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1) observational motivations
2) expectations for L, and T, from purely energetic arguments
3) 2D hydrodynamical simulations for realistic galaxy models

4) results of simulations vs. observations
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1) observational motivations
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Observed relations with L,

shape
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@: high flattening (e=1-b/a > 0.4)

see also: Eskridge et al. 1995 for
results from Einstein

see also Li et al. 2011 for a Chandra sample
of SO galaxies
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Pellegrini et al. 1997,
Pellegrini 2012

the hot gas content depends on the shape (€) of the potential well and on the stellar

Which of the two exerts an influence on the hot gas?
How can shape and/or rotation affect L, ?
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=>» difficult to disentangle observationally purely rotational from
purely flattening effects

flatter systems possess, on average, higher rotation levels,
and rotation can be found only in flat ETGs
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Pellegrini et al. 1997,
Pellegrini 2012
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NGC3757 NGC2679 NGC4649 NGC3073 NGC3379 * NGC4382 . . .
new optical data for shape and kinematics:

- - * ‘ " .
' . Atlas3P project: volume-limited sample of 260 early-type

galaxies (ETGs):
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L, and rotational properties/shape
for the ETGs of the ATLAS3P sample

(see also Dong-Woo0's talk)

slowly rotating (SR) and round ETGs = larger L, on average than flatter and fast-rotating (FR) ones
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2) expectations for L, and T, from purely energetic arguments
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Origin of the hot ISM: continuous mass loss from evolving stars (Red Giants, AGB, PNe, ...)
The rate of mass loss : B ; : :
M* (t) ~ 1011 LB(LB(D) t(12 Gyrs)-1'3 M®/yr

for a passively evolving stellar population, of age ~1 to over 10 Gyrs
(~insensitive to the slope of the IMF).
Present rate ~0.1-1 Mg/yr.

Heating of the stellar mass losses:

Mx is heated to X-ray temperatures by thermalization of the kinetic energy

v"  of the stellar motions

of the SNIa’s ejecta

(Sarazin & White 87, 88; Loewenstein & Mathews 91; Ciotti et al. 91, David et al. 91, Parriott & Bregman 2011)

the stellar random kinetic energy is always supplied to the ISM

NOTE:
the thermalization\ of the ordered kinetic energy depends on the relative motion between stars and ISM
(Pellegrini 2011, Posacki et al. 2013)

m
\ _ pmp_ /p*Hum WP

t —_—
P pxTr(o?)d3x Tro 3/(]3 M.

~ 3k M.,

To v =stellar streaming velocity

U= gas velocity

o? velocity dispersion tensor

mass-weighted temperature from

mass-weighted temperature for injected gas from thermalization of stellar ordered motions

thermalization of stellar random motions
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v" Thermalization of the ordered stellar motions: is it high or low?
unknown “a priori”, it depends on kinematical properties of both stars and ISM

v Binding energy of the ISM:

in rotating ETGs, is the ISM rotating as well? If so, it is less bound =»more prone to an
outflow?

in flat ETGs, is the ISM binding energy lower than in spherical ETGs of same L;?
does this decrease make the hot halo more prone to an outflow?

=>» realistic, state-of-the-art galaxy models
+ hydrodynamical simulations

Posacki et al. 2013
Negri et al. 2014, MNRAS 439, 823
Negri et al. 2014, MNRAS submitted (eprint arXiv:1406.0008)
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3) results from 2D hydrodynamical simulations for realistic galaxy models

hot gas flows behavior for a large set of state-of-the art galaxy models:

v' stellar mass (M., L;)
v’ intrinsic flattening (g)

v internal kinematics (galaxy flattening supported by ordered rotation
or by tangential anisotropy)

v' distribution of dark matter
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The galaxy structure. 1

Axisymmetric (oblate) stellar distribution + spherical NFW or Einasto dark matter halo

de Vaucouleurs (1948) law, generalized for ellipsoidal axisymmetric distributions:
p«(R.z) = pot "% exp(—€"*), &€= b"V/R2+(2/q)%/R.

Stellar projected density for ¢ = 1, 0.6, 0.3 corresponding to EO, E4, E7

6.3x10" 1.0x10*

B¢ I 1.1x10°
Y 5.2x10

3 I 1.4x10°*
8.5x10-

Flattening procedure (at fixed L;):
a spherical EO “progenitor” model =» 2 flat descendants, for each fixed shape (g):
one “FO-built” — same R, when viewed FACE-on =» more concentrated (gas more bound)
one “EO-built” — same (circularized) R, when viewed EDGE-on = [ess concentrated (gas less bound)

Stellar & dark halo parameters:
(Lg, R, 0.) lie on the Faber-Jackson and size—luminosity relations for 10° ETGs in the SDSS (Desroches et al. 2007)
stellar mass-to-light ratios for a 12 Gyr old stellar population with a Kroupa initial mass function (Maraston 2005)

M, (<R.)/M,(<R,) <1 as from stellar dynamics and gravitational lensing studies (e.g., Cappellari et al. 2006, Gerhard et al. 2001, Treu
& Koopmans 2004)
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The galaxy structure. 2

Gravitational force and velocity fields from solving the Poisson and the Jeans equations with a code built on purpose:
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Stellar motions in the azimuthal direction are split into velocity dispersion

and ordered rotation via the Satoh (1980) decomposition: Vv, = k\/v_é — 02 that gi;/es:

0, = v_g— Voo = k*o® + (1 kz)vé
2 CLASSES ]
OF S VD models: k =0, no ordered velocity (shape due to o, )
MODELS IS (isotropic rotator) models: k =1 (shape wholly explained by rotation)
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The hydrodynamical equations
(with sources of mass, energy, momentum)

velocity of bulk flow
ap
i + V- (pu) = psn + p. = p,

ot
ou X
pﬁ +pw-VYu=-Vp—pVO +p (v —u),
OE 2
5;+V4&n=ﬁwwua$+mﬁ§

P 2 2
+5 [l =l + )]

V= vge, streaming velocity
__ for the stars

2

o velocity dispersion tensor

—

it is also the streaming velocity of injected gas

hydro 2D code ZEUS-MP 2 in cylindrical coordinates [(480x960 logarithmically spaced gridpoints)

resolution of 90 pc in the central 10 kpc
flow evolution followed for 11 Gyr
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for each fixed L;, hydro simulations explore the parameter space
in two “directions”:

stellar kinematics
A

spherical
progenitor
(no rotation)

E4 E7 shape

At each L, : 9 models = 1 progenitor + 8 descendants (4 FO-built and 4 EO-built)
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15t experiment: change of shape in a fully VD supported model
large L;=6x10"L; o fixed

stellar kinematics /\
A «<»

spherical
progenitor

E4 E7 shape
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smooth maps (meridional sections) of hydrodynamical quantities
low flow velocities + central, small cooling core

Spherical (EO) lack of centrifugal support = the ISM flows directly
towards the galactic center

10’K
~isothermal (T = 5 x10° K) hot halo
plus a central cooling region
of radius = 5 kpc

10°

b T s v L e Ly oo

5 10 15 20 5 10 15 20

R (kpc) R (kpc)
1=2.4 Gyr t=13 Gyr

Green =» cooling gas
purple =» heating regions

Arrows: meridional ISM velocity field;
longest arrows = 127 km/s
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Spherical (EO)

VD, Flat (E7

Tem
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20

5 10 15 2 5 40 15 20 5 10
R (kpc) R (kpc) R (kpc)
t=2.4 Gyr t=13 Gyr t=13 Gyr

=>» concentrated heating on the equatorial plafie
(white and purple regions) =» equatorial outflow

SMALL effect of flattening on :
L, —slightly reduced (both for EO-built and FO-built cases)
T, — variations within 10-15%
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2"d experiment: change of kinematics
large L;=6x10"L; o fixed

stellar kinematics

spherical
progenitor
(no rotation)

E4 E7 shape
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large effects: angular momentum conservation =»a rotationally supported, thin, dense cold disc forms
complex flow pattern (e.g., meridional motions) / instabilities
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L, is reduced in rotating models:

® the gas cools on a disk before entering the
galactic core region = A® reduced,;

® the center is less dense than in VD models

L, reduction not due to the onset of galactic
winds, but to redistribution of the gas

inside the galaxy

T, is reduced in rotating models:

® thermalization of ordered stellar motion is
low (the ISM tends to rotate as the stellar body)

* more important gas cooling

» |ower density in central (hottest) regions
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Lower mass ETGs: a change of shape or rotation can induce a transition to a global wind

3'd experiment: change of shape
low Lg=2.7x10"%L; o, fixed

stellar kinematics
A

—
<«<»

spherical
progenitor
(no rotation)

E4 E7 galaxy shape
>
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z (kpc)

z (kpc)

change of the flow status: strong equatorial degassing
at late times

(E0) VD, Flat (E7)
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L, drops to very low values

T, larger than expected from trend of non-wind

models (reduced cooling + thermalization of
meridional motions)

The effect of flattening (and rotation)
is mass-dependent
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4) simulation results vs. observations
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NFW
1041
At medium-to-high L;:
10" small L, difference for even large variations of the shape
:D weak increase of L, as the ETG gets rounder
—
© 10% i
~ large L, difference between IS and VD models of same shape
o 1 angular momentum prevents the gas from accumulating in the central
-
10 EO _ regions, where a hot, low density atmosphere creates
| @ ) -
107 L 7/ v D)
o ) ) ) ) ) L ]
1010 1011
Ly (L)
At low Lg:

high sensitivity of the flow to changes in galaxy structure

=>» flattening and/or rotation can produce the transition to a global wind (low L)
=>» large L, variation

at low galactic masses, systematic trends in Ly
cannot be predicted
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NFW models
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L, low, T, larger than expected

Scatter in L, becomes large at kT,<0.5 keV:

Boroson et al. 2011

high sensitivity of flow phase to shape/kinematics variations, at lower galaxy masses
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Conclusions

v" Dynamical modeling =» flattening (at fixed Lg) can increase or lower the depth of the potential well

v’ Simulations = the ISM rotation field is similar to that of the stellar component

low thermalization of the stellar ordered motions
the rotating ISM is less bound (reduction of the “effective” potential)

v’ Simulations = shape and rotation are important in determining L, and T,.

Their effect is a function of galactic mass:

in low mass ETGs: flattening and rotation both favor global winds =» large decrease of L,

in high mass ETGs : shape has a minor impact on L, (slight decrease) and T, (<15% variation)
rotation reduces significantly L, and T,

at any fixed L; >3x10%° L; o (0,g>200 km/s)
rotating ETGs are colder and X-ray fainter (the more so the flatter they are, i.e., the more
rotating they can be)

rotation is the main driver of X-ray evolution =» anti-correlations of L, and T, with galaxy
flattening is a by-product.

In progress: black hole feedback, starformation
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