Chemical Evolution during

-1 - strong increase in metallicity Z during starburst

reflected in stars & star clusters forming late in long
EE— bursts

(Fritze & Gerhard1994a,b)
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Fig. 3. Evolution of the gas fraction G/M and the global metallicity i o
Z in different merger progenitor models

“,.‘

U. Fritze, Gottingen 2008

Fig. 12, Time cvolution of the global ISM metallicity Z, for a different Hubble types, b different berst strengths in a 12 Gyr ol Sc — Se pair,
U@ «© maximal bursts a¢ different bursts times in an Sa — Sa pair

Galaxy

(1 -200) *10° + dust (abs./ em.)

Stellar spectrum = black body
» + 50 million atomic & molecular lines

‘ L
i @ high mass stars : hot, bright+blue: UV - opt. short-lived
& low mass stars : cool, faint+red: opt. - NIR long-lived

Stellar population :
-» Stellar Initial Mass Function
@l — Star Formation History of the galaxy
3 ¥ - Stellar lifetimes & evolutionary tracks (mass, composition)

Z : Metallicity := Mass fractions of heavy elements (>H, He)

U@ Sun: Z=0.02 U. Fritze, Géttingen 2008



AlTEVoeIUUenany 'Synthesisiviodels

start from gas cloud and give
- Star Formation History (SFH) (= SFR(t))
. - Stellar Initial Mass Function (IMF)

¥ use data base of stellar input physics to
f calculate spectral evolution of the stellar component

k4 - resolved stellar population (CMDs),
: - integrated light (spectra, photometry, Lick indices)
- chemical abundances (gas and stars)

= Chemically Consistent Evolutionary Synthesis

iy coupled to a cosmological model: redshift evolution of
- - spectra, luminosities, colours, emission / abs. lines
U @ - gas content, gas abundances, SFR

U. Fritze, Gottingen 2008
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SALEV Evolutionary Synthes

Input physics stars & gas:

: Stellar spectra & absorption features : all spectral types &
% - luminosity classes & metallicities : model atmospheres
(Kurucz / Lejeune) & Lick indices

1 Gaseous emission : continuum & lines : Hll regions
. y N,_yc : Schaerer & de Koter 1997, Smith et al. 2003
v “‘ Line Ratios : I1zotov et al. 1994, 1997, 1998

Bl Stellar yields : PNe, SNII, SNIa: C, N, O, Mg, . . ., Fe, ... .

5 metallicities [Fe/H]=-1.7 ... +0.4

iy solar scaled abundances
all stellar input physics depends significantly
U@ on metallicity and so does the output !

U. Fritze, Goéttingen 2008



GA

Output :

Time evolution of CMDs for resolved stellar populations

Time & redshift evolution of
Spectra sgoaA ... 160 pm
Emission line strengths
Luminosities UV ..... K Johnson, HST, Washington, Stroemgren, .....
Colors
Absorption features mg2, Mgb, Fe5270, Fe5335, TiO1, TiO2, .....
Galaxy masses: gas & stars, M/L

+ 9 ISM abundances - modified form of Tinsley's equations

including SNla (carbon deflagr. wd x«)

U@ U. Fritze, Gottingen 2008

tellar Populations :
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cluster

Initial Mass Function : Salpeter, Kroupa, ...
+ Stellar evolutionary tracks / isochrones
--> HRD/CMD (t) (star cluster / galaxy)
@8 + Spectra
- & --> integrated spectrum (t) (star cluster/ galaxy)
+ Filter characteristics/zeropoints

--> integrated luminosities, magnitudes, colors
U U. Fritze, Gottingen 2008
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simple Stellar Populations

Completeness ofistellar tracks / Isochrones :

with fﬂ*r GB

Age dating from V-l without TP- AGB :
ages wrong by = 50 %

-05 SSP with isochrones ——
SSP with tracks —*— |

G.L5 ; 7‘.5 8 85 9 95 10 10.5
i log (age) e.g. V-1~ 0.6 :
; 16 ¢ o~

Age| ,,1p.ace™ 6-3 10° yr

12 f /‘/ Agel TP-AGB ~ 6 6 10 yl'
1t

°l i p— (Schulz, FvA, Fricke 2002)

6.5 7 75 8 85 9 95 10 105
U log (age) U. Fritze, Géttingen 2008




Gaseous EmISSIO

Seous emission importantat young ages
- [1/s] (T4 R,) ionising flux

summed over all O-,

(Stroemgren spheres, case B recomb. Osterbrock)
M@ Lines and continuous emission
" F(Hg) ~ N,
¥ hydrogen line ratios : atomic physics
' (Lyman, Balmer, Paschen, Brackett series)
heavy element line ratios : depend on metallicity
- from photoionisation models

’ - from observations

U@ Continuous emission~ N

Lyc U. Fritze, Gottingen 2008
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2lid d dSS J tio
Stellar evolutionary tracks (m, Z)
Star Formation Histories of various RS
galaxy types TN

Elliptical Sd
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Lo a)

tionary Synthesis

simultaneous modelling of the

| & spectral evolution of the stellar component (incl.
. gaseous emission : Hll regions)

1

. 8
\‘ -» chemically consistent approach

: = account for increasing initial abundances

of successive stellar generations

by using input physics of appropriate metallicity
U@ for each stellar L9enerat|on

Fritze, Géttingen 2008
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* Bulk of local galaxy population have

subsolar abundances
X' late — type & dwarf galaxies
!
‘ " % Normal local galaxies feature broad
\" stellar metallicity distributions
solar neighbourhood, MW & M31 bulges, ellipticals
B ~ Distant galaxies are less evolved / enriched
o ¢ in particular the faint ones in Deep Fields
U@ U. Fritze, Gottingen 2008

o

tellar Metalli

Solar neigh-
bourhood

G-, K-, M- stars

(Rocha-Pinto &
Maciel 1998)

A[Fe/H] ~ 2 dex "

e b | 1 1 (Sarajedini & Jablonka 05)
i 20 } } \ } I//| \‘/\I‘ b
| .
“ 10 | // .
! / 3 et E : NGC 5128 halo
obotts-c™" 0 . 4 1 (Harris & Harris 2000)
-2 -1 (¢

[Fe/H] U. Fritze, Gottingen 2008



@ Composition: stars, gas, dust
& Metallicities: chemical composition

- F(t)]e~e 1o ) ()]s~ as,G(1)
f e .\ @sa> Asp> 85> Agg
i i W(t)|sq4~ const

5 - o
E o B

. ‘ w
SFR = Star Formatlon Rate; SFH = SFR(t)
U U. Fritze, Géttingen 2008

Hubble ¢

o 99)L, Kinney
rent galaxy typ

\ in the local universe v
R NOT at high redshift !

E-Model 12 Gyr —— Sa-Model 12 Gyr ——
0 NGC 4889 (EX) ————— NGC 3471 (Sa)
3500 4000 4500 5000 5500 6000 4000 4500 5000 5500 6000 6500
Wavelength [A] Wavelength [A]

Sc-Model 12 Gyr ——
NGC 6643 (Sc)
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The Star Forma VJJ!J rJJ:'FQf/
Shc ng axy.

), Rocha-Pinto & Maciel 1997, 1998

ocha-Pinto+200

=3 ()
I\ J
from individual star age and metallic eterminations

0.12 ———This wark (K chwarts)
T T T T T T L T i APM (G awarls)

—— with volume correction
o4l e without volume correction -

Relative Number
Relative numbear
=
2
-

R A
[FeH]

Age (Gyr) Fig. 2. Comparison between the metallicity distributions for K dwarfs
{this work) and G dwarfs (RPM).

Decrease by factor ~4 since the beginning +

short-term ¥I08yr) fluctuations by factor < 2 around simple
model SFH

Broad (>factor 10) ?[tlc:allar metallicity distribution

e/H]) <0 subsolar
U. Fritze, Gottingen 2008

i

plications for Lo Galax

-

from H_, O[ll], UV severely overest Jm—uad for
low metallicity

v Z=0.0004 Z, 2=0.05
4 IZW 18, SBS 0335

" H 2 1 0.85

o Ol 3 1 0.87

\, UV(1500) 1.3 1 0.89

g8 Uv(2800) 1.4 1 0.89

W when using standard calibrations (Kennicutt 98,

. & Gallagher et al. 89) valid for Z~ Z
. (Bicker & FvA 2005)

U@ U. Fritze, Gottingen 2008
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volutionary Synthesis

o8 V — band luminosity

contributions of differen
metallicity

subpopulations

V contribution

§ 08 /
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Bicker, FVvA, Moller 2004
U. Fritze, Gottingen 2008

)
)
Gs: blue, compact,
often irregular, unrelaxed,
1 L ;J-—‘r) ) \,«;J-—‘r)y N
HI consumption timescale « t, e, -
very metal-poor <Z2>~ 1/10 Z,,
1 - several starburst knots on top
of older stellar population (NIR)

Papaderos et al.

U. Fritze, Gottingen 2008



Flux (107 '® erg em s '&71)
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lue Compact Dwart G

)

Models for underlying galaxy (ug) E, Sd + ongoing starburst

Starburst parameters:

- increase of SFR
- duration of the burst (10° — 108 yr in dwarf galaxies

~ dynamical timescale)
- age of the starburst

Burst strength : b :=AS/S or (b:=) AS/G =: SFE

Type & age of ug determined from outer regions/NIR
colours

Burst properties from colours (15t estimates)
& spectra (more accurate determinations)

U. Fritze, Gottingen 2008



ug

Y. : const. SFR

Y, : exp. declining
SFR

different burst
strengths

(Kriiger et al. 1991)

ceforsiar omstsattme £ o= 150y g Seec Same as bag & bl o the e puienally Jwreusing SFRY,
1k relaze 2 s coctsiast SFR i Voe undenlying galany without gas infi |
¥, “or vanous lewse mass liits of the Lun -IMF, The - umbers ind
atel on the cuses ary the borat srenghe & and 1he imzs shace woar
form; 0t 2urst hos easad lisochrencsl rasmestively. The synghal
Ve untatng ey U.

FritZe; Gattingen 2008 - '«

Compact Dwart G

Huge impact of gaseous emission on broad band colours

during active burst phase

Cart, + Line:
¥
PR
1=0,01

Clomti=nrm

n 1 1 ' |
03 05 DL 0l 02 DB

liog {2 f wum” Lol per)
Flg. 3. Relatlve cozzdbution of vie inersiellar gas o e wial emmission o7 e model galaxies inthe UBVENHEL tuncoasses, The conribution
ab e erd of a starbues: lastiag = - 107 yris soown Left: relative contribution =7 15z tota | gascons companent (o the Bux of the galaxy for varivus
Fuirst strenpths. Rizal contribution of the emission lines tnd the 2as20us continizam o the szl flux of the zakasy for b = 2,01

(Kriiger et al. 1995)
U. Fritze, Gottingen 2008
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t Dwart

with photometry in BVI+JHK :

o SFR~0.1-10 M_/yr
/'S — post - starbursts

burst strength b :=AS,
b=0.001 - 0.05,

-
. 0.1 - .
o 1aws mini bursts as compared
ST to mergers !
b\ forM_ ~
b 02 ot
o okay with stochastic
-~ | | self-propagating SF
e/ (Kriiger, FVA, Loose 1995)
U@‘ U. Fritze, Gottingen 2008

NGC 2207 -IC 2163

U. Fritze, Gottingen 2008
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Simulations

Side

Barnes & Hibbard 02

U. Fritze, Gottingen 2008



a)

Ihe Tloomre Sequence of Mergers

NGC3921

X . R NGC 7252

U@ U. Fritze, Gottingen 2008

a)

Ihe Tloomre Sequence of Mergers

HI observations
(Hibbard+02)

U. Fritze, Gottingen 2008



Dynamic

= 3" aspect of galaxy evolu

Bruzual '83ff
A
» Observational relations

Tinsley '68ff Toomre '72ff

@ S :formation & evolution of stars +/- gas +/- dust
& 3 C :formation & nucleosynthesis of stars;
infall/outflow of gas
U@ D : internal & external gravitation, stars + gas + DM

U. Fritze, Gottingen 2008

Dynamical Evolution / Formatior

Gravitation & Hydrodynamics :

Dark matter : semianalyt. / numer. N-body - dissipationsless
Stars : N-Body-Tree-Codes - collisionless
i  Gas: (Smooth Particle) Hydrodynamics - dissipative
S (+ Tree-Codes)

‘ L
\" + Star Formation Criterium + Feedback
e l
; (radiation, mechan. energy, mass, heavy elements)
from stars and AGB

=» galaxy interactions

g =» galaxy formation

U@ U. Fritze, Gottingen 2008



Galaxy Inter

)“

Toomre & Toomre 1972 ff : first nume
disk — disk interactions : N-body
@ tidal tails & bridges
@« morphological transformation of disks -» spheroids

3/2 SCALE

o,
*x0 0% oR

o
% o
%
o
%o Fo 05 2
o Fo %o 7
%00 % fo
96Po%Po %,
96%0%6¢0%
00200 Ro®

1=45°

Fi1G. 15.—Scorecards of tail-making and accretion for three (i = 45°, 60°, and 75°) inclined
w = 0° parabolic passages of a companion of equal mass. The open symbols represent test particles
i retained by the primary mass point, crosses are those captured by the intruder, 7”s are nonescaping
tail particles which at ¢z = 5 lie farther than 1.0R,, from their parent mass, B’s are similar bridge-
like particles, and the filled symbols denote particles that escape from both systems. The initial
radii of the three connected rings were 0.2, 0.4, and 0.6 Ry,.

U®| U. Fritze, Gottingen 2008

d

B=90° @ ® 80 omissions

) .
" ‘ Spin WIS Y ————— — ——_ Plne

FIG. 19.—Model of Arp 295. This construction supposes a parabolic i = 15°, w = 45°
of a quarter-mass companion. Its consequences are here vielv)ved at time 1 = 4 fromslog;?tsl?cgl:
= 1305 and four distinct latitudes. Except for the heavy “spray” near the companion, the
B =85 picture resemoblqs our actual view of this galaxy pair; much of that clutter been sup-.
g;:sls:lcli in the 8 = 90° view by omitting all particles which ever padshd il .éﬁéﬁiﬂ@@ﬂ;ﬁoos



FIG. 12.—Geometric study of the i = 45°, w = —60° object. Here six B = 60° views of this
U object from equally spaced longitudes A encircle its face-on view at ¢ = 3.143.
U. Fritze, Géttingen 2008
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Galaxy Interactions
Toomre & J‘ngr'—* 1972 ft : first numerical modelling

* slow prograde encounters : strongest
tidal forces, nicest tails
* tidal forces symetric, 1 tail per disk
* tidal tails developont,,,: I=v,, -t
after 1st pericentre
* tail length ~ M, :
equal length tails ~ equal mass disks
* shells : minor accretion
* polar ring galaxies : dwarf accretion
* ring galaxies : bullet perpendicular
through centre of disk

U. Fritze, Gottingen 2008



Galaxy |

Toomre & Toomre 1972 1t : first numerical modelling

* violent relaxation : exp. disk =» de Vaucouleurs profile E
=>» L-o relation & fundamental plain relations
* incomplete : gradients partly survive
* propagates outward: fall-back of material,

5 P
\‘ few % escape

U@ U. Fritze, Gottingen 2008

g disk — disk interactions : N-body (N=128 ...)
d morphological transformation of disks =» spheroids
B¥® spiral + spiral - “E”
W spiral + dwarf = spiral with bulge

% ¥
\‘ Counterarguments :

* central densities too small
* GC specific frequencies too small

: Tec=Ngc /My,

<Tsc(E)> ~ 2 <T;c(Sp)>  (Ashman & Zepf 95)

U@ U. Fritze, Gottingen 2008



ons 2006

[ DN

disk + bulge + halo
il SPH TREE Codes : gas (or Sticky Particles method)
\ =>» high gas concentrations towards centres

% 8 - central gas densities ~ stellar central densities of Es v/
‘ L i as observed in ULIRGs (= Ultraluminous IR Gals

= advanced stages of gas-rich mergers)
HI from beyond the optical radius brought into the galaxy/centre

Problems : shock resolution, molecular cloud structure,
multi-phase ISM, SF criterium/criteria, feedback

U@ U. Fritze, Gottingen 2008

. g Hl shows
P— s us the
g o culprit

O

U. Fritze, Gottingen 2008



R e A
4 2 0 2 4 -4 -2

(Berentzen et al. 03)
GRAPE-3AF simulation :
stars: N-body, gas: SPH
gas traces much sharper

. structures than stars
IR \ith SF: young stars trace
OEIAVIEEINEEIEYSE sharper structures than old
ones

(@]
N
o~

U. Fritze, Gottingen 2008

Dynamical Models : Galaxy Intera

Orbital parameters & galaxy properties :

global — nuclear starbursts — AGN fuelling
(e.g. Barnes & Hernquist 1992, Jogee 2005)

prograde encounters : global starbursts (? contracting ?)
' retrograde -- “ -- : nuclear starbursts & AGN fuelling

. B
» Consistent inclusion of

- SF,
- AGN formation/feeding and
- feed back from both

still under construction

U@ U. Fritze, Gottingen 2008



