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Abstract. Physical processes that occur the circumgalactic medium (CGM) are largely respon-
sible for setting the baryonic angular momentum of simulated galaxies. However, the angular
momentum of the CGM has yet to be characterized in a large cosmological simulation, which
are now capable of reproducing observed angular momentum properties for large populations
of galaxies. We present a first step towards understanding the angular momentum properties of
the CGM statistically for galaxies in the IllustrisTNG simulation. We focus on Milky Way-mass
halos at z = 0, but plan to extend this analysis to other masses and redshifts in future work.
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1. Introduction

The stellar specific angular momentum (j,.) and stellar mass (M) relation for disk
galaxies has been well established since the 1980s observationally (Fall 1983; Fall &
Romanowsky 2013), but only relatively recently have simulations been able to reproduce
this relation for a large population of galaxies (e.g. Genel et al. 2015; Zavala et al. 2016).
Simulations accomplish this with physically motivated feedback models that affect the
dynamics of the baryons in many ways, such as by ejecting material in galactic fountains
(e.g. Christensen et al. 2016), resulting in a j, — M, relationship at z = 0 consistent with
observations.

DeFelippis et al. (2017) investigated the effect of feedback in shaping the angular
momentum of stellar disks in the Illustris simulation by performing a Lagrangian analysis
of the z = 0 stars in Milky Way-mass galaxies. By tracing the z = 0 stars back through
time and keeping track of their angular momentum, we found three periods during which
feedback operates in different ways. First, feedback lessens angular momentum losses
when gas accretes onto the dark matter halo and travels towards the galaxy (compared
to a galaxy of the same mass simulated without feedback). Second, feedback causes
angular momentum gains via galactic winds by successively ejecting accreted gas from
the disk into the CGM. Finally, feedback halts angular momentum losses right before
gas forms stars within the disk.

One of our main conclusions was that feedback within the CGM (i.e. during the first
two periods defined above) is very important for setting the angular momentum of the
enclosed galaxies. There have been many recent efforts to characterize the dynamics of the
CGM with both observations (e.g. Turner et al. 2017) and simulations (e.g. Stevens et al.
2017), but no one has yet used a large cosmological simulation to create a comprehensive
picture of the angular momentum in the CGM. We are thus motivated to do so using
the Illustris and HlustrisTNG simulations.
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2. Methods

Mlustris (Genel et al. 2014; Vogelsberger et al. 2014a,b) and HlustrisTNG (Marinacci
et al. 2018; Naiman et al. 2018; Nelson et al. 2018; Pillepich et al. 2018b; Springel et
al. 2018) are large hydrodynamical simulations run in a ~(100 Mpc)? volume using the
moving-mesh code AREPO (Springel 2010). In this work, we use the newer IllustrisTNG
simulation, which contains models for stellar (Pillepich et al. 2018a) and AGN feedback
(Weinberger et al. 2017) which match observational constraints better than the original
Mlustris feedback prescriptions do (see e.g. Nelson et al. 2018).

We select galaxies from IllustrisTNG in the mass range 10'%7° < Mypa0[Mg] < 10225
at z = 0 and calculate j, of the central galaxies as follows:

N
, 1
b= D (T X Vi) (2.1)
* =1

where m, ; and M, are the mass of individual star particles and the total stellar mass
respectively, the radius r, ; is measured from the position of the most bound particle in
the galaxy, and the velocity v, ; is measured in the center of mass frame of the stars. We
define a disk galaxy as one that is in the upper quartile of the j, distribution, as a high
value of j, for a given stellar mass has been shown to be a proxy for morphological disks,
both observationally (Fall & Romanowsky 2013) and in simulations (Genel et al. 2015).
For our high-j, sample, we remove the innermost region of the halo that contains 95%
of the stars and dense star-forming gas, and call the remaining gas the CGM. In order to
determine the effect of temperature, we divide the CGM into hot and cold phases with
a cutoff at half of the virial temperature of the halo (~ 10° K for our mass range), and
calculate jogas for those phases in the same reference frame as the calculation of j,.

3. Results

In this section, we describe properties of our sample of high-j, galaxies. In Figure 1,
we show the position of the high-j, galaxies’ cold and hot CGM on the specific angular
momentum-mass (j — M) plane. Two key differences are apparent: first, the cold phase
typically contains more mass and angular momentum than the hot phase, and second,
there is a correlation present in the cold phase that does not appear in the hot phase.
From these differences we can deduce properties of the CGM. Cold gas in the CGM is
also closer to the galaxy than the hot CGM gas is, which implies that the cold phase
must be rotating much more significantly than the hot phase. The correlation present
in the cold phase may simply be a consequence of the large extended structures cold
gas forms, which both contain a lot of angular momentum and require a lot of mass to
sustain themselves.

In Figure 2, we show the magnitudes and directions of the CGM angular momentum
vectors with respect to their corresponding stellar angular momentum vectors. Unlike in
Figure 1, the two plots are very similar: the alignment angles of the hot and cold phases
for this galaxy sample are usually small (median ~ 20°) and nearly identical to each
other. In other words, despite the difference in rotational velocity magnitudes between
the hot and cold gas, they are nevertheless both aligned to the stars in a similar way.

In Figure 3, we try to understand this similarity on a galaxy-by-galaxy basis by com-
paring the alignments of the hot and cold phases for each galaxy in our high-j, sample
and a corresponding low-j, sample (the lower quartile of the j, distribution) from the
same halo mass bin. We see that both hot and cold phase alignments with respect to the
stars for the low-j, galaxies are nearly uniformly distributed over all possible angles (me-
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Figure 1. Left: Specific angular momentum of the cold phase of the CGM vs. mass of the cold
phase. Vertical and horizontal green lines show the medians of the x and y-axis distributions
respectively. The outlined star corresponds to a galaxy shown in 3D during the talk summarized
by this proceeding, which can be found at http://gaml18.icrar.org/talks/. Right: Same as left,
but for the hot phase of the CGM.
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Figure 2. Left: Alignment angle of the cold CGM angular momentum vector with respect to
the the stellar angular momentum vector vs. magnitude of the cold CGM angular momentum
vector. Right: Same as left, but for the hot phase of the CGM.

dian ~ 60°). These alignment distributions may explain why high-j, and low-j, galaxies
end up as such: high-j, galaxies accrete CGM gas that is already mostly aligned to the
galaxy, so stars that form out of that gas add to the angular momentum already present,
while low-j, galaxies accrete gas that can be totally misaligned, meaning stars that form
may not add to the angular momentum. Additionally, all points are clustered around the
1-1 line (with some scatter), meaning that irrespective of their alignment to the stars,
the hot and cold phases of the CGM always coherently rotate with each other.

4. Summary

We selected galaxies from the IllustrisTNG simulation that are in ~ 10'2Mg halos
at z = 0 and examined the angular momentum content of their CGM. We divided the
CGM into hot and cold phases to understand what the effect of temperature is. We find
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Figure 3. Left: Alignment angle between cold gas angular momentum vector and stellar angular
momentum vector vs alignment angle between hot gas angular momentum vector and stellar
angular momentum vector for high-j. galaxies. The dotted line is the 1-1 line. Right: Same as
left but for low-j. galaxies.

that for galaxies with the highest stellar specific angular momentum, the cold CGM gas
contains more mass and more specific angular momentum than the hot CGM gas, but
both phases are well aligned to the angular momentum vector of the stars to nearly the
same degree. The CGM of low-j, galaxies is notably not well aligned to the stars, but
like the high-j, galaxies, the hot and cold CGM gas coherently rotate with each other.

All of these z = 0 properties suggest particular formation histories, such as hot/cold
phase mixing and coherent/non-coherent accretion that may help explain angular mo-
mentum growth in the galaxy and the surrounding CGM, which will be investigated as
this work continues.
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