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ABSTRACT

In this study, we examine the role of the circumgalactic medium (CGM) angular momentum (jcgy) on star formation in galaxies,
whose influence is currently not well understood. The analysis utilises central galaxies from two hydrodynamical simulations, SIMBA
and IllustrisTNG. We observe a substantial divergence in how star formation rates correlate with CGM angular momentum between the
two simulations. Specifically, quenched galaxies in IllustriSTNG show higher jcgm than their star-forming counterparts with similar
stellar masses, while the reverse is true in SIMBA. This difference is attributed to the distinct active galactic nucleus (AGN) feedback
mechanisms active in each simulation. Moreover, both simulations demonstrate similar correlations between jcgy and environmental
angular momentum (jg,y) in star-forming galaxies, but these correlations change notably when kinetic AGN feedback is present. In
MustrisTNG, quenched galaxies consistently show higher jogm compared to their star-forming counterparts with the same jg,,, a
trend not seen in SIMBA. Examining different AGN feedback models in SIMBA, we further confirm that AGN feedback significantly
influences the CGM gas distribution, although the relationship between the cold gas fraction and the star formation rate (SFR) remains

largely stable across different feedback scenarios.
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1. Introduction

The structure and star formation activity of a galaxy are closely
linked to its kinematic properties. It has been proposed that
disc galaxies are formed from gas accretion and acquire angu-
lar momentum from tidal torques (see e.g., Fall & Efstathiou
1980; Barnes & Efstathiou 1987; Mo et al. 1998; Bullock et al.
2001; Keres et al. 2005). On the other hand, elliptical galaxies
have a factor of five less angular momentum than disc galaxies
of similar masses (e.g., Fall 1983; Romanowsky & Fall 2012;
Fall & Romanowsky 2013).

Thanks to large-scale integral field spectroscopy (IFS) sur-
veys, galaxies can be further classified by their dynamical fea-
tures rather than by simple morphology or colour (Driver et al.
2007). The SAURON project (Bacon et al. 2001), which is based
on the IFS, complements the traditional classification of early-
type galaxies (ETGs) by including information about galaxy
kinematics. The ETGs are divided into fast and slow rotators in
the anisotropy diagram between the ratio of ordered and random
motion (V/o) and ellipticity (e) (see e.g., Cappellari et al. 2007,
Emsellem et al. 2007). van de Sande et al. (2018) further found
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a strong correlation between the stellar population age and the
location in the (V/o, €) diagram, where fast rotators are younger
and slow rotators are relatively old. This suggests that the star
formation history is correlated with galaxy stellar kinematics.

The circumgalactic medium (CGM) is believed to be a
source of fuel for star formation and is thus expected to be
linked to star formation activity. Using the IllustrisTNG hydro-
dynamical simulation (hereafter TNG; Pillepich etal. 2018;
Nelson et al. 2019b), Lu et al. (2022) found that quenched early-
type galaxies typically have higher specific angular momenta
than their star-forming disc counterparts with similar stellar
masses. This high angular momentum of the CGM could impede
the efficient radial gas inflow that is necessary to maintain star
formation in the centre and is thus seen as an additional fac-
tor in keeping galaxies quenched, a process known as angular
momentum quenching (Peng & Renzini 2020). The high angu-
lar momenta of quenched galaxies in TNG are probably related
to the more frequent prograde merger events (relative to the spin
of the galaxy itself, as the angular momentum of the CGM gas is
inherited from the large-scale halo environment (Lu et al. 2022;
Wang et al. 2022b).

However, the angular momentum and gas distributions of
galaxies in hydrodynamical simulations can be easily altered
by the baryon physics employed. Negative feedback from the
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active galactic nucleus (AGN) is one of the most effective ways
to quench galaxies in these simulations. Ma et al. (2022) com-
pared the hydrodynamical simulations of TNG and SIMBA
(Davé et al. 2019) and found that the kinetic AGN feedback in
TNG only moves cold gas from the inner discs to the outer
regions, thus reducing the star formation activities in the inner
regions. This leads to TNG overestimating the overall cold-
gas reservoir in quenched galaxies compared to observations.
Therefore, angular momentum quenching is necessary in TNG
to prevent the CGM gas of these quenched galaxies from falling
into the centre. On the other hand, the bipolar injection of
kinetic AGN feedback in SIMBA only slightly reduces the cold
gas densities in the inner regions, but significantly heats the
CGM gas, which brings SIMBA into better agreement with
the observed cold-gas masses for quenched galaxies. Without a
consistent supply of cold gas in the CGM, quenched galaxies
will remain with low star formation rates, so it does not seem
necessary to have the additional input of angular momentum
quenching.

It is perplexing to consider the impact of angular momen-
tum on star formation in galaxies when comparing the two sim-
ulations. To gain a better understanding of the effect of angular
momentum in different hydrodynamical simulations, this paper
will explore the relationship between star formation rate (SFR)
and CGM angular momentum in TNG and SIMBA. In addi-
tion, we will examine the influence of various morphologies
on the angular momentum distribution. The paper is organ-
ised as follows. Section 2 provides an overview of the galaxy
samples in the two simulations. The main findings are sum-
marised in Section 3. Conclusions and discussions are described
in Section 4.

2. Simulation and data
2.1. The lllustrisTNG simulation

The IlustrisTNG project consists of a set of magnetohy-
drodynamical simulations of different cosmological volumes
(Marinacci et al. 2018; Naiman et al. 2018; Nelson et al. 2018,
2019b; Pillepich et al. 2018; Springel et al. 2018), run with the
Arepo code (Springel 2010). In this paper, we focus on the
TNG100-1 simulation with a box size of 75 h~'Mpc on a side,
and the cosmological parameters are Q, = 0.3089, Q, =
0.6911, Q, = 0.0486, and & = 0.6774. The dark matter mass
resolution is mpy = 7.5 X 10% M, and the average gas cell mass
is around mg,s = 1.4 x 10° Mo,

The Ilustris simulation (Vogelsberger et al. 2014) has been
improved by the TNG model with the introduction of two AGN
feedback modes: thermal and kinetic. These two modes are
exclusive and are determined by comparing the Eddington ratio,
Agqd, with the critical value, y, which is calculated using equation
x = min|0.002(Mgy/10° My)?,0.1]. When the Eddington ratio
is greater than or equal to the critical value, the thermal mode
is activated, which injects energy isotropically into the environ-
ment and heats the surrounding gas. On the other hand, when the
Eddington ratio is less than the critical value, the AGN feedback
switches to the kinetic mode, which produces black hole-driven
winds and transfers energy to the neighbouring gas in the form of
random momentum (Weinberger et al. 2017). This kinetic mode
has enabled the stellar mass fraction in massive haloes to be more
in line with observations, without the overheating of gas as in
Nlustris.
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2.2. The SIMBA simulation

SIMBA simulations (Davé et al. 2019) are carried out using the
GIZMO code (Hopkins 2015), which is a solver for cosmo-
logical gravity and hydrodynamics. This paper adopts the flag-
ship run of SIMBA (m100n1024), which has a box size of
100 2~'"Mpc on a side and cosmological parameters that are con-
sistent with TNG, including Q,, = 0.3, Q, = 0.7, Q, = 0.048,
and i = 0.68. The resulting dark matter and gas cell mass resolu-
tions are 9.6 x 107 Mg, and 1.82 x 107 M, respectively. Galaxies
in SIMBA are identified by a 6D friends-of-friends (FOF) finder
with a linking length of 0.0056 times the mean inter-particle dis-
tance, while haloes are identified using a 3D FoF finder with a
linking length parameter of 0.2.

SIMBA assumes the H,-based star formation law (Schmidt
1959), where the H, fraction is determined by local metallic-
ity and gas column density (Krumholz & Gnedin 2011). The
star formation rate (SFR) is then calculated using the equa-
tion: SFR = &,pm,/tayn, where &, = 0.02 (Kennicutt 1998)
and the dynamical time fqyn = 1/+v/Gp. The HI gas fraction is
calculated based on the prescription of Rahmati et al. (2013).
The total neutral gas can then be calculated on the fly. Each
gas cell in haloes is assigned to the galaxy with the highest
value of Mbaryon/Rz, where Mparyon is the total baryonic mass
of the galaxy and R is the distance from the gas cell to the
centre of the galaxy. SIMBA incorporates the star formation-
driven feedback from MUFASA and a torque-limited accretion
model (Hopkins & Quataert 2011; Anglés-Alcazar et al. 2017)
to accrete cold gas (T < 10° K), which does not require self-
regulation for black hole growth (Anglés-Alcazar et al. 2015).
For hot gas (T > 10° K), Bondi accretion is used (Bondi 1952),
which is the same as in TNG.

In SIMBA, two main kinetic feedback models are present,
along with an X-ray feedback model. When the Eddington ratio
is high (dgqq > 0.2), a radiative or wind mode is activated,
which propels the gas away from the black hole at speeds of
up to 1000 km s~!. When the Eddington ratio is low (1ggq < 0.2)
and the black hole mass is greater than 107> My, a jet mode is
triggered, which can reach velocities of up to 8000 kms™ when
Agga < 0.02. Both the jet and wind modes are bipolar and purely
kinetic, and a small fraction of the energy of the jet mode will
increase the virial temperature of the halo. When the full jet con-
dition (Adggq < 0.02) and fy, < 0.2 is met, the X-ray heating
mode is activated. This mode has the least effect on galaxies
(Davé et al. 2019), and is usually insignificant.

The SIMBA project has a set of simulations with a box size
of 50 h~'Mpc on a side (simulation name m50n512), contain-
ing 2 x 5123 particles (i.e. the same resolution and input physics
as the flagship run m100n1024), but with a volume eight times
smaller. In addition to the full m50n512 run, there are cata-
logues that have different AGN feedback mechanisms turned
off: ‘No-Xray’, ‘No-jet’, and ‘No-AGN’, which correspond to
X-ray feedback off, both X-ray and jet models off, and all AGN
feedback models off, respectively. We use both m100n1024 and
mS0n512 runs to investigate the effect of CGM angular momen-
tum with different feedback conditions.

2.3. Sample selection

In this paper, we focus exclusively on the central galaxies in
both TNG and SIMBA. The SFR in TNG is determined from
the value of ‘SubhaloSFR’, that is, the total SFR of all gas cells
in a given subhalo. In SIMBA, the SFR is defined as the total
SFR in gas particles belonging to each galaxy. Figure 1 displays
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Fig. 1. Distribution of central galaxies at z = 0 as a function of SFR
and M,, for SIMBA and TNG in 100 Mpc/h, from left to right, respec-
tively. The coloured background is the logarithmic number of central
galaxies. The black dot-dashed line is the SEFMS of TNG100, following
the definition in Ma et al. (2022): log(SFR/yr™! My) = 0.83log M, —
8.32, and black cross represents SFMS of star-forming central galax-
ies in SIMBA100, where star-forming galaxies are simply selected with
log(sSFR/Gyr™! M) > —1.8. Magenta lines separate the star-forming
and quenched galaxies in both panels.

the central galaxy distributions in the SFR-M, plane, with the
colour indicating the number density of central galaxies. We
use the definitions of the star formation main sequence (SFMS)
SFRys(M.,) in SIMBA (left panel) and TNG (right panel) from
Ma et al. (2022), which are shown as the crosses and the dot-
dashed line, respectively. Since the SFMS of SIMBA is curved
for M, > 10°3 M, we only consider galaxies with stellar masses
ranging from 10°° M, to 10''> My, in both simulations at z = 0
to ensure that the galaxies in our sample are fully resolved.
Finally, we select a total of 6925 and 14479 central galaxies
in the mass range of 9.5 < log(M../M) < 11.2 from SIMBA and
TNG, respectively. For a fair comparison between the two simu-
lations, we focus on the SFR offsets from the SFMS, A log SFR,
defined as,
Alog SFR = log SFR — log SFRys. N
Following Ma et al. (2022), we separate the star-forming and
quenched galaxies with the cutoff SFR of Alog SFR = —1, that
is, 1 dex below the SFMS.

2.4. Kinematic properties

According to Lu et al. (2022), we consider the region beyond
twice the half stellar mass radius of the galaxy (2Rnsm) and
within 100 kpc to be the CGM domain. Beyond this scale, the
connection between CGM cold gas and inner star formation is
weak. We focus on the cold phase of the CGM gas, which has
a temperature range of 10*K < 7 < 2 x 10*K. In Wang et al.
(2022b), it was found that the cold-phase CGM gas has a higher
angular momentum and more tangential motion than its hot-
phase (T > 10° K) counterparts.

In both TNG and SIMBA simulations, we calculate the spe-
cific angular momentum of the cold-phase CGM gas (10*K <
T <2 x 10*K), jcgm, as follows,

Zi Mgy iTeas,i X Vgas,i

2 Mgas,i

) @

jCGM =

where my,; is the mass of a given gas cell i, rgs; is the rela-
tive distance from the galaxy centre, and vg,; is the velocity.
The summation is performed in all cold gas cells with 2Ry, <

Teas; < 100kpc. The dimensionless spin of CGM (Acgm) can be

measured as follows (Lu et al. 2022),
z:z"/’/lgats,iv rgas,i/GM(S rgas,i)

% Magas,i

2
t,gas,i

3

Acgm =

where v, 4,5; 15 the tangential velocity of the i-th gas cell and
M(<rgs,) is the total mass (including all types of particles)
within rg,;.

Different from Lu et al. (2022), we calculate the environmen-
tal angular momentum of each central galaxy, jeny, by summing
the contribution from all particles (including dark matter, star,
and gas particles) as,

XMy iri X V;

, “
2:i M, par,i

2 p—
Jenv =

where Mp,,; is the mass of an individual particle i, r; is the rel-
ative distance from i to the central galaxy, and v; is the rela-
tive velocity. The summation is performed on all particles with
2Rnsm < r; < 100kpc, where dark matter will dominate the
contribution of angular momentum. This will ensure a better
quantification of the environmental angular momentum than just
using the satellite galaxies as in Lu et al. (2022).

3. Results
3.1. Trend with SFR

In Figure 2, we show the distribution of galaxies in the Acgm—
Alog SFR plane for SIMBA (top panel) and TNG (bottom
panel). The colour coding indicates the logarithmic number of
galaxies. The solid line in each panel indicates the median val-
ues with errors estimated from the 16"-84™ percentile ranges.
The two simulations show different correlations between Acgm
and AlogSFR. In TNG, galaxies with a low Alog SFR have
much higher Acgym than their star-forming counterparts. This is
in agreement with the findings of Lu et al. (2022), which sug-
gest that the CGM gas of the quenched galaxies still has a strong
rotational motion. It is likely related to the surplus of cold gas in
the CGM caused by the relatively weak kinetic AGN feedback
in the TNG (Ma et al. 2022).

On the other hand, Acgm gradually increases with A log SFR
in SIMBA and most quenched galaxies only have a small Acgm
(<0.2), indicating that the CGM gas in quenched galaxies is
more likely to have random motion rather than rotational motion.
This is also in line with their low cold gas reservoir, as reported
in Appleby et al. (2021) and Ma et al. (2022). The majority of
galaxies with high-Acgm are the disc galaxies in the SFMS.

We note that the comparisons in Figure 2 do not include
galaxies without SFR measurements (i.e. SFR = 0) in both
simulations. The fraction of galaxies with SFR = 0 is 3.5%
and 9% for SIMBA and TNG, respectively. These galaxies are
caused by the stochastic star formation algorithms and the lim-
ited simulation resolution. So they can be effectively consid-
ered as fully quenched. To be comprehensive, Figure 3 displays
the probability distributions of Acgm for all quenched galax-
ies (including galaxies with SFR = 0) and star-forming galax-
ies in SIMBA (orange) and TNG (blue). Both the star-forming
and quenched galaxies show very different distributions in Acgm
between SIMBA and TNG. Star-forming galaxies in SIMBA
have significantly lower Acgm compared to TNG. It is evident
that the Acgwm distributions for all quenched galaxies still follow
the trend for quenched galaxies shown in Figure 2, whether in
TNG or SIMBA. Although galaxies with SFR = 0 in TNG have
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Fig. 2. Distribution of Acgm as a function of Alog SFR in SIMBA (top
panel) and TNG (bottom panel). The background is the logarithmic
number of galaxies, with colours ranging from light (blue) to dark (red)
indicating an increasing number of galaxies. From top to bottom panels,
the blue and red lines show the median values and errors estimated from
the 16M—84™ percentile ranges for SIMBA and TNG, respectively.

slightly lower Acgm values (with an average of around 0.72) than
the median values (~0.8) shown in Figure 2, they are still compa-
rable to the Acgm values of star-forming galaxies (with an aver-
age of 0.76), as illustrated in Figure 3. The situation is similar in
SIMBA. Those with SFR = 0 in SIMBA have an average Acgm
of 0.11, while those star-forming galaxies have an average value
of 0.28.

Figure 4 presents examples of cold gas distributions in star-
forming and quenched galaxies in TNG (two left panels) and
SIMBA (two right panels). The top and bottom panels display
face-on and edge-on projections, respectively. The colour scales
indicate the SFRs of the gas cells, as labelled. The total spe-
cific SFR of each galaxy (sSFR = SFR/M,) is also shown in
the panel. Notably, both the star-forming and quenched galax-
ies in TNG have large cold-gas discs in the CGM, which is in
agreement with their high angular momenta, as seen in Figure 2.
However, the quenched galaxies have an obvious cavity of cold
gas in the central region (roughly the size of the stellar disc). As
demonstrated in Ma et al. (2022), galaxies in TNG are quenched
by the ejection of cold gas from inner discs to the outer regions,
which is caused by the kinetic AGN feedback mode. This natu-
rally creates a hole in the gas distribution and halts star formation
in the central stellar disc.

In contrast to star-forming galaxies, quenched galaxies in
SIMBA have very few cold gas cells, and their distribution is
more spherical than disc-like. Additionally, there is no visible
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Fig. 3. Histograms of Acgm for SIMBA and TNG, with the top and bot-
tom panels representing star-forming and quenched galaxies, respec-
tively, where quenched galaxies include those with SFR = 0, and the
Y-axis is normalised by the total number of central galaxies in each
simulations. Blue and orange bins represent normalised probability of
TNG and SIMBA, respectively, and the brown is cross area.

cavity of cold gas in the core. The cold gas density in the central
parts of star-forming and quenched galaxies in SIMBA are quite
similar (see Fig. 5 of Ma et al. 2022). However, the quenched
galaxies have much less cold gas in the CGM, which reduces the
amount of cold gas that can reach the core, and, as a result, the
overall SFR decreases.

It is evident from the comparisons that galaxies in TNG and
SIMBA, despite having similar stellar masses and star formation
rates, have distinct CGM gas kinematics that are linked to the
total cold gas supply and their AGN feedback processes.

3.2. Cold gas reservoir

To be clear, we compute the cold gas mass in the CGM, My,,, by
summing the cold gas cells within the range of 2Ry, to 100 kpc.
Additionally, we define foolq = Mgas/M. as the ratio of My, to
the total stellar mass of galaxies (M..). The relationship between
feolda and Alog SFR is analysed in Figure 5, with SIMBA dis-
played in the two left panels and TNG in the two right panels.
The colour scales, as indicated by the colour bar on the right,
represent the normalised galaxy number density in each simu-
lation. We categorise the galaxy distributions into subsamples
of Acgm < 0.5 and Acgm > 0.5, as labelled in each panel. It
is apparent that in SIMBA, angular momentum scarcely affects
the correlation between SFR and the CGM gas mass. In most
quenched galaxies, the CGM shows low f.,q and low angular
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ranges, and is simply distinguished by high and low spin.

momentum. In TNG, the decline in Alog SFR with decreasing
feold reflects the trend seen in SIMBA. For quenched galax-
ies, the association between Alog SFR and f.,q is considerably
weaker because the cold gas in CGM is not actively involved
in star formation. However, there are very few quenched galax-
ies with Acgm < 0.5, which is in stark contrast to the results in
SIMBA. The physical mechanisms behind these differences will
be examined in Sect. 3.4.

3.3. Environmental effect

According to classical galaxy formation theory, galaxies gain
angular momentum by accreting gas from their host halos as they
evolve, influenced by the torque field (Peebles 1969; Mo et al.
1998), consistent with findings in Lu et al. (2022). Figure 6
illustrates the relationship between the angular momentum of
the CGM (jcgm) and that of the environment (jg,y) Within the
range of 2Rysm—100 kpc for galaxies of log(M./My) > 9.5. The
top and bottom panels reveal the results for SIMBA and TNG
simulations, respectively, distinguishing star-forming galaxies
(SFGs, shown by blue points) from quenched galaxies (QGs,
depicted by orange circles). The median values of jcgm for
the two populations in different jg,, bins are shown with solid
lines. It is apparent that the CGM angular momentum, jcgm, 1S

influenced by the environmental angular momentum, jg,y, for
both SFGs and QGs in both simulations. This indicates that the
galaxy’s angular momentum is largely inherited from its sur-
rounding environment. But the correlation between jcgm and
Jenv decreases at lower values of jgyy.

Interestingly, the SFGs in two different simulations demon-
strate a similar relationship between jcgm and jgny. The angu-
lar momentum of the CGM is influenced by both the inner
stellar disc and the outer halo environment. When jg,, is
large, the environment primarily contributes to jcgm. Conse-
quently, the SFGs and QGs in both simulations converge for
log(jgny/kpc km s7l) > 3.5, with a slope of jcgm/Jjeny near
unity. Conversely, at low jg,, values, the inner disc’s influence
becomes significant, making the jcgm/ jenv SlOpe approach zero.
This accounts for the behaviour of the SFGs in the simulations,
which are likely to be significantly influenced by powerful AGN
feedback. We note that jegm and jg,y cover the same range of
CGM (2Rysm—100 kpc) and, in principle, are closely connected.
It would be intriguing to compare the relation between jcgm and
Jeal, Where jg is the angular momentum calculated using all
particles within 2Ry, of each galaxy. We find that jg,y and jga
are closely correlated with each other, and the relations between
Joom and jgy still largely follow the trends between jcgm and
JEnv-
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SIMBA and TNG, from top to bottom, respectively. The black line is
the relation of SFGs and red line is the relation of QGs in each panel. To
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magenta dotted lines. For SFGs and QGs, each sample is plotted with a
blue dot and an orange circle, respectively. Each line shows the median
values, with errors estimated from the 16™—84™ percentile ranges.

The primary difference between the two simulations is that
QGs in the TNG simulation consistently exhibit higher jcom
compared to their star-forming counterparts at a specific jgny,
a trend also observed in Lu et al. (2022). However, the median
values of jcgm for QGs in the SIMBA simulation are roughly
the same as those of SFGs. The distribution of jcgwm for QGs is
significantly broader. This distinct behaviour of QGs in the two
simulations is most likely caused by the predominant impact of
the AGN feedback mechanisms.

3.4. Effect of AGN feedback

The SIMBA simulation set comprises three variations of the
implementation of the AGN feedback model by disabling differ-
ent AGN feedback modes, as described in Sect. 2.2. To examine
the influence of AGN feedback on the CGM angular momen-
tum, we compare the fiducial model with the different variations.
Figure 7 illustrates the relationship between jcgm and jgny for
these model variations. The models displayed from left to right
are the fiducial model, ‘No-Xray’, ‘No-jet’, and ‘No-AGN’ runs.
These simulations use a smaller volume of 50° A>Mpc?, result-
ing in fewer galaxies compared to the fiducial run in Figure 6. We
show the median values of jcgym in different jg,, bins for SFGs
and QGs as the black and red dashed lines, respectively. For fair
comparisons, we also replicate in each panel the median values
of jcgm from SIMBA100 in Figure 6 as solid lines. The median
Jjcom for SFGs in the SIMBASO0 variation models closely follows
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the fiducial one in SIMBA100, as expected. But there are slightly
larger differences for QGs. The scatters of jogm in QGs are sig-
nificantly increased when more AGN feedback mechanisms are
included, confirming the results shown in Figure 6.

AGN feedback serves as the principal mechanism to quench
galaxies in SIMBA. The ‘No-AGN’ run, which disables all AGN
feedback modes, shows only a small number of QGs. It is clear
that the jcgm distribution for QGs matches that of SFGs when
jet-mode feedback is disabled in both the ‘No-jet’ and ‘No-
AGN’ runs. Kinetic jet feedback leads to a notable increase in the
scatter of jogm for QGs. As outlined in Davé et al. (2019) (and
further discussed in Ma et al. 2022), the bipolar kinetic feed-
back in the low-accretion mode ejects gas particles from within
the black hole accretion kernel at an outflow velocity of up to
8000kms~!. The collimated nature of the outflow restricts its
extent to approximately 1 kpc. As a result, the cold gas distribu-
tion in the centres of the galaxies is not severely affected by the
jet-mode feedback, as also shown in Fig. 5 of Ma et al. (2022).
However, jet energy is effectively distributed spherically within
the CGM gas due to hydrodynamic interactions between the out-
flow and the CGM gas, thus modifying the distribution jcgm and
significantly reducing the cold gas content in the CGM.

TNG has significantly different AGN feedback mechanisms.
During its low-accretion kinetic feedback phase, gas cells around
a black hole are expelled with momentum in random directions.
However, the mean momentum is preserved over numerous
energy injection events. Despite the isotropic nature of kinetic
energy release in TNG, bipolar gas outflows are still present.
As discussed in Nelson et al. (2019a), the collimated outflow
in TNG is largely caused by a ‘path of least resistance’ effect.
Kinetic feedback-driven outflows encounter enhanced resistance
on the planes of galactic discs and are reshaped into high-
velocity collimated outflows perpendicular to the discs. Mean-
while, outflows along the plane of a disc will expel gas from
the centre of the galaxy, which explains the void observed in the
CGM gas distribution in Figure 4, as well as the extensive cold
gas disc in the QG.

The influence of kinetic feedback on the CGM gas distribu-
tion depends on both the feedback mechanism and the strength
of the released energy. Due to the mild energy release, the out-
flow velocity in TNG can only reach a maximum value around
3000kms~! in very massive galaxies (Nelson etal. 2019a),
which is significantly smaller than the typical outflow velocity
(with a maximum value of 8000 km s_l) in SIMBA (Davé et al.
2019). As reported in Ma et al. (2022), kinetic AGN feedback
causes the cold gas in TNG to migrate from the inner discs to
the outer regions while maintaining the overall cold gas mass.
When the cold gas is redistributed in the outer region, due to
momentum conservation, the angular momentum of the CGM
will increase accordingly, as shown in the right panel of Figure 6.

To gain a deeper understanding of how CGM angular
momentum and AGN feedback influence the gas distribution,
Figure 8 displays the galaxy distributions within the log f.oa—
Alog SFR plane for the various AGN feedback models of
SIMBASO. The distributions for galaxies with Acgm > 0.5 and
Acom < 0.5 are illustrated in the top and bottom panels, respec-
tively. We used the same galaxy mass range and colour scales as
in Figure 5. The dashed magenta line in each panel represents
the median values of f.,4 in different Alog SFR bins.

When comparing the upper and lower panels within identi-
cal AGN feedback models, it is evident that the CGM angular
momentum does not notably influence the relationship between
the gas reservoir and the SFR in SIMBA, in agreement with the
result depicted in Figure 5. There is a subtle trend indicating
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Fig. 7. Same as Fig. 6, but for the fiducial SIMBASO0 run, No-Xray run, No-jet run, and No-AGN run, respectively. The black and red dashed lines
show the relations of SFGs and QGs in SIMBASO0, respectively. To clearly illustrate the effect of feedback, we replicate in each panel the medians
for SFGs and QGs in SIMBA100 with black and red solid lines, respectively.
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Fig. 8. Relations between A log SFR and f.14, for central galaxies with Acgm < 0.5 and Acgm > 0.5 in SIMBASO. Here we show relations of fiducial
SIMBASO0 run, No-Xray run, No-jet run, and No-AGN run, from left to right, respectively. The background is a probability density distribution of
central galaxies, as described in Figure 2. Magenta lines show the change of medians of f.,q With the change of Alog SFR.

that QGs with higher spins have a slightly stronger dependency
of f.oia on Alog SFR. However, due to the significant scatter, the
results for low and high spins are consistent with each other, sim-
ilarly shown in Figure 5, and this holds even when AGN feed-
back is disabled.

In summary, the AGN feedback mechanisms will consider-
ably influence the distribution of the CGM angular momentum,
as well as the cold gas in the CGM (as illustrated in Figure 4).
Nonetheless, the correlation between f.,q and Alog SFR is not
strongly altered by AGN feedback or CGM angular momentum.

4. Conclusions and discussions

In this research, we explore the impact of CGM angular momen-
tum on star formation processes within galaxies. Employing
advanced hydrodynamical simulations from TNG and SIMBA,
we have quantified the effects of CGM angular momentum
across various AGN feedback scenarios. The key findings of our
study are summarised as follows.

(1) The distributions of galaxies in the Acgym—A log SFR plane
differ significantly between TNG and SIMBA. The most note-
worthy distinction between these simulations is that most QGs in
TNG exhibit high CGM angular momentum, whereas in SIMBA

the opposite is observed. Both simulations show similar distri-
butions of Acgym for SFGs. Additionally, in TNG, QGs generally
possess a large cold gas disc in the CGM, and the central cavity
in the gas distribution is due to kinetic AGN feedback. However,
QGs in SIMBA have minimal cold gas in the CGM and typically
lack prominent cold gas discs, in line with their low CGM spin.

(i) The angular momentum of the CGM is influenced by
both the angular momentum of the environment and the feed-
back from inner stellar discs (notably the AGN feedback). The
SFGs in both TNG and SIMBA exhibit similar strong correla-
tions between jcgm and jgny, with a slope near unity for high
JEnv Values. At lower jgny, jcgMm is more impacted by inner stellar
discs and shows a weaker dependence on jg,y. On the other hand,
TNG and SIMBA’s QGs show markedly different distributions
in the jogm—jenv Space. In TNG, QGs have consistently higher
Jjcom than SFGs with the same jg,y, resulting from randomised
momentum injection events in the kinetic AGN feedback mode.
Meanwhile, QGs in SIMBA have median jcgy values similar
to SFGs, but the scatter is significantly larger due to collimated
jet-mode feedback.

(iii) While the AGN feedback and CGM angular momentum
affect the cold gas distribution within the CGM, the relationship
between f.oq and Alog SFR remains largely consistent across
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various AGN feedback models in SIMBASO0. This indicates that
the star formation process steadily relies on the availability of
cold gas in the CGM.

Angular momentum quenching has previously been
suggested as another mechanism to quench galaxies
(Peng & Renzini 2020). According to Luetal. (2022), the
high angular momentum of CGM in the QGs of the TNG
might be instrumental in preserving their quenched state. Our
findings indicate that the CGM angular momentum distribution
in SFGs and QGs is heavily influenced by the AGN feedback
mechanisms implemented in various simulations. In SIMBA,
the jet-mode AGN feedback primarily depletes the cold gas in
the CGM of QGs, resulting in these QGs typically having low
CGM spins. This indicates that a high CGM angular momentum
is not always essential for QGs. Finally, in Appendix A,
we show that our results are not affected by the simulation
resolutions.

Observationally, galaxies that possess relatively large HI
discs (i.e. HI-rich) in comparison to typical galaxies with identi-
cal stellar masses have also been found (see e.g., Lemonias et al.
2014; Lutz et al. 2018). These galaxies exhibit high CGM angu-
lar momenta that contribute to the stabilisation of cold-gas discs
and the reduction in star formation efficiency (Obreschkow et al.
2016; Lutz et al. 2018). However, these galaxies remain predom-
inantly SFGs, with high CGM angular momentum supporting
the large H1 discs, unlike the QGs in TNG.

The red spiral galaxies appear analogous to the QGs in TNG
in reality, characterised by their red central regions and higher
H1 gas fractions when compared to elliptical galaxies of compa-
rable mass (Hao et al. 2019; Guo et al. 2020; Zhou et al. 2021).
Nevertheless, as shown in Wang et al. (2022a), these red spi-
ral galaxies with higher HI masses often exhibit bluer outer
discs, suggesting that optically selected red spirals are not com-
pletely quenched. Using the HI observations from ALFALFA
(Haynes et al. 2018), Guo et al. (2021) demonstrated that the
optical morphology of a galaxy does not influence the relation-
ship between total HI mass and SFR. Therefore, the primary
characteristic of the cold gas discs in the CGM of QGs in TNG
is largely due to its unique AGN feedback mechanism (Guo et al.
2022; Ma et al. 2022). Future studies of CGM gas and more
sophisticated simulation models will offer a deeper understand-
ing of the impact of CGM angular momentum on star formation
activities.
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Appendix A: Resolution effect
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Fig. A.1. Same to Figs. 2 and 6, but also including the results for TNG100-2 and TNG50. Overall, the trends in TNG100-2 and TNGS50 are very
similar to that in TNG100, with weak dependence on resolution. The quenched galaxies in TNG100-2 and TNGS50 still show a higher Acgy than
their star-forming counterparts.

In order to check whether our main results will be affected by the resolutions of the specific TNG and SIMBA simulations used
in this paper, we investigate the two primary results in TNG100-2 and TNG50. We show the distribution of Acgy as a function of
Alog SFR and the relations between jcgm and jgny, as illustrated in Figure A.1. We repeat the results of TNG100 and SIMBA for
better comparisons. TNG100-2 has the same box size as TNG100, with mass resolutions lower than TNG100, but very similar to
those of SIMBA. The dark matter mass resolution is mpy = 6.0 X 107 M, and the average gas mass is around 1.1 x 10’ My, in
TNG100-2. TNG50 simulation has a box size of 35 2~'Mpc on a side, with a dark matter mass resolution of mpy; = 4.5x 10° M, and
an average gas mass around 8.5 x 10* M, which are significantly higher than those of TNG100 and TNG100-2. Here, we confirm
that, even though the exact values of Acgm and jogm Will be affected by the simulation resolution, our results remain unchanged in
simulations of different resolutions.
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