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Introduction
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Dwarf Galaxies: Definition

m Low-luminosity: M, > 10~17 mag
m Low-mass: 107 — 100Mg

= Small in size: a few kpc

m Often low surface brightness, so they M 110: dE
are hard to find ¥

There are different types of dwarf galaxies:

m Dwarf irregulars (dlrr): Gas-rich,
active ongoing star formation but
relatively low surface brightness;

m Dwarf ellipticals (dEs): Gas-poor, old Leo |: dSph

stellar population, many dEs show
nuclei and are structurally different
from luminous elliptical galaxies;

m Dwarf spheroidals (dSph): Gas-poor,
extremely low luminosity;
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Dwarf Galaxies
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Why are dwarf galaxies interesting? £ s niversitdt

Dwarf galaxies
m are the most common class of galaxies.
m are relatively simple systems, not merger products.

m are currently being "absorbed” by larger galaxies
(hierarchical formation).

m are extremely sensitive to their internal evolution
and their environmental influences.
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Metallicity

DGs have usually low
metallicities

DGs follow a metallicity
luminosity relation but dlrrs
and dEs/dSphs follow
different tracks

Galactic outflows might be
one cause for low
metallicities

Observations show different
abundances for
neutral/ionized gas

Multi-Phase treatment for a
more realistic
chemo-dynamical evolution!
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The Interstellar Medium LVQIggrSItat

For heating-cooling balance 3
stable phases can form.

25F T T T T T =
net heating Multiphase Zbne
n?A(T) = nG T F / | P E
:w ’r \_/f\
Exp ]
A(T) _ i< > To— —o—0— o
T nT £ -8l
m Cold medium: molecular < -2 net coolin Equilibfium
clouds; T' ~ 100 K; 9
n ~ 102 — 106 cm—3 R B e
m Warm partly ionized log TIK]
medium: T ~ 10* K;
n~01-afew cm—3
m hot gas: T ~ 106 K;
n~10"' —103 cm—3 Credit: Giinter Hasinger
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The Multi-Phase Model

The Multi-Phase Model

"Sticky” particle method by Theis & Hensler (1993)

Hot/Warm Component

m SPH particles
m Can condensate = cold clouds

m  Receive feedback from SNII and SNla

Cold Clouds

m N-body particles
m Can coagulate due to collisions

m Can form stars and fragment

= Can evaporate = hot/warm component

m  Receive stellar wind and PNe feedback Star formation

Coagulation

The hot/warm and cold component can exchange Fragmentation

mass, momentum and energy due to: FB: SW + PN
m condensation
m evaporation

m drag force
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The Multi-Phase Model
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Hot Gas w:gﬁrs'tat

kernel W(n)

particie of
interest,

3(r 303
1_3(%)4—3(/_2)’ forOS%Sl,
Wrshy = —1 1 }
= rih) = Ly _rY r
. a0 2-4). for 1 <£<2,
egiel > .t T 0, for £>2.

m The fluid is divided into a set of discrete elements (particles)
m A smoothing length h is applied to particles

m Properties are smoothed between neighbouring particles via a
kernel function W (77, h)
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oeo

Field F' is known at some points 7 F' = F(7)
The smoothed interpolated version of F' is defined as

Fy(F) = / (FYW (7 — 7, h)dr!

Can be approximated by a sum:

Fy(7) ~ Z”“F W (7 =15, h)

pl—ZmJ —rj,h)
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Smoothed Particle Hydrodynamics (SPH) \niversitat

Artificial viscosity:

Equation of motion and internal energy: .
—acijpij+Bu;;

vij -1 <0,

dv;
— __Z [ +n1/ VWIJ H,‘,’: pii
p/
0 else
duy 1 P Pj Vi — V) (T — T
T =5 2, T Tl | = VW o i v e
dr 2 L or o Hij B /2 Jij
J i J r,.j + Glij

P... pressure = (v — 1) - p; - u;
II;; ... artificial viscosity

c;j... mean sound speed = (¢; + ¢;)/2 . .

<2001 ’ fi = (V- Wil

fig = (fi + £5)/2 ’ I(V - )il + (V x V)| + €2ci/h;
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Cold Clouds bnv%%rsnat

10
10°
Size of the cloud is calculated by 3,
mass-radius relation Larson (1981), Rivolo =
(1988): £ ,
10
/ 1
he =50,/ ——— o L
cl 106 Mo (pC) 10

10*
S (pe)

Figure 3. Mass-radius relation for 273 giant molecular clouds from the catalog of Solomon et
al.” (1987). The solid circles are calibrator clouds with known distances. The At line is given by
My =330 S297 Mo,
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The Multi-Phase Model

Cold Clouds

wiversitat
wien

Alternative: Pressureequilibrium with
surrounding intercloud medium

ey = <3nmol Rga.sT)

W=

A P

Pi=Y (v - Dmju; Wi
j

T=1000K;P=10"2Pa

10°
Larson Raaton
Pressure Equibrum
g10?
&
S0
0 0 T g o 7
10 10 10 10 10 10

Mass [Mg]
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The Multi-Phase Model
.

Coagulation

Theis & Hensler (1993)

Find clouds j around target cloud 7 within
radius 75 p

Typical distance travelled within next timestep
Ts,p = 28tV 20yiy , = Aty/8/3¢p

At... next timestep;
¢p... gravity potential on position of particle p

Linear extrapolation of the orbits to check
if the separation becomes less then the sum
of the cross-sections

Colisional cross-section

2G(m1 + m2)
Acr:’ﬂgv'ﬂhgl' 1+72
novhclvl,z

Nov = 0.2;
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Check critical spin of compound object

Critical spin

mimsa/(m1 4+ m2) - bvi 2 < cangLmax

. 8
Lmax = /p(r)vcirC rsin 6 dr = Sl \/Gmglhcl.

b... impact parameter
Cang = 1
6... angle between rotation axis and position 7
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The Multi-Phase Model
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Fragmentation \niversitdt

m Triggered by stellar feedback: SW and SNell
drive an expanding shell

m The radius r4p and velocity vy of the shell are
determined by:

Expanding Shell

o 0.25
B
rsn = 0.961 - <—> > g3 &8

P1
o 0.25
E
vgp = 0.736 - (—) o g S0H
P1
(B3—a), 3
p1.-mey/hy ; a...determines p(r) of a cloud

from mass-radius relation follows @ = 1

m When rgj, reaches the edge of the cloud, it
fragments into 4 smaller pieces.

m  The fragments get the velocity of the expanding
shell vy, at that time.

Brown et al. (1995)

Matthias Kiihtreiber Department of Astrophysics, University of Vienna

Chemo-Dynamical Galaxy Evolutio



The Multi-Phase Model
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Thermal Conduction

ensation/Evaporation

= Analytical formulae by Cowie et al. (1981)

m Leads to evaporation and condensation of clouds

dm
. ———(kg/s) =
m o( represents the ratio between the electron dt

mean free path Ay and the cloud size h.;:

5/2 -1

0.825 - T/ 2 heyog oo < 0.03
Thermal Conduction

—27.5 - T2/ 2h® 0.03 < 0p <1

( Thot (K) )2 1 —27.5 - T2/ 2ha®o; */® og > 1
oo =
1.54 x 107 P npot (cm—3) hey(pe)
Thot--- Temperature of hot/warm gas; . Th
TMhot--- number density of hot/warm gas; ot
P... Effect of a magnetic field on reducing the mean free . . Nhot
path of charged particles (is set to 1);
oo < 0.03 0.03 < o¢

m If hep < A (o0 > 1) = evaporation occurs
m If h,; > A = condensation occurs . .

m  The transition value from evaporation to )
C

condensation is set to og = 0.03
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Thermal Conduction

mel
Amg <

’ !
CAtogE; Mg = Mg+ Ames My = Mpor + Amegs

Temperature Exchange

Condensation: T;wt = T oii

Momentum Ex e

’
(mer + Amey) - Top = mey - Teg + Amey - Thot

! ’ ! /
Mhpot - Vhot +Mecl " Vel = Mpot Vot T Ml " Vel

T Mg - Tey + Amey - Thot

cl =
mep + Ameg

Mf/mt = Mpot — Amey Evaporation: T, = Ty;

’
@)

M, = mq + Amgy

’
(Mpot —Amer) Thop = Mhot* Thot — Amcr - Tey
If Am; > 0: condensation
If Am,; < 0: evaporation Mhoi - Thot — Amep - Tey

’
Thot -

Mpot — Amey
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The Multi-Phase Model
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Cloud Dragging

m Different dynamics lead to a drag force acting
on clouds

m Analytical formulae by Shu et al. (1972)

Fp = —Cp - Th2| phot * [Vel = Vhot| - (Vel = Vhot)-

Cp... Ratio between the effective cross section of a
cloud and its geometrical one (wh2);

Vel — Vhot-.- Relative velocity of the cloud in a
homogeneous surrounding hot medium;

Matthias Kiihtreiber
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The Multi-Phase Model
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Gas Cooling

m T > 10* K: continuum emission and

line emission 2
Bohringer & Hensler (1989) s

m T < 10* K: thermal collisions %
(Dalgarno & McCray 1972) g
and contribution of Hy and HD gwry om0
Hollenbach & McKee (1979) and w /) — o000
Lipovka et al. (2005) v — 0.00002

T 10 100 10 106 100 10°

Temperature [K]

A(Tv Z)T<104 = n%[f’iAe— (Tv Z) + n%—IAAtom(Tr Z) + n%otAMolec. (T)v

collis. with e™ collis. with neutral H molecules

AT, Z) 5108 = nir filh— (T, Z)
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The Multi-Phase Model
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m Jeans instability criterion can directly be used

m Check if Ay < he = collapse

3
32G’pcl

ff _
Tel =

m dpPa*/d¢ is multiplied with a random number € between 0.01 and 1 because
usually not the total mass M is turned into stars within a free-fall time Tg

d* dinax
P —e. P

dt dt
Matthias Kiihtreiber
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The Multi-Phase Model
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Single Stellar Populations \niversitat

Initial mass function from Kroupa et al. (1993), with m;,,, = 0.08 Mg and
mup = 100 Mg

0.035m~13 if 0.08 <m < 0.5,
&(m) =4 0019m=22if 05<m< 1.0,

0.019m~27if 1.0<m < 100

Stellar lifetimes from Raiteri et al. (1996):

logty = ao(Z) + a1(Z)log M + a3 (Z)(log M)?

ao(Z) = 10.13 + 0.07547 log Z — 0.008084(log Z)?
a1(Z) = —4.424 — 0.7939 log Z — 0.1187(log Z)>
as(Z) = 1.262 + 0.3385 log Z + 0.05417(log Z)?

m High mass stars: M > 8 M Produce stellar winds and end their life as SNell
m Intermediate mass stars: 0.8 Ms > M > 8 M Undergo PNe or SNela
m Low mass stars: M < 8 My Do not evolve significantly during a Hubble time

Matthias Kiihtreiber Department of Astrophysics, University of Vienna
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The Multi-Phase Model

@000
VAV EREL
Feedback " Wien
10° _— 10° _— -
g — = 10° ;
% 2 [
510 / _— £ 10 ! _—
£ | _— H
§ 10° - % 10°
kS g
210" 3 10t
3 / / — SNII
2 / — SNl 2 [ — SNia
10 — SN 10 | PN
s | — PN , | sw
10303 107 10 10° 10 1030% 10? 107 107 10° 10*
Time [Gyr] Time [Gyr]
m Stellar particles return mass, energy and chemical
. .
elements to surrounding hot and cold particles
. SW & SNII: Portinari et
m Feedback from SNe is added to the hot phase BT
m Feedback from SW and PNe is added to the cold = PNe: van den Hoek &

Groenwegen (1997)

= SNla: lwamoto et al.
(1999)

phase

m Mass ejecta are calculated from models of Berczik
& Petrov (2003)
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The Multi-Phase Model
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The Multi-Phase Model
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Feedback

Feedback energy AE of a SSP in the time interval [¢, t + dt]:

AE = [AEsw(t) + ANpn(t) Epn + (ANsni(t) Esni + AN (£) Esni) - S Neff] m«

Epy = 10%7erg
Egsny = 1051erg
Egyn| = 1051erg
SN = 0.05

Mass transfer of a SSP in the time interval [¢, t 4 dt]:

Am(t) = [Ampn(t) + Amgnrr(t)+
Amgnr(t) + Amgw (t)]m

11 elements are taken into account: H, He, C, N, O, Ne, Mg, Si, S, Ca, Fe

Amy(t, Z) = [Amyg pN(t, Z) + Amy sn11(t, Z)+

Amy sN1(t, Z) + Amy sw (t, Z)]mx

N ... number of events my ... mass of stellar population Am... feedback mass
Amy, ... feedback mass for element k

Matthias Kiihtreiber Department of Astrophysics, University of Vienna




The Multi-Phase Model
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Mass Transfer

Mgas = Mgas — Mstar

Star Formation: My gas
Mg, star = ~Mstar
Mgas

M gas = Mk,gas — Mk, star

star formation

Mstar = Mstar — Am(t)

star particle
Mk star

gas particle
= M, star — Am()

Feedback: H, He, C, N, O, Ne, Mg, Si, S, Ca, Fe Mk, star =
Mstar
Mgas = Mgas + Am(t) * frac
Mk, gas = Mk,gas T Amy(t) * frac
SNo, .
star particle \ star particle
Am... feedback mass Amy, ... feedback mass for element k Mstar ... mass of stellar population

frac ... feedback fraction one of the neighbouring gas particles receives (e.g. W (r; j, h) or Ny, gp)
University of Vienna
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Simulations
.

Initial Conditions W{ggrsﬂat

Gas

Dark Matter

20 le-22

20 1e-22

1le23 15
le23

le-24
le24

1le-25

Z kpe]

Z kpel

le2s

Density [g/cm?]
Density [g/cm?]

1le-26 =5
1le-26

le27
ET] 1e27

20 1e-28
20 15 0 5 4 5 10 15 20 20 le-28

X kpe]

m Miyamoto-Nagai profile with

=02k db=0.75k
“ pe an i m Burkert profile with 7o = 3 kpc

. _ 7
m Ij—iﬁot/\{vggn;{ M =4x10" Mg, and po = 1.49- 102 g cm™3
- . B = My, = 9.42 x 10° Mg
m Cold: M =1.96 x 10 M@, within 20 kpC
T =10 K
= Mgas = 2 x 10° Mg
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Simulations

9000000000000 000O0000000000C

"dw26": Option SplitHot is enabled; Myyqrm,min = 5 X 107 °

M@ Mwarm,maz = 8 X 10° Mg

hmin hmaz € dtmin dtmax Cdrag Tce Ceoll dtcoll
[kpc] [kpc] [kpc] [Myr] [Myr] - [kpc] = [Myr]
10-2 5 0.5 10-2 10~ 1T 1 1 10-2  8x 103
Nhot Neotd Mpo¢ Mecoiq Thot  Teold
> = Mc Mp] (K] (K]
499995 50000 4 x 107 1.96 x 10°  10° 103
10 100 dw26 1of 1000 Myr
: AN 10 s
o 107 =
] z H
H g 10° g
3o g £
e 107
510
10 500 1000 1500 2000 2500 3000 10° 500 1000 1500 2000 2500 3000 1% 2 a 3 g 0
Time [Myr] Time [Myr] Radius [kpc]
o w26 w26 . 1000 Myr

— |

B
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210
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oo
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=10tf — s SN1 Evap
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Fi. 6—Oxygen gradient of the CM in the equatorial plane after
15 x 10° yr. The error bars indicate the local fluctuations in the model.
Observational data of the sun and of H 1 regions (rhombi, triangles) are
plotted for comparison.
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FiG. 9.—Observed [O/Fe] and [Fe/H] in comparison with a best-fit
model. Abundances of disk and halo dwarf stars and B stars in the Orion
association are plotted as squares, triangles, and filled rhombi, respectively.
‘The numbers in the figure give the age (in units of 10° yr) to show how the
abundance ratios evolve with time.
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m The multi-phase model adds a lot additional dynamics
m Most parts are treated by analytical deliberations

m This can help to reduce the number of free parameters
compared to single-phase models and less " subgrid-physics” is
necessary.

m A single phase model can not reproduce typical properties of
the ISM

m Multi-phase is necessary for modelling the characteristic
chemical evolution of hot/warm gas and cold clouds. This is a
strong motivation for favouring a multi-phase approach.
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