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Abstract. AGN feedback from supermassive black holes (SMBHs) at the center of early type
galaxies is commonly invoked as the explanation for the quenching of star formation in these
systems. The situation is complicated by the significant amount of mass injected in the galaxy
by the evolving stellar population over cosmological times. In absence of feedback, this mass
would lead to unobserved galactic cooling flows, and to SMBHs two orders of magnitude more
massive than observed. By using high-resolution 2D hydrodynamical simulations with radiative
transport and star formation in state-of-the-art galaxy models, we show how the intermittent
AGN feedback is highly structured on spatial and temporal scales, and how its effects are not
only negative (shutting down the recurrent cooling episodes of the ISM), but also positive,
inducing star formation in the inner regions of the host galaxy.

Keywords. ISM: kinematics and dynamics, galaxies: active, galaxies: cooling flows, galaxies:
elliptical and lenticular, cD, galaxies: starburst, galaxies: evolution

1. Introduction

In a quite widespread view, merging is considered the main cause of QSO activity,
because it is believed to be, after the end of the galaxy formation epoch, the only mech-
anism to add fresh gas to the central SMBHs in early type galaxies (ETGs). However,
it has also been shown (e.g., Ciotti & Ostriker 1997) that the stellar mass losses pro-
duced during stellar evolution cyclically feed a central gas inflow, and then trigger the
QSO activity in isolated ETGs (sometimes considered “red and dead”). Indeed, recent
observations indicate that the QSO activity can be independent of galaxy merging. QSO
activity is also invoked as the explanation of star formation quenching in ETGs (negative
feedback) but, as stressed in Ciotti & Ostriker (2007, hereafter CO07)), AGN feedback
can induce star formation (positive feedback) during “cooling flow” episodes fueled by
stellar mass losses. In fact, also in isolation, significant amounts of fresh gas (~ 20 — 30%
of the initial stellar mass M, of the galaxy, depending on the IMF) are injected over the
galaxy body by stellar evolution, at a rate approximately given by M, (t) oc M, (0)¢'3
(Ciotti et al. 1991, see also Pellegrini 2012). These losses interact with the pre-existing
hot ISM, and mix with it, due to thermalization of the stellar velocity dispersion. In
a galaxy of total B-band luminosity Lg, SNIa’s explosions at a rate Rgn(t) o< Lpt~*
provide additional mass and heat to the ISM, with rates MSN(t) = 1.4Mg Rgn (t) and
Lsx (t) = 10°terg Rgn (t). Since recent estimates suggest s ~ 1, then the SNIa‘s specific
heating Lgn/ M, increases with time. The resulting hot atmosphere however cannot be
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static. The interstellar mass keeps increasing, its cooling time decreases, until a cooling
catastrophe takes place in the central galactic region and the SMBH feedback takes place.

In a series of papers, Ciotti, Ostriker and co-workers, with the aid of high-resolution
hydrodynamical simulations, and a physically based feedback implementation, studied in
detail the AGN activity cycle induced by accretion of stellar mass losses, also considering
star formation. In particular, it was shown that AGN feedback is able to avoid the
overgrowth of the SMBH that would be caused by accretion of the mass lost by stars
if unimpeded, and also that the same feedback can induce significant star formation at
the center of ETGs (CO07). By using state-of-the-art galaxy dynamical models, and an
updated version of the 2D code of Novak et al. (2011, 2012, hereafter N12, and references
therein), we are now investigating in detail the ISM behavior in realistic ETG models
with evolving input ingredients from the stellar population (Ciotti et al., in preparation).

2. The models

We consider axisymmetric two-component galaxy models with adjustable flattening
embedded in a spherically symmetric NFW dark matter halo and with a central SMBH.
The stellar component is described by the ellipsoidal deprojection of the de Vaucouleurs
law. The total gravitational field, the solution of the two-integrals Jeans equations, and
the projection of the resulting kinematical field on the plane of the sky are computed as
described elsewhere (Posacki et al. 2013). The velocity dispersion and rotational fields of
the stellar populations, needed to compute energy and momentum injection in the ISM
due to stellar evolution, are computed by using a generalized Satoh k-decomposition
(Ciotti & Pellegrini 1996). The E4 and E7 galaxy models are obtained by flattening (at
fixed stellar mass M,) spherical “progenitors” with central (aperture) velocity dispersion
of 180, 210, 250 and 300 km/s, and reproduce observed scaling laws (Negri et al. 2014).
The initial mass of the SMBH is taken to be Mgy = 1073M,, near to the Magorrian
relation, as expected at the end of the period of galaxy formation.

The hydrodynamical equations and the input physics are given in Ciotti & Ostriker
(2012), and integrated by an improved version of the N12 code. Mass, momentum and
energy sources and sinks associated with evolution of the passively evolving initial stel-
lar population, and with the new stars added by star formation, are treated as de-
scribed in Negri et al. (2015, hereafter N15). In particular the star formation rate is
given by psr = 0.1p/ max(Teool, Tayn ), Where p is the local ISM density, and 7.oo1 and
Tdyn = MIN(Tjeans, Trot) are the cooling and dynamical times, respectively. In N15 we
showed that this prescription reproduces the observed Kennicutt-Schmidt law remark-
ably well. Radiative and mechanical feedback from the accreting SMBH (both depending
on the hydrodynamically self-consistently determined mass accretion rate on the SMBH,
MBH), are finally considered. In the energy equation, photoionization and Compton heat-
ing and cooling (T ~ 2x 10" K), bremsstrahlung and line cooling are taken into account,
with modifications due to the ionization effects of AGN radiation. In the momentum
equation, radiation pressure due to AGN activity is computed by solving the radiative
transport (in spherical symmetry) for the accretion luminosity Lpy, considering pho-
toionization+Compton opacity, and electron scattering. For simplicity at this stage we
ignore the detailed treatment of dust formation and destruction, and the associated ra-
diation pressure effects (Hansley et al. 2014, N12), as well as the radiation pressure due
to star light in different bands (e.g., see Ciotti & Ostriker 2012). For given Mgy, then,
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Figure 1. Global properties of the models at the end of the simulations (13 Gyr), as a function of
their initial stellar mass, for E4 (black) and E7 (red) models. Triangles, squares, and pentagons
refer to models with radiative plus mechanical AGN feedback, mechanical AGN feedback only,
and no AGN feedback, respectively. A color version of this figure is available online.

one has:

EoAm . MBH EoMBH82

oMy = OB . (21
1+ Am Mrgaq Lraq @1

where A = 100, ¢g = 0.125 and Lgqq is the Eddington luminosity.

Mechanical feedback is due to mass, momentum, and energy injection of a conical-
shaped nuclear wind, with half-opening angle of ~ 45°. In terms of solid angle, this
means that the wind is visible from ~ 1/4 of the available viewing angles. The relevant
relations here are Mpy = Min/(l +n), Myui = UMBH, Pw = Myuivw, Ly = ew Mpnc?,
where 1 = 2e,,¢? /v2, My, and M, are the mass inflow and outflow rates at the first grid
point (a few pc from the SMBH). In the current simulations, €, follows a prescription
similar to that adopted for egyr, with maximum value of 10~*, while the wind velocity
vy is 101 km/s.

: 2
Lpy = eemMpuc, €EEM =

3. Results

As illustrated in Fig. 1 (top panel), the central SMBH grows more, in absolute terms
(AMpy) and also in percentage (AMpy/Mpn(0)), for increasing stellar mass M, of the
host galaxy; the growth reaches a factor of ~ 3 in the biggest galaxies with AGN feedback
(to be compared with a factor ~ 30 in models without AGN feedback). Moreover, at
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any fixed M,, more mass is accreted by the SMBH in E4 galaxies than in E7 galaxies.
This is due to the fact that edge-on flattened galaxies are less bound (see N15) than
more spherical systems. As expected, at fixed M, and galaxy shape, the accreted mass
increases from models with full AGN feedback (triangles), to models with mechanical
AGN feedback only (squares), and finally to models without AGN feedback (pentagons).
Therefore, since we start with a SMBH mass ~ on the Magorrian relation, this relation is
quite well preserved thanks to the effect of AGN feedback, which is able, in combination
with large-scale SNIa heating, to maintain small the SMBH masses, avoiding the accretion
of ~ 99% of the mass injected by the stars over the galaxy body.

The stellar mass added to the galaxy due to star formation in the gas supplied by
evolving stars (AM,, middle panel), is larger in E4 galaxies than in E7 galaxies of same
M,. The total mass in new stars is of the order of 4 — 5% of the initial M,, indicating
that an important fraction of the injected mass (~ 0.2 — 0.3M,) escapes as a galactic
wind, supported by SNIa heating with the additional contributions of the thermalization
of stellar winds, of type SNII explosions in the new stellar populations, and of the AGN
feedback. In general, as already found in the case of spherical models (CO07), models
with AGN feedback tend to form more stars than models without (with the exception
of very low mass galaxies, where AGN feedback is able to sustain global galactic winds).
This positive feedback is explained by considering that the AGN prevents the rapid fall of
the cooling material to the center, allowing for more time for star formation. A clear sign
of this effect is the characteristic size of the region of star formation, which is confined to
the very center of the galaxy in absence of AGN feedback (a small fraction of the optical
effective radius), while in models with AGN feedback it reaches a size of the order of a
kpc or more. The results of this work (in absence of AGN feedback) agree well with those
extensively discussed in N15 including star formation.

An important observational feature of the models is of course the evolution of their
luminosity, both of the central accreting SMBH (Lpy ), and of the galaxy hot ISM (Lx).
In Fig. 1 we show Lx in the X-ray 0.3 — 8 keV band at the end of the simulations, with
values in nice agreement with observations, and only moderately dependent on AGN
feedback. The evolution of Lpy (not shown), is confirmed to be highly fluctuating, as
already found in our previous works based on simpler galaxy models. The duty-cycle
(phenomenologically defined as the fraction of time spent by the SMBH at Lpy higher
than a few percents of Lgqq), is of the order of ~ 3 — 5%.
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Star formation in early-type galaxies:
the role of stellar winds and kinematics
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Abstract. Early-type galaxies (ETGs) host a hot ISM produced mainly by stellar winds, and
heated by Type Ia supernovae and the thermalization of stellar motions. High resolution 2D
hydrodynamical simulations showed that ordered rotation in the stellar component results in the
formation of a centrifugally supported cold equatorial disc. In a recent numerical investigation
we found that subsequent generations of stars are formed in this cold disc; this process consumes
most of the cold gas, leaving at the present epoch cold masses comparable to those observed.
Most of the new stellar mass formed a few Gyrs ago, and resides in a disc.

Keywords. stars: formation; ISM: evolution; ISM: kinematics and dynamics; galaxies: elliptical
and lenticular, cD; galaxies: ISM; galaxies: structure

1. Introduction

High resolution 2D hydrodynamical simulations with the ZEUS-MP2 code showed that ordered
rotation in the stellar component affects significantly the evolution of the hot ISM in ETGs,
and, among other effects, results in the formation of a centrifugally supported cold equatorial
disc (Negri et al.2014, hereafter N14). This disc can be extended (~ 0.5 — 10 kpc radius), and as
massive as 10'°Mg in the biggest ETGs. Indeed there is evidence that ~ 50% of massive ETGs
host significant quantities of cold gas (Davis et al. 2011, Serra et al. 2014), often in settled con-
figurations, sharing the same kinematics of the stars, consistent with an internal origin. Also,
the cold gas seems to provide material for low level star formation (hereafter SF); and, in the
ATLAS?P sample, molecular gas, SF and young stellar populations are detected only in fast
rotators (Sarzi et al. 2013, Davis et al.2014). We then added the possibility for the gas to form
stars to the simulations of N14, to explore whether SF can bring the amount of cold gas in the
models more in agreement with observed values, and whether it can explain the low-level SF
activity currently seen to be ongoing in rotating systems.

2. The models and the results

Hydrodynamical simulations were run for a representative subset of 12 rotating models from
N14, including in the code the removal of cold gas, and the injection of mass, momentum
and energy appropriate for the newly forming stellar population (Negri et al. 2015). SF was
implemented by subtracting gas from the grid, at an adopted rate per unit volume of psp =
nsr p/tsr, where p is the gas density, nsr is the SF efficiency (nsr = 0.01 and 0.1 were adopted),
and tsr is the maximum between the cooling timescale and the dynamical timescale. In a typical
(cyclical) evolution, gas injected by the stellar population accumulates until radiative losses
become catastrophic, significant amounts of cold material are produced, and SF is enhanced.
At the end the cold gas mass M. is much reduced in the models with SF, and the mass in new
stars MY is close to the M. values of the models without SF (Fig. 1). The new stars reside
mostly in a disc, and could be related to a younger, more metal rich disky stellar component
observed in fast rotators (Cappellari et al. 2013). Most of M}°" formed a few Gyrs ago; the SF
rate at the present epoch is low (< O.lM@yrfl), as observed, at least for model ETGs of stellar
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Figure 1. From top to bottom, final values for all rotating models of: the cold gas mass M.

[without SF (left panel), and with the two adopted nsr values (other panels)]; the stellar mass

in newly formed stars M, “"; the SF rate normalized to the initial stellar mass of the galaxy M,;
new

the mean formation time of the new stars (¢)}°", calculated from an initial time of 2 Gyr. See
Negri et al.(2015) for more details.

mass < 10'' Mg (Fig. 1). The adopted SF recipe reproduces the slope of the Kennicutt-Schmidt
relation, and even its normalization for nsp = 0.01 (Negri et al.2015).
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