundance throughout the
halo. We also use a set of ion tables created with a
Faucher-Giguere et al. (2009) UV-background that in-
cludes self-shielding, as this was the background radia-
tion model used to evolve the TNG50 simulation. We
note, however, that our results are not particularly sen-
sitive to either of these alterations.

3. RESULTS

1 trident-project.org
2 yt-project.org


trident-project.org
yt-project.org

CIRCUMGALACTIC Mgit IN TNG AND MEGAFLOW 5

8
10°
7 0
107 §
Z 6 g
= 3
2l 10™* §
S 5 2
=7
-6 O
4- 10 3
3 : : : : 1078
-5 -4 -3 -2 -1 0

logn [cm™3]

Figure 2. Temperature-number density phase diagram of
a single TNG50 halo at z = 1, colored by the Mgll mass
probability density per dex?. Contours show the distribution
of all gas mass in the halo.

We first present in Section 3.1 the results of di-
rectly comparing the Mgl properties of TNG50 and
MEGAFLOW using the analysis described in Section 2.
Then, we further analyze the 3D kinematic properties
of the MgII bearing gas from TNG50 in Section 3.2 and
consider evolution of Mgll absorption properties with
halo mass and simulation resolution in Section 3.3.

3.1. Comparing TNG50 to MEGAFLOW

In Figure 3, we show MgII column density maps of a
selection of TNG50 halos drawn from our fiducial halo
mass bin at z = 1. The halos are aligned so that the
angular momentum vector of the stars in the cen-
tral galaxy points along the vertical axis: thus,
the view is edge-on. The strongest Mgil columns are
found within and very close to the galaxy, demarcated
by a red circle with a radius of twice the galaxy’s stellar
half-mass radius (the same definition used in DeFelip-
pis et al. 2020). Beyond the galaxy, the amount and
morphology of the MgIl gas varies greatly, but it con-
sistently appears to both surround the galactic disk and
be very clumpy, though it is not spherically symmetric.
The highest Mg1I columns generally appear in the plane
of rotation, but strong columns can occur above and be-
low the disk as well, such as in halo 265 (the bottom left
panel of Figure 3). High Mg columns are much less
common in the outer halo (r 2 50 kpc), but the pres-
ence of satellite galaxies can populate that region with
Mg gas, shown most clearly in halo 340 (the bottom
right panel).

Within our fiducial halo mass bin, it is evident that the
distribution of MgII varies drastically, presumably due
to different halo formation histories. Sightlines through
different halos will therefore likely produce different ab-
sorption profiles even for sightlines with identical ge-
ometries. This highlights the necessity of calculating
population averages of MgII properties from TNG50 to
compare to MEGAFLOW.

We begin such a comparison with Figure 4, which
shows the average strength of Mgil absorption, repre-
sented as the rest-frame equivalent width (EWj) as a
function of impact parameter (b) for our fiducial sam-
ple. In this plot, we make an important distinction be-
tween the entire fiducial sample, shown in black, and the
subset of “strong absorbers” in red. We define strong
absorbers as sightlines through a halo that produce an
absorption spectrum with EW, > 0.5 A (the same as in
Zabl et al. 2019). It is this “absorber-selected” subset
of the fiducial sample that is most directly comparable
to MEGAFLOW.

At all impact parameters, the average rest-frame
EW of the ‘all absorbers’ sample from TNG50
is smaller than those of MEGAFLOW, as ex-
pected given the selection function. The differ-
ence ranges from a factor of only ~ 3 at b < 20 kpc
to a factor of =~ 30 at 60 kpc. If, instead, we com-
pare the average EWj of the strong absorber subset
(EWy > 0.5 A) from TNG50, which is the appropri-
ate comparison to make, we find the mean shown
in red. This is much more similar to the values from
MEGAFLOW, especially for b > 40 kpc, but it is still
about a factor of &~ 2 lower than the observed values at
b < 20 kpe. Sightlines at « = 5° (solid) and a = 25°
(dotted) produce essentially identical equivalent widths
over both the entire fiducial sample and the subset of
strong absorbers.

The blue lines in Figure 4 show the fraction of all
sightlines that host strong absorbers as a function of im-
pact parameter. At sightlines very close to the galaxy
(b = 15 kpce), strong absorbers are common and in fact
represent a majority of all halos. However, by b = 20 kpc
the strong absorber fraction drops below 50%, and at
the largest impact parameters shown, the fraction is
only =~ 1%. Strong absorbers are slightly more com-
mon at o = 5° compared to o = 25°, which can be
understood by noting that the sightlines with smaller «
pass through the disk midplane closer to the galaxy’s
center, where gas is generally denser. However, this dif-
ference in strong absorber fraction does not affect the
measured equivalent widths, indicating that the TNG50
halos’ agreement with MEGAFLOW for sightlines near
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Figure 3. Mgl column density maps of four TNG50 halos from the fiducial halo mass bin of 10*® Mg < Mpae < 10*2 Mg at
z = 1, aligned so the angular momentum vector of the stars in the central galaxy points along the vertical axis (i.e. edge-on).
The lower limit of the colorbar is chosen to approximate observational detection limits. The red circle in each panel is centered
on the galaxy and has a radius of twice the galaxy’s stellar half-mass radius, and the blue scale-bar shows a distance of
50 kpc on the maps. The complexity and diversity of MgiI structure in the CGM of similar-mass halos is evident even in this

small sample.

the galaxies’ major axes is not subject to the precise
choice of sightlines.

Having established the degree of consistency of MgiI
equivalent widths, we now examine kinematic signatures
of Mgi11 along sightlines in TNG50 and compare them to
MEGAFLOW. In Figure 5, we explicitly draw the con-
nection between the Mgil gas cells that contribute to
the column densities seen in Figure 3 and the velocity
spectrum created from a subset of those cells that inter-
sect a sightline through the halo. In each row, we show

two orientations of one of the four halos from Figure 3
overlayed with a sightline with b = 30 kpc, o = 5°, and
1 = 60°, and the Mg11 velocity spectrum generated from
that sightline. From these few examples it is clear that
the gas producing the MgIl absorption is generally not
distributed uniformly along any sightline: it is usually
concentrated in discrete clumps in regions of the sight-
line nearest to the galaxy. This is seen clearly in rows
one, two, and four, where the majority of gas cells have
positive line-of-sight velocities (i.e. corotating with the
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Figure 4. Mean Mgl equivalent widths of halos in our fidu-
cial sample vs. the impact parameter of sightlines through
those halos. Black and red lines and corresponding shaded
regions show mean and +1o scatter of all halos and the sub-
set of strong absorbers (EWqo > 0.5 A) respectively. Sight-
lines at a constant azimuth angle of & = 5° and 25° are
shown with solid and dotted lines respectively. Observations
of individual systems from MEGAFLOW (Zabl et al. 2019)
are shown as green squares. The fraction of strong absorbers
as a function of impact parameter (blue) is shown with the
right vertical axis.

galaxy) and produce distinct kinematic components in
the spectrum that are often saturated.

It is also notable that by comparing the spectra alone
it is possible to distinguish morphological differences in
the MgI1 distribution between halos. The first two ha-
los, for example, have a prominent Mgii disk that both
spectra reveal to be primarily corotating. The halo in
row three, however, does not have such a clear disk,
and the spectrum is instead composed of a cluster of
counter-rotating gas cells significantly above the plane
of the galaxy. The halo in row four has a spectrum
with substantial co-rotating and counter-rotating com-
ponents, which imply Mg1I structure in between the or-
dered halos (rows one and two) and disordered ones (row
three). With this small sample, we have demonstrated
that the velocity spectrum, despite being composed of
a very small fraction of all of the Mgl gas, is capable
of reflecting both NB:both what? the potential diver-
sity of Mgir gas kinematics in halos of similar mass,
but is also fairly consistent between halos with similar
morphologies.

From these results, we now compare a stack spectra
from the fiducial sample to the stacked spectra presented
in Zabl et al. (2019)NB:;—<e¢ ' '

: > sented: Later
in the paper, we c0n51der Whether the Mgii gas

reflects the kinematics of other components of
the CGM.NB:Not sure what the previous sentence
adds? Figure 6 shows a stacked spectra for the entire
TNGH50 fiducial sample, TNG50 strong absorbers, and
the absorbers from Zabl et al. (2019). The two panels
correspond to two different impact parameters which al-
lows a comparison between absorbers nearer to a galaxy
and farther from a galaxy. In the left panel, showing
stacked spectra at small impact parameters, there is
a very clear kinematic picture. The strong absorber
spectrum from TNG50 is symmetric and centered at
~ Viir/2, as is the spectrum of Zabl et al. (2019). Thus,
qualitatively, strong Mgi1 absorbers as a population gen-
erally have LOS velocities in the same direction as their
corresponding galaxies’ rotations. One slight difference
with the stacked spectra for strong absorbers is that the
TNGH50 spectrum (red line) is somewhat shallower than
the observed spectrum (green hne) NB j‘}s—expeeted

Ha&t—mrpeet—p&r&mete% NB 71 dont understand this?:

The lack of dependence on the azimuthal angle o near
the major axis on MgII properties found in Figure 4 is
present in the kinematics as well.

In Figure 6(left), the only difference between the full
fiducial spectrum and the strong absorber-only spec-
trum is the depth, indicating that, as a population,
strong absorbers are not kinematically distinct from
absorbers in general at this impact parameter. The
precise reason for the discrepancy in the depth
is difficult to determine, but it may be sensi-
tive to certain parameters in the TNG physics
model (e.g. metal-loading of outflows from su-
pernovae). However, it could also be an effect of
simulation resolution (see Section 3.3). So, while
TNGH50 potentially slightly underproduces the observed
amount of MgIl gas at 20 kpc, it does possess average
kinematics that are consistent with observations at the
same region of the CGM.

Figure 6(right) compares the stacked spectra at a
larger impact parameter, at b = 40 kpc. The strong
absorbers from TNG50 and MEGAFLOW (Zabl et al.
2019) are both shallower, wider, no longer symmetric,
and significantly noisier, though both are still approxi-
mately centered around Vi;,/2. At this impact param-
eter, the depths of the simulated strong absorber and
observed spectra are consistent with each other. How-
ever, strong absorbers no longer kinematically resemble
the full fiducial sample: in addition to being much rarer
at 40 kpc than at 20 kpc, the strong absorbers have
larger positive velocities, indicating that MgII in this
region is tracing atypically faster moving gas. As was
the case at 20 kpc, the difference in the spectra between
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Figure 5. Each row contains two MgII column density maps of a halo from Figure 3 projected along the vertical (left) and
horizontal (middle) axis. A sightline at b = 30 kpc, @ = 5°, and ¢ = 60° is overlaid along with gas cells that intersect that
sightline and have a Mgi column density of at least 10'? cm™2, which accounts for > 95% of the MgIl mass along those
sightlines. The Mgl gas cells and the resulting velocity spectrum (right) are colored by the velocity along the line of sight
normalized by Vi, sin(z), where Vii; is the virial velocity of the halo. Dashed circles show twice each galaxy’s stellar half-mass
radius.
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the two azimuth angles is minor. We also note here, but
do not show, that the shapes and depths of individual
spectra from Zabl et al. (2019) match quite well with
particular individual spectra from the much larger fidu-
cial sample from TNG50 (examples of individual spectra
from TNG50 are shown in Figure 5).

3.2. 8D Kinematics of Mgl in TNG50

In this section, we characterize the three-dimensional
kinematics of the Mgir gas in TNGH0 and its relation
to the observed quantities we discussed in Section 3.1.
We show average velocity profiles of the halos in the
fiducial sample in Figure 7. The top panel shows the
azimuthal velocity component (vy) in spherical coordi-
nates as a function of radius. We divide gas into cold
and hot components based on a temperature threshold
of 3 x 10* K, which is chosen to separate the cold and
hot clusters seen in the Figure 2, although the profiles
are not sensitive to the precise choice of temperature
threshold. To understand the relationship of the hot
and cold gas to Mgii-bearing material we also show the
MgII mass-weighted profiles.

First, we see that the Mgl gas and the cold gas
have nearly identical vg profiles throughout the halo.
In the innermost regions of the CGM, the cold gas has
an azimuthal velocity of ~ 0.6V%;, which decreases to
~ 0.2V, in the outermost region. Furthermore, though
not explicitly shown, most of the cold and MgII gas mass
is closer to the major rather than the minor axis because
the all-a profiles are much more similar to the o < 45°
profiles than the a > 45° profiles. Hot gas has lower
azimuthal velocities at all radii and a slightly shallower
slope to its profile, but is otherwise qualitatively similar
to the cold and Mg1r gas. This relationship between hot
and cold gas is consistent with similar measurements of
vy made from TNGI100 in DeFelippis et al. (2020).

In the radial velocity profiles NB:Which figure?, we
see a gulf between the velocities of the hot and cold gas
develop within ~ 80 kpc where the overall averaged ve-
locity of the gas indicates an inflow at ~ 0.2V,;,. Moving
towards smaller radii, the cold gas inflow velocities be-
come larger, while hot gas inflow velocities decrease and
then switch to a net outflow within ~ 40 kpc. The Mg11
gas still traces the cold gas and reaches typical inflowing
velocities of ~ 50 km/s around 30 kpc. However, in the
outermost regions of the halo, the radial velocities of all
components of the gas converge. The geometry of ac-
cretion and outflows is evident from this panel as well:
hot gas has especially large mean outflowing velocities
for &« > 45° while cold gas in the same region has
a mean inflowing velocity in the inner halo and
nearly no net radial motion in the outer halo.

Most of the cold and Mgl gas mass is moving towards
the galaxy in regions surrounding the major axis out
to a substantial fraction of the virial radius. It is also
clear that kinematically, MgIil gas in TNG50 is nearly
identical to a simple cut on temperature and so is an ex-
cellent tracer of the kinematics of cold CGM gas. In the
context of Section 3.1, these results indicate that mock
Mg11 spectra are representative of the entire cold phase
of the CGM along the same sightlines.

Finally, we examine the 3D velocities of the MgI1 gas
along our sightlines. In Figure 8 (see note in caption),
we plot stacked spectra for MgII using the three spher-
ical velocity components individually (r, 8, and ¢), and
compare those to the spectrum generated with the full
velocity of our fiducial sample of halos. Both the r and 6
component spectra are centered at 0 km s—!, indicating
that over the entire sample they do not contribute any
net velocity shift to the gas along the sightlines. The
spectrum of the ¢ component is remarkably similar to
the spectrum of the entire velocity, both in terms of ve-
locity shift and width. This means that for our fiducial
sample, the shape of the velocity spectra along sight-
lines is completely determined by only the ¢ (i.e. rota-
tional) component of the velocity along those sightlines.

3.3. Effects of halo mass and resolution on MgIl in
TNG50

We now describe how our main results vary with halo
mass and mass resolution. To study the effect of halo
mass, we consider two mass bins containing halos from
TNG50 with 101 My < My, < 10*° Mg and
1012 Mg < Mpao < 10125 Mg at z = 1, which are
above and below the fiducial mass range and contain
1130 and 167 halos respectively. As in Section 3.1 we
calculate MgII equivalent widths and generate velocity
spectra which we show in Figure 9. For easier compari-
son, we also show the TNG50 fiducial sample.

As shown in the left panel of Figure 9, at a given
impact parameter, the shape of the equivalent width
distribution changes with halo mass: lower halo masses
are much more likely to host weak or non-absorbers than
higher halo masses, and they are much less likely to
host strong absorbers. We find this trend to hold at
all impact parameters studied in this paper. We can
see the effect on observability with the vertical lines in
this panel, which show the mean equivalent widths of
the strong absorbers in each mass bin. Typical strong
absorbers in the fiducial bin have only slightly larger
equivalent widths than those those at lower halo masses,
but are substantially weaker than the strong absorbers
at higher halo masses. At larger impact parameters, the
mean equivalent widths of all strong absorbers is ~ 0.8 A
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Figure 6. The stacked MgII velocity spectra for the full fiducial TNG50 sample (black) and the subset of strong absorbers
(red) for sightlines with o = 5° (solid) and 25° (dotted), and b = 20 kpc (left) and 40 kpc (right). Spectra are normalized by
Veir sin(i), where Vi, is the halo’s virial velocity. The green line in each panel is the stacked spectrum of the 4 smallest (left)
and largest (right) impact parameters from Zabl et al. (2019), and the green shaded region is an estimate of the error from

bootstrapping.

but they are exceedingly rare in lower mass halos. Thus,
the primary effects of increasing halo mass on strong
absorbers are to increase their occurrence at all impact
parameters, especially at large distances, and to increase
the mean equivalent width of strong absorbers for halo
masses > 1012 M.

Also shown in the left panel of Figure 9 is the equiva-
lent width distribution of 4315 halos with the same mass
as the fiducial bin from the TNG100 simulation, which
has a lower baryonic mass resolution than TNG50 by
a factor of ~ 16. Decreasing the simulation resolution
lowers equivalent widths overall and steepens the distri-
bution in the same way as decreasing the halo mass does,
but the effect is weaker. The mean equivalent width of
strong absorbers is largely unaffected by the change in
resolution.

In the right panel of Figure 9 we examine the effect
of halo mass and resolution on the observed MgII spec-
trum of strong absorbers. We note that the spectra of
the entire samples, as in Figure 6, have the same shape
and center as their corresponding strong absorber sub-
set, but are substantially shallower. We also plot the
real velocity rather than the normalized velocity to em-
phasize the difference in equivalent widths, which can
be more easily read off.

We see that the fiducial and lower-mass bins have
remarkably similar spectra: they are both symmetric
and centered at moderate positive velocities. The spec-
trum of the higher-mass bin is markedly different: it
is much broader, asymmetric, and centered at a signifi-
cantly higher velocity. It still, however, shows a pref-

erence for Mgll gas to be corotating. We note that
the only difference between Figure 9 as shown and the
corresponding normalized spectra is that the normal-
ized higher-mass spectrum is compressed slightly and
therefore appears more similar to the normalized fidu-
cial spectrum. Higher halo masses (= 10'2 M) thus
have substantially more Mg11 absorption and more com-
plex kinematic signatures than for the halo masses of the
fiducial bin and lower.

Finally, we consider the difference that resolution
makes in the Mg1I absorption spectrum. As was the case
with equivalent widths, the difference caused by resolu-
tion is smaller than the difference caused by either in-
creasing or decreasing the halo mass. Apart from a slight
change in the depth of the spectrum, the kinematic prop-
erties of strong absorbers in TNG are essentially resolu-
tion independent (see solid vs. dotted curves in 9
for TNG50 and TNG100 respectively). The effect
of increasing the resolution of the simulation is therefore
primarily to increase the occurrence of strong absorbers
at a given halo mass.

4. DISCUSSION
4.1. The Role of Mgt in TNG

We consider here the ramifications of the detailed
analysis of Mgil in TNG from Section 3. In Figure 7,
we found that MgII gas is very well approximated by a
simple temperature cut. Therefore, we expect the angu-
lar momentum of cold gas in the CGM of TNG galaxies
should be very similar to that of Mgii. DeFelippis et al.
(2020) found cold CGM gas in halos of this mass range
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Figure 7. Mean mass-weighted velocity profiles of the

spherical phi-component (vg, top) and r-component (v, bot-
tom) of for cold gas (blue), hot gas (red) and Mg11 gas (black)
in spherical bins. Velocity is given in km s™* and as a frac-
tion of the virial velocity. A temperature of 3 x 10* K is
used to separate “cold” and “hot” gas. Profiles are shown
for gas in the entire halo (solid), gas with o > 45° (dotted),
and gas with o < 45° (dashed). Shaded regions show the
+1o-scatter of the solid lines and are of similar size for all
profiles.

and redshift to have higher angular momentum when
surrounding high-angular momentum galaxies, meaning
Mg is likely tracing high-angular momentum gas in the
CGM of these halos. As the velocity spectrum’s center
and shape is almost completely set by the rotational
velocity component, it should therefore be possible to
use MglI velocity spectra from sightlines near the major
axis to estimate the angular momentum of cold gas in
the CGM.

In Section 3.3 we examined possible halo mass and res-
olution dependencies of our results with two main goals
in mind: to establish any broad effects of the TNG feed-
back model on Mgi1, and to determine to what extent
the cosmological simulation can capture Mgil kinemat-
ics. The results of the halo mass analysis suggest that
AGN feedback, which is more dominant at larger halo
masses, broadens the velocity and equivalent width dis-

b=20, a=5°,i=60°

20 -15 -1.0 =05 0.0 05 1.0 1.5 2.0
V/(VvirSin(i))

Figure 8. Stacked Mgi1 velocity spectra for the full fiducial
TNG50 sample at a single sightline. The contributions of
the three spherical components of velocity — v, (dotted red),
vy (dashed green) and vy (dot-dashed blue) — are shown, as
well as the spectrum created from the total velocity (solid
black). (NOTE: a velocity shift needs to be applied to this
figure which will shift all spectra to the right. This will be
fixed later.)

tributions and increases the mean absorption at a given
impact parameter. For halos with masses < 1012 M,
however, kinematic signatures of Mgil do not show any
significant mass dependence. This is presumably be-
cause stellar feedback is the dominant form that affects
the CGM for all halo masses below ~ 102 M.

Nelson et al. (2020) has recently used TNG50 to study
the origin of cold Mgir gas in the CGM of very mas-
sive (M, > 10" M) galaxies and found structures of
size a few x102 pc that are sufficient to explain the
observed covering fractions and line-of-sight kinematics.
However, they also note that fundamental properties
like the number of cold gas clouds present in halos is
not converged even at the resolution of TNG50. Our
kinematic results, though, do not qualitatively change
even going from TNG50 to TNG100, a factor of ~ 16
in mass resolution. We expect higher resolution simula-
tions to produce more strong absorbers at a given halo
mass but the rotation of Mgl near the major axis ap-
pears to be a resolution-independent aspect of the CGM
MEGAFLOW analogs in the TNG simulations.

NB:We need to label the components somehow
(dashed/solid and colored lines). Finally, in Figure
10, we show the specific angular momentum (j)
of different halo components as a function of
stellar mass of their central galaxies, with the
goal of contextualizing the angular momentum
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Figure 9. Left: rest-frame equivalent width distribution of the TNG50 fiducial sample (solid black), lower-mass halos with
10" Mo < Muao < 1015 Mg (cyan), higher-mass halos with 102 Mg < Myao < 10125 Mg (magenta) and the same mass
halos from TNG100 (dotted black) at the same sightline of b = 20 kpc, @ = 5°, and ¢ = 60°. The mean EWq of the strong
absorbers in each bin is shown with a translucent vertical line of the same color. Right: Stacked velocity spectra of the same

halo samples with velocities in km s™*.

of Mgil gas in relation to the rest of the gas in
the CGM as well as to the other components of
the halo. The slope of this j — M, relation for
the stellar component of galaxies is ~ 0.6 as gen-
erally observed (Fall & Romanowsky 2013, e.g.),
and all other components appear to have roughly
identical slopes. Most interesting are the rela-
tive positions of the CGM and dark matter on
this plane. At a given stellar mass, all compo-
nents of the CGM have a slightly higher typi-
cal j than that of the dark matter. There are
multiple potential reasons for this. First, galax-
ies can remove low-angular momentum gas from
the CGM by either accreting it and using it to
form stars. Feedback from stars and/or AGN
can also eject low-angular momentum gas from
the halo completely. Finally, dark matter in the
halo can transfer some of its angular momentum
to the gas. Regardless, it is clear that MgiI traces
the angular momentum of the CGM quite well.
NB:Do we need this:?, though not as well as rotational
velocities (Figure 7) presumably due to the much more
centralized mass distribution of the Mgil compared to
all of the gas in the CGM.

4.2. Comparisons to Recent Work

We now highlight results from previous work on MgI1
absorption in observations and simulations in the con-
text of our results. Observations of MgII using sightlines
near the major axis of galaxies have generally found that
gas is corotating with the galaxy both for small impact

parameters of < 15 kpc (Bouché et al. 2016, e.g.) and
large impact parameters of > 50 kpc (e.g. Martin et al.
2019). Using a lensed system, Lopez et al. (2020) ob-
served multiple sightlines of the same CGM and mea-
sured a decreasing MgII rotation curve that is quali-
tatively similar to Figure 7. However, their absorption
data only goes out to ~ 30 kpc. Our work suggests MgI1
rotation curves should continue to decrease to at least
100 kpc, though based on the maps in Figure 3 the MgI1
column densities at those distances are significantly be-
low current observational limits.

While this paper is focused on MgIl gas near the ma-
jor axis, there are also recent results suggesting Mgi1
outflows along the minor axis of galaxies with veloc-
ities > 100 km s~! (e.g. Schroetter et al. 2019; Zabl
et al. 2020). It is worth noting though that Mortensen
et al. (2020) found a lensed system with MgII on the
geometric minor axis of the absorber galaxy with line-
of-sight velocities < 100 km s~! and a large velocity dis-
persion, indicating that the kinematics of MgII outflows
may vary significantly. Importantly, the TNG fiducial
sample does not display large radial velocities for MgiI
gas in regions of the CGM around the minor axis, and
it is only gas that is higher than typical temperatures of
Mgi1i gas that has any average outflows which are still
< 100 km s~ !. Therefore, while the fiducial sample from
TNG replicates the observed rotational aspect of Mgi1
gas, it does not produce cold outflows that are inferred
from observations at z ~ 1.

Ho et al. (2020) recently studied similar aspects of
Mgiri absorption in the EAGLE simulation at z ~ 0.3
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Figure 10. Median specific angular momentum vs
galactic stellar mass for the cold (blue), hot (red),
and Mgi1 (thick black) CGM as defined in Figure 7,
as well as the dark matter halo (dotted black) and
the stellar component of the galaxy (thin black) at
z = 1. Unlike previous figures, medians are calcu-
lated using a sample of all halos with galaxies that
have 10° My < M, < 10"' My. Shaded regions show
the 16th and 84th percentiles of the distributions
of the cold gas (blue), which is similar in size to
all components except dark matter (black) which
has noticeably larger scatter. Black points show the
Mg1i specific angular momentum of the halo mass-
selected TNG50 fiducial sample which is biased to-
wards higher j for M. < 10°7®. Green squares show
estimations for the specific angular momentum of the
MEGAFLOW absorbers using inferred rotational ve-
locities from Zabl et al. (2019).

and found results broadly consistent with ours. Specif-
ically, they measure a rotating MgII structure around
star-forming galaxies as well as a lower detection frac-
tion of MgII near the minor axis. They also find that
higher-mass galaxies host detectable (i.e. above a fixed
column density) MgII structures out to larger distances
in the CGM, which we indirectly show with the EW
distributions in Figure 9, where higher-mass halos have
more strong absorbers.

5. SUMMARY

We have simulated MgIl absorption in the CGM of
halos from TNG50 comparable to those observed in
the MEGAFLOW sample and compared absorption and
kinematic properties of the two samples. We also exam-
ined the 3D kinematics of the Mgl in TNG50. Our
conclusions are as follows:

1.The equivalent widths of absorber-selected halos
(i.e. strong absorbers) from TNG50 match reasonably
well with the equivalent widths of major-axis sightlines

from MEGAFLOW (Zabl et al. 2019). NB:Do you think
this is a significant results?:, but the simulated halos ap-
pear to underproduce Mgi1 absorption at smaller impact
parameters.

2.A majority of halos are strong absorbers at the small-
est impact parameter studied (15 kpc), but the strong
absorber fraction drops quickly as a function of distance.

3.The stacked velocity spectra of TNG50 strong absorbers
match the stack spectra of Zabl et al. (2019) very well,
thus supporting the physical interpretation of co-
rotation both below 30 kpc, where the spectra are
strongly peaked near ~ 0.5V; and symmetric, and
above 30 kpc, where the spectra are similarly peaked
but are much noisier, broader, and asymmetric.

4.In TNG, Mg11 gas has velocity profiles nearly identical
to gas below a temperature cutoff of 3x10* K, meaning
Mg11 absorption is a good proxy for cold gas kine-
matics in general. There is substantial rotation and
typical inflow velocities of ~ 50 km s~! out to ~ 60 kpc
in the CGM.

5.The radial and polar velocity components by themselves
do not cause any net velocity shift in the spectrum,
which implies that Mgii absorption kinematics
alone cannot be used to measure inflows of sys-
tems with edge-on geometries.

6.Mg11 absorption strengths and spectra are stronger and
broader for halos more massive than the fiducial sample
of 10!15 —10'2 M, halos but do not change very much
for halos less massive than the fiducial sample. Lowering
the resolution from TNG5H0 to TNG100 only modestly
changes any of the MgIr kinematic properties.

7.0ur results from TNGH0 are consistent with the emerg-
ing picture of rotating MgII gas found in observations
and other simulations, but there seems to be a lack of
Mg11 outflows along the minor axes.

This work demonstrates that generating mock Mgii
observations from TNGb50 generates absorption spectra
that are comparable to real data. In future work, we
plan to widen our investigation to include other ions that
trace warmer and more diffuse gas, as well as follow gas
at particular redshifts backwards and forwards through
time to determine the stability of various ion structures
and their role in transporting angular momentum to or
from the galaxy.
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