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ABSTRACT

Context. The stellar initial mass function (IMF) seems to be variable and not universal, as argued in the literature in the last three
decades. Several relations among the low-mass end of the IMF slope and other stellar population, photometrical or kinematical
parameters of massive early-type galaxies (ETGs) have been proposed, but a consolidated agreement on a factual cause of the observed
variations has not been reached yet.

Aims. We investigate the relations between the IMF and other stellar population parameters in NGC 3311, the central galaxy of the
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Fig. 3. IMF slope - [a/Fe] relation. For NGC 3311 (blue points) these
two quantities are anti-correlated. This is the opposite of what happens
for M87 (red). However. we stress that in B20 we used full-spectral
fitting, rather than line-indices as in Sarzi et al. (2018) for M87, thus
measuring a different quantity (from indices one is much more sensitive
to Mg than to the "bulk" changes in all o elements). Note that the [o/Fe]
estimates obtained in Barbosa et al. (2018) from the same data but using
line-indices imply a high value, which would shift the blue data-points
towards the red and green lines. The situation is much more complicated
for the results based on MaNGA (green lines) where different galaxies,
with possibly different [«/Fe] profiles are stacked together.
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The angular velocity with which galactic bars rotate is intimately linked to the amount of
dark matter in the inner regions of their host galaxies. In particular, dark matter haloes act
to slow down bars via torques exerted through dynamical friction. Observational studies of
barred galaxies tend to find that bars rotate fast, while hydrodynamical cosmological sim-
ulations of galaxy formation and evolution in the ACDM framework have previously found
that bars slow down excessively. This has led to a growing tension between fast bars and
the ACDM cosmological paradigm. In this study we use a suite of state-of-the-art, high res-
olution, cosmological zoom-in simulations of galaxy formation and evolution to show that
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Figure 1: Face-on projections of five Auriga barred galaxies at different redshifts: From top
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Figure 5: Stellar to dark matter ratios at higher redshifts: Left: f, vs. M, for Auriga, EAGLE
and Illustris disc galaxies at z = 0.5. The dotted blue line denotes the relation determined using
abundance matching and the shaded region denotes the lo scatter around the relation. Right:
V,/Viae for the galaxies shown in the left panel. Auriga is more baryon-dominated than EAGLE

and Illustris already at higher redshifts.
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Figure 8: Barred and unbarred galaxies in Auriga: Left: ratio of stellar to dark matter mass
within 5 kpc for the barred (red) and unbarred sample (blue) — see text for the definition of the
samples. Middle: Disc maximality measured at the peak of the stellar contribution as a function of
stellar mass for the Auriga barred galaxies compared to values for various galaxies in the literature.
Right: Barred and unbarred galaxies in relation to the abundance matching relation of Moster et
al. (2018). The Auriga galaxies lie ~2¢ above the abundance matching relation (1 and 2o are
indicated by the dark and light bands respectively). According to their calculated standard scores
(or z-scores), the barred sample in this mass range has an M, which is on average 20% higher than
in the unbarred sample.
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Figure 9: Evolution of the dark matter content in the inner regions of Auriga galaxies: Left:
Mean enclosed dark matter mass within 5 kpc for all bars in our sample (red), for strong bars,
ie. Ay > 0.4 (brown) and for unbarred galaxies (blue). Right: Relative dark matter content
within 5 kpc for the aforementioned samples, normalised by the maximum value of the dark matter
content within 5 kpc.
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ABSTRACT

The characterization of the large amount of gas residing in the galaxy halos, the so called
circumgalactic medium (CGM), is crucial to understand galaxy evolution across cosmic time.
We focus here on the the cool (T ~ 10* K) phase of this medium around star-forming galaxies
in the local universe, whose properties and dynamics are poorly understood. We developed
semi-analytical parametric models to describe the cool CGM as an outflow of gas clouds from
the central galaxy, as a result of supernova explosions in the disc (galactic wind). The cloud
motion is driven by the galaxy gravitational pull and by the interactions with the hot (T ~ 10°
K) coronal gas. Through a bayesian analysis, we compare the predictions of our models with the
data of the COS-Halos and COS-GASS surveys, which provide accurate kinematic information
of the cool CGM around more than 40 low-redshift star-forming galaxies, probing distances
up to the galaxy virial radii. Our findings clearly show that a supernova-driven outflow model
is not suitable to describe the dynamics of the cool circumgalactic gas. Indeed, to reproduce
the data. we need extreme scenarios. with initial outflow velocities and mass loadine factors
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Figure 1. Plane of the observations for our subsample of galaxies taken
from the COS-Halos and COS-GASS surveys. The ellipse at the bottom lefi
corner represents the central disc galaxy, while the symbols depict the QS50
lines of sight, placed at their corresponding distance from the central object,
with the black cross representing the non-detection. The colorbar shows the
average velocity of the cool CGM found for each sightline, while the size
of the symbols is related to the number of components identified in each
spectrum. The black solid curve represents the median virial radius of our
galaxy sample (272 kpc), while the dashed curve represents a radius of 100
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Figure 2. Orange-hatched histogram: velocity distribution of all the 62
Ly components identified in the 41 QSO spectra in our sample. Purple
histogram: velocity distribution of the cool CGM for a subsample of star-
forming galaxies with stellar masses consistent with our main sample, drawn
from (Keeney et al. 2017; Martin et al. 2019).
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(10)

log(M./Mg) log (M e/ M)

Tv'u'

(10° K)

() (2)
Model name M. range
Gall 9.9 < logiM./Mz) < 10.3
Gal2 10.3 < log( M. /M) < 10.6
Gal3 10.6 < log(M./Mz) < 11.0

0.58
0.74

0.98

Table 2. Properties of the 3 galaxy models described in Section 3.1.2. (1) Model name; (2) range in stellar mass; (3) number of galaxies per subsample; (4)
median stellar mass: (5) median redshift; (6) median star formation rate: (7) median stellar disc length: (8), (9) and (10) median galaxy virial mass, radius and

temperature (see text and Afruni et al. 2019).
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Figure 3. Star formation rate density for the three galaxy models described
in Section 3.1.2, derived following Pezzulli et al. (2015).

‘We define the corona as a gas in hydrostatic equilibrium with the
dark matter halo described by equation (2). More in detail, the hot
gas density profile is described by (Binney et al. 2009)

ne(r) a2y (l)”[})_” R (4)
e ) Ty
where
T =1 um
() 7157 (ir)— ) - 5)

Ty ¥ keTp

Here, ®(r) is the NFW potential, mp is the proton mass, u =
0.6 is the mean molecular weight, ¥ is the polytropic index and
Ty, neo and dy are respectively the temperature, the density and
the potential at the reference radius ry = 10 kpc. The polytropic
index and the two normalization factors are chosen in order to
have temperature and density profiles consistent with the (uncertain)
observational constraints (see Figure 4, where the observational
data points are taken from Sormani et al. 2018). More in detail,
we use y = 1.2, which allows the coronal temperature to vary
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Figure 4. Properties of the hot gas medium for the three galaxy models,
respectively density profiles on the top panel and temperature profiles on
the bottom panel. The profiles are obtained as described in Section 3.1.3.
On the top panel we show both the profiles for a corona bearing 20% and
2% of the fotal baryonic mass expected within the galaxy halo (see main

The main effect of the hot gas on the clouds is to slow them down
by means of the drag force, given by (see Marinacci et al. 2011;
Afruni et al. 2019)

ar> PeorV 2

. 1PcorV

vd[ag — _C— s (6J

|

where v 1s the relative velocity between the clouds and the corona,
myg is the cloud mass, r is the cloud radius (set by the choice
of the mass and the pressure equilibrium, see Afruni et al. 2019)
and pcor = pmpiicor is the hot gas mass density, with g = 0.6 and
Heor = 2.1ne. More massive clouds will be less affected by the in-



noTeHunane gucka+rano cynmTaroTCo
HECKOJ1bKO JEeCATKOB OpOunT

Crall

Zgal (kp C)

(ral2

Zaal (l{p C)

Zgal (kpc)

) T T
] L 200 3o0 400

Ry (kpe)

Figure D, Reprosentaive orbils of the clouds o the Be podels, olfained
prsing U niedean valoee of B 4 pamaiaters reported in Figoee 8. The three

panels shiw the resules of Gall Gal2 and Gal¥ o the daskedd curves shoar
e valug of B virial s Tor each of the See galagies. As m Figure 5.

dilferent crbits s dilferess colors,

—— Drag

80 — B>w]]i.~li;//

0

40

Zga1 (kpe)

20

40 0 80 100

R%n] (kp(:)

Figure 5. Example of cloud orbits for the model Gal2, with the fm]lowiug
choice of parameters: v, = 370 km s~ 6,x = 60° and mg = 108~
The dashed lines represent the prediction of a ballistic model, while Ihe
solid ones show the effects of the inclusion of the drag force. The colors
represent orbits starting from different positions along the galactic disc and
with different angles with respect to the zg, axis, selected in the range from
010 Hyay. Small panel: zoom-in on the central region of the halo.
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Figure 6. Cloud population for the same model used 1o create Figure 5, with
17 = 2 and a disc inclination i = 30°. The clouds are outflowing from the
galaxy in a biconical shape. The black line represents one of the lines of
sight that we used to perform our synthetic observations.
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Figure 7. Diagram summarizing the modeling used in this work and described in Section 3. Left diagram: representation of the biconical outflow of clouds
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4.1 MCMC analysis

We explored the 4-dimensional parameter space over the following
ranges:

e 5 <logimy/Mz) <9,
o 2 <log(vik/(kms™1)) <4,
o -2<logn<2,

e log20° < log fmax < log 90° ,

using flat priors for all the parameters in the logarithmic space. In
Figure 8 we report the one and two dimensional projections of the
posterior distributions for the four parameters, with the values of the
32th, 50th and 68th percentiles (also reported in Table 3). Note from
Figure 8 that there is a very well defined region of the parameter
space where the posterior is maximized: the models with this choice
of parameters represent the physical scenario that best reproduces
the observations.
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Figure 8 Corner plot with the MCMC results, representing the one and two dimensional projections of the posterior probabilities for the four free parameters
of our models. The purameter space is explored in the logarithm of the ungle Gy but the results are transformed here in physical units for clarity.
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4.2 Physics of the outflows

In Section 4.1 we have seen that outflow models of cool clouds can
reproduce the COS-Halos and COS-GASS kinematic data. [n this
section we look instead at the implications that this model would
have for the efficiency of star formation feedback. The value of the 4
parameters has very important implications from an energetic point
of view. The kinetic energy produced by supernovae per unit time
and available for the wind is given by (Cimatti et al. 2019)

K ~3x10% JsN Esn il erg s~ (13)
0.1]\10°! erg ) \ Mg yr! ?

where fqy is the efficiency of the supernovae in transferring energy
to the wind and Egy is the amount of energy released by one
supernova explosion. We can estimate the efficiency predicted by
our models by calculating the kinetic power of the outflowing wind,
which can be expressed as

’ | 2
Kot = ;Mlout Viick * (14)

where Moy is the mass outflow rate as defined in equation (7).
The efficiency necessary to reproduce the cool CGM clouds with
our outflow models will then be given by the ratio between equa-
tions (13) and (14). Using as a kick velocity and as a mass loading
factor the best values found with the MCMC analysis and the canon-
ical value Eqy = 10°! erg, we obtain fgy ~ 2.5, which corresponds
to an efficiency of energy transfer from the supernova explosions to
the gas wind of about 250%. Clearly, such a value is not physically
justifiable, since it means that the outflows would need more energy
than the one available from the supernovae. Moreover, from a the-
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