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ABSTRACT

The gas needed to sustain star formation in galaxies is supplied by the circumgalactic medium (CGM), which in turn is affected
by accretion from large scales. In a series of two papers, we examine the interplay between a galaxy’s ambient CGM and
central star formation within the context of the large-scale environment. We use the [lustrisTNG-100 simulation to show that the
influence exerted by the large-scale galaxy environment on the CGM gas angular momentum results in either enhanced (Paper
I) or suppressed (Paper II, this paper) star formation inside a galaxy. We find that for present-day quenched galaxies, both the
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General properties of the simulated galaxies are taken from the TNG
public catalogue (Nelson et al. 2019a). In addition, we also carry
out calculations for a number of other key properties related to the
galaxy itself, its CGM and its environmental angular momentum.
To do so, we first define the galaxy domain as the region inside
twice the half-stellar-mass radius Ry, from the galaxy centre; and
the region outside 2R}, as the CGM domain (DeFelippis et al.
2020). The relevant properties inside the galaxy domain include
a galaxy’s specific star formation rate (sSFR), central gas fraction
faas, <2Ry.» and specific gaseous and stellar disk spin vectors jgas
and j,. respectively. jgas and j. are calculated as:

ZI- m;ry X v
Zimi

where the subscript x refers to stars or gas inside the galaxy domain;
m;, ry and v;, respectively, are the mass, position and velocity vectors
with respect to the galaxy centre, of the /-th stellar/gaseous element.
The summation goes over all the stellar/gaseous particles/cells within
2Rhsm- We refer the reader to Lu et al. (2021) and Xu et al. (2019)

e = (1)

Inorder toeliminate the effects of mass dependence, we also define
a dimensionless spin for the CGM around each galaxy as follows:

ni; vﬁ ; )
AcGMm = Z mfz mi, (2)
where m;, r; and v ;, respectively, are the mass, distance and tan-
gential velocity of the i-th gas element with respect to the galaxy
centre, G is the gravitational constant, and M (< r;) is the total mass
enclosed within distance r;. To evaluate and compare among differ-
ent galaxy types the spin of the CGM as a whole, the summation is
over all gas elements within a fixed radial range of 30-300 kpc from
the galaxy centre. We note that the dimensionless spin defined in this
way is different from the conventional definition (e.g., Stewart et al.
2011, 2017; Teklu et al. 2015; Danovich et al. 2015), which is essen-
tially a globally-defined angular momentum ratio evaluated within a
certain radius. The definition used here is a mass-weighted energy
fraction of the tangential motion with respect to the total kinetic en-
ergy that is required to balance gravity at this radius (assuming a
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Figure 5. Left: histograms of the CGM dimensionless spin Ay (evaluated within a radial range of 30 — 300 kpe, see Eq. 2 for definition) for three types of
galaxies at z = 0. The dashed line indicates the median value in each case. Right: radial profiles of the CGM dimensionless spin Aggm for the same galaxy
samples. The error bars indicate the ranges from 16th to 84th percentiles (1 o) in individual cases.
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Figure 6. Histograms of the specific environmental angular momentum jeny (left panel: evaluated in the distance range of 50 — 300 kpc from the host galaxy;
see Eq. 3 for definition) and of misalignment angles between jogy and o, (right panel), for NDs (blue), CQs (green), and NEs (red) selected at z = (. In each
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Figure 8. Stacked line-of-sight velocity fields of all the star-forming disks
and the quenched but dynamically cold early-type galaxies at z = 0. Before
stacking, all the galaxies are rotated to edge-on views according to their stellar
disks such that the galaxy major axes are along the X -axis in the figure. A
further rotation with a random disk inclination angle between —60° and 60°
along the major axis is then applied to each galaxy, in order to mimic a nearly
edge-on view from an observation. The color-coded maps present the stacked
signal of the line-of-sight velocity fields of the cold (10° K < T < 2x 10* K)
CGM gas. The star symbols with colors indicate the line-of-sight velocities
of galaxies (with projected |¥| < 50kpe) in the vicinity of the hosts. The
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Figure 7. The redshift evolution of: (1) the stellar spin within 2R,y (log j., top left), (2) the specific CGM gas angular momentum (log joom, top right;
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Figure 9. Left: correlation between the specific star-formation rate (log sSFR) and the environmental angular momentum (log Jenv 200kpe- evaluated within
200kpe from the primary galaxy: see Eq.3 for definition) of the TNG galaxy samples at z < (.1 (the same redshift range as the H-KPAIR sample on the
right). The median profile of log sSFR as a function of 10g jeny 200kpe is indicated by the black lines. Right: correlation between the specific star-formation rate
(log sSFR) and the angular momenta of galaxy pairs (102 jpair proj. s€€ Eq. 4 for definition) in the H-KPAIR sample. The error bars in both panels indicate the
ranges from 16th to 84th percentiles (1 o).
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ABSTRACT

We present the kinematics and stellar population properties of a sample of 53 galaxies (50 are Early-Type galaxies,
ETGs) with Counter-Rotating Disks (CRD) extracted from a sample of about 4000 galaxies of all morphological types
in the MaNGA survey (DR16). The kinematic maps were used to select galaxies based on evidence of counter-rotation
in the velocity maps or two peaks in the velocity dispersion maps. For about 1/3 of the sample, the counter-rotating
components can also be separated spectroscopically. We then produced the age and metallicity maps, and compared
the stellar population properties to those of the general ETGs population. We found that CRDs have similar trends in
age and metallicity, but they are generally less metallic at low masses. The metallicity gradients are similar; instead,
age gradients are typically flatter and confined within a smaller range of values. We compared the velocity fields of
the ionized gas and the stars, and found that in 25 cases the gas corotates with either the inner (13 cases) or the
outer (12 cases) disk, and in 9 cases the gaseous and stellar disks are misaligned. With one exception, all misaligned
cases have stellar masses less than 3 x 101M,. We also compared stellar and gaseous disks with age maps and found
that in most cases the gas corotates with the vounger disk. We looked for evidences of multimodality in the stellar
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Figure 2. Velocity, V', and velocity dispersion, o., maps of two
galaxies, one (upper panels) exhibiting the characteristic two peaks
in o but no counter-rotation, and the other (lower panels) exhibit-
ing counter-rotation, but a single central peak in ..

Figure 3. Velocity map, velocity dispersion map and SDSS image
of three galaxies with kinematic features resembling those of CRD
while not truly being so. Coolorbars are in km s™!. Black lines are
the flux contours. First row: in the velocity map an inversion of
rotation is seen in the northern region, but from the SDSS im-
age it is evident that kinematic maps are defaced by the presence
of external objects. Second and third rows: the dispersion maps

nresent. two (‘.]{IT'IF«)‘FI."'.(‘.(] Tl(‘.?!.k!-i'. tll"l(‘. nresenoe (IF A }IF].T‘ is T'(‘.'\.-'(‘.F!.](‘.(] }I'\-’



[ToTOMYy 4YTO NeHb BCce
npocmMmaTpuBaTh...

D.‘d_u

Figure 4. Final sample of CRDs plotted on the (Ag,,=) diagram.
The magenta line is the same of Figure 1. Galaxies labelled as
‘CRD in formation® have a bluish and/or irregular SDSS image.
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Figure 9. yv? maps of CRDs exhibiting two distinct minima, namely those where the two kinematic components are spectroscopically
distinguishable. These maps were obtained by fitting a single representative spectrum per galaxy, chosen at one of the two o peaks, where
the separation between the components is the largest (appendix B). MaNGA-1Ds are plotted above each panels. Colorbars values are the
logm(xzf.-*l)(')t'"). In each panel, the x and v axes are the fitted Veompr and Veampz, ranging within £300 km a1 at Vatep = 30 km s—1
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example, we can see an abrupt change in age, coinciding with the Figure 12. LOESS-smoothed log;gAge (left columns) and metal-
licity [M/H] (right columns) of CRDs (upper panels) and ETGs
from Li+138 {lower panels). Lines are the same of Figure 10, Note:
halfway from the third to the fourth isophote, starting from the masses of CRDs are caleulated from the photometry, using equa-
tion (2} of Cappellari (2013): instead. masses in Li+18 are caleu-

inversion of the stellar rotation. The stellar rotation is inverted

center. The outer disk. which is corotatine with the ionised eas. is
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Figure 6. Three representative examples of stars (left columns)
and gas (right columng) velocity fields of galaxies with the gaseons
disk corotating with the inner disk (upper panels), with the outer
disk (middle panels) and misaligned (Jower panels). The straight
lines in green arve the major axis PAs, and the black dashed lines
mark the rotation axes (calculated as PA+907), Colorbars are the
velocity ranges in km s~
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Figure 10. Alignment of the ionised gas with respect to the stellar
rotation on the mass-size plane of CRDs. Here, M. is the stellar
mass, and R.Enaj = 1.61 x R is the effective radius of the major
axis, defined in Cappellari et al. (2013a). The dashed black lines
are lines of constant velocity dispersion at (left to right) 50, 100,
200, 300, 400, 500 km s~'. The red straight line is the zone of
exclusion, defined in Cappellari et al. (2013a). The labels ‘inner’
and ‘outer’ refer, respectively, to the corotation of the gas with
the stellar disk prevailing the inner or outer regions of the velocity
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Figure 8. Fxamples of multimodal and unimodal maps, The teo
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Figure 14. CRDs on the mass vs. age diagram. The distine-
tion into unimodal, multimodal and star-forming is based on the
welghts maps of regularised fits (section 4.3) and was possible for
49 CRDs. Unimodal and multimodal galaxies are those exhibit-
ing the same single or multiple blobs all over the galaxy, while
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BbiBOAbI: cCLeHApPMEB MHOIO

CobcTBEHHO, TONMBbKO 15 cny4vaes, rae
npoTnsBoBpalleHmne nposienaerca B LOSVD

Ecnn cmMoTpeTb BO3pacT Ha pasHbIX pagnycax — To Yalle
BCEro ras nexuT B MIOCKOCTU 1 BpaLlaeTcs BMecTe C
bonee MonioabiM U3 3Be3HbIX AMCKOB; 3TO akkpeLus
peTporpagHoro rasa.

Ho ecTb 1 2 criyyas, korga BmecTte ¢ bornee ctapbiM —
Takon 60SbLLON MEPXKUHI?

[nckn ¢ oBymMa KOMMNOHEHTaMU, pa3HbIMKX NO BO3pPacTYy,
BCerga nHrerpanbHo ctapble — 3TO YXX TOYHO paHHUU
BOSbLLON MEPXUHT? (TaK B TEKCTE; HO Ha NpeablayLen
KapTUHKE S1 BUXKY NPOTUBOPEYME...)

BbiBOA: NpoTMBOBpaLLaloLLmMeca 3Be3Hble JUCKN MOTYT
dbopmmrpoBaTbLCA pasHbIMU NYTAMM.

BTopon BbIBOA: AaHHblE Tak cebe...



