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Star Formation



Star Formation

* Star formation defines the visible properties of galaxies and this means that any theory
of galaxy formation needs to include a theory of how stars form...

* A full understanding of star formation in a cosmological framework is challenging - the
typical mass of gas in a galaxy is ~10""Mg with a density of ~10-24 g cm-3, and for a typical

star this is ~1Mg and ~1g cm-3 - 71 orders of magnitude in mass and 24 in density

» Gas on the scale of the Milky Way can cool and collapse very quickly. So one of the
challenges for a theory of galaxy formation and evolution is actually how to STOP a
galaxy turning all its gas into stars all in one go at the beginning

* As gas cools it looses pressure support and flows to centre of a galaxy (or halo), causing
density to increase. Once this density increases sufficiently the gas becomes self
gravitating and collapses under its own gravity.

* In the presence of efficient cooling self-gravitating gas is unstable and can collapse
catastrophically. This leads to the formation of dense, cold gas clouds within which star
formation can occur.



Lessons from SF in the MW

- The ISM is constituted by HI, HIl and H, (~30%) and dust (1%)

« Star formation occurs in molecular clouds
— it occurs within the dense parts of molecular clouds

— only molecular gas can cool below 100 K and therefore collapse under its
own gravity: Jeans criteria, Bonnor-Ebert

— atomic gas does not emit efficiently at these temperatures but molecular
gas does, mostly with roto-vibrational transitions. The more its emits the
more it cools, the more its density increases (so gravity increases). At
some point gravity will exceed the pressure, the equilibrium is broken and
collapse starts.

- H, forms on dust grains most efficiently. It can be destroyed by the radiation
field, but deep inside molecular clouds it is self-shielded

* Inferred lifetimes for MCs are ~ 107 yrs, from association to young (and not old)
clusters



SF timescales in molecular clouds

'1". 7

Ry /2 6 nH, —1/2
= (3265) ~ 3.6 x 1071 ( 100cm 3) '

* The free fall time is considerably shorter than the MCs inferred lifetimes

» Thus molecular clouds must be supported against gravitational collapse by non-thermal
pressure. e.g., turbulence and/or magnetic fields of 10-100uG

~

» The measured galactic SF timescale is | Tgp = Mg, / MgaS

- For disk galaxies like Milky Way this is tse ~109 yr and >> t

- In starbursts the timescales are comparable

- Star formation is not very efficient in disks: E = t/t;c ~ 0.002

« “slow”: including magnetic fields
« “inefficient”; turbulence, self-regulation (HIl regions and winds from young stars)



SF and galaxy evolution

* Related to the formation of molecular clouds

* thermal instability

* instabilities in self-gravitating disks

* gas compression (e.g. on spiral arms, during mergers)
* Process of star formation is not very well-understood
* what determines the efficiencies and timescales!?

* We assume that for understanding large scale effects of galaxy evolution we do not need to
go into the specific small scale details of star formation.

* We have to find scaling laws and look at global properties

Need to understand how the GLOBAL properties of star formation
averaged over a large volume of gas, depend on the GLOBAL properties
of the gas, such as mass, density, temperature and chemical composition.




Empirical SF laws

>, = M*/area

SFR, 2, in terms of mass in stars formed per unit area per unit time

ISF = z:gas /Z*

Tsg : Gas consumption timescale

Since the most obvious requirement for star formation is the presence of gas, it is only
logical to look at the relation between SFR and surface density of gas:

' N
2* X Zgas Schmidt (1959)

N=2



Kennicutt-Schmidt law

Normal disk, filled circles; starburst, squares;

Open circles are the centres of normal disk Ke n n i C Utt- SC h m i dt Ia,W

galaxies.

The study of star formation in normal
spiral galaxies and also starbursts have
shown Schmidt “law” is a surprisingly good
description of global SFRs (averaged over
entire star forming disc)
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KS law - interpretation

SFR is controlled by the self-gravity of the gas. This would mean that the rate of
star formation will be proportional to the gas mass divided by the time scale for
gravitational collapse (free-fall time).

— : Pgas 1.5
TH X 1/\//—) Px = ESF T o< pgus
ff

¢ is the free-fall time of the gas divided by gas
consumption time, or star formation efficiency

If all galaxies have approx. same scale height, this implies: 2 X E 1.5
* gas

in good agreement with empirical law

However, this interpretation implies EQF << 1

Which suggests that self gravity isn’t the only important process.

Perhaps only a small fraction of gas participates in star formation, or the star formation
time scale is 1/¢. In either case — additional physics required to explain empirical law.

Kennicutt (1998) ApJ, 498, 541



Summary of SF laws

Global star formation laws averaged over whole disk — really need to understand the
importance of different physical parameters (gas density, orbital time scales) on smaller
spatial scales.

Y 22 0.017Zg,5Q

This relation valid from galaxy to galaxy but not within a galaxy, meaning that the orbital
time seems to have no impact on LOCAL star-formation efficiency.

Leroy et al. (2008) AJ, 136, 2782
2 _ % onthe other hand does change within a galaxy.

A single power law is a poor fit, as there is a break at low gas surface densities. This
corresponds to an abrupt truncation in the SFR.

It can be seen that looking at the relations with atomic and molecular gas separately, that
molecular gas correlates much better with SFR.

2H,
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Schmidt law for molecular gas
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Two laws: 1. for transformation from atomic into molecular gas

2. formation of stars from molecular gas
Bigiel et al. (2008) AJ, 136, 2846



SF tracers

UV Continuum (1250-2500A) :

Number of massive stars in a galaxy is directly proportional to the current SFR, as long as
it is not absorbed on the way. Only possible from the ground for z=1-5. For z<1 need
space telescope. Assuming time scale ~108 yr, or longer: M

M, 9 Lyvy
~1.4x107%
Mg yr—! (crgs‘Hz l)

Nebular Emission Lines:

The ISM around young, massive stars is ionised by Lyman continuum photons produced
by these stars, giving rise to HIl regions. The recombination of this ionised gas produces H
emission lines (e.g., Ha but also Hf, Pa, P, Bra, Bry), which can be used as SFR
diagnostic, because their flux is proportional to the Lyman continuum flux from young

(<2x107yr) massive (>10Mg) stars. \

* “ 14
~7.9x%x 1074 e
Mg yr— ] ergs—|

Forbidden lines:

For galaxies with z>0.5, Ha emission is redshifted out of optical. The strongest feature in
the blue is [OII]A3727 forbidden line doublet. Unfortunately luminosities do not depend only
on the local radiation field, but also the ionization state and metallicity of ISM. It has been
successfully empirically calibrated, and can be used out to z=1.6 (in the optical).

M.,
~ ~ 1.4 x 10-4 [ Lou
Mg yr—! ergs—}

Kennicutt (1998) ARAA, 36, 189



SF tracers (cont.)

FIR Continuum (8-1000um):

Typically the ISM associated with star forming regions can be quite dusty, so a significant fraction
of the UV photons produced by massive stars is absorbed. This heats the dust and is
subsequently re-emitted in the FIR. This does depend on opacity of dust, if it is not optically thick,
need to specify the escape fraction. There is a also a contribution due to older stars. Works well
for short duration intense star formation, ie., starbursts (10-100Myr old).

M, Ly
X ~4.5%x 1074 (PR
Mg yr~! ergs™!

Kennicutt (1998) ARAA, 36, 189



The initial mass function (IMF)

Field Star IMF is within errors same as that inferred for
Orion Nebula Cluster and other nearby star forming
regions

It has a power law (Salpeter) down to about 0.5-1 Mg

with most mass in solar mass stars but most luminosity
at high M

®(logm) = dN /d logm oc m™"

Salpeter 1955
=1.35

Nb of condensations with M_,, > m
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(see also Testi & Sargent 1998; Motte et al. 2001)

Submm continuum surveys of nearby proto-clusters suggest that the mass
distribution of pre-stellar condensations mimics the form of the stellar IMF

— The IMF is at least partly determined by fragmentation at the pre-stellar stage.



Star formation histories (SFH)

How to determine physical properties of galaxies (e.g., stellar masses and SFHSs)
from quantities that are directly observed (e.g., luminosity, spectrum). These observed
quantities are convolutions of the SFH, IMF, dust extinction, etc.
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Single stellar population - spectral evolution
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Passive galaxy SEDs - the 4000 Angstrom break

Elliptical galaxy NGC 4472 ‘ * Caused by:

— absorption of high energy radiation by metals in the
stellar atmospheres

— the lack of hot blue stars
 Hence:
— Ellipticals => A strong 4000A-Break

— Spirals => A weak 4000A-Break
— Irregulars => No 4000A-Break

4000—-A break
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Stellar population synthesis

An indispensable tool for most studies of the galaxy population.

Star formation histories.
Stellar masses
Stellar ages.
The history of chemical enrichment
The assembly of mass in the Universe

But in reverse, it can also be informed by galaxy observations -
learning about complex, rare & important stages of stellar
evolution.



SED models
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Spectral energy distribution (SED) fitting
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From SF to passivity - indicators

80f e :
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3 . . : attenuation and stellar

masses of galaxies.
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Figure 1: SDSS spectra of a late-type galaxy (top) and an early-type galaxy (bottom) are plotted
over the interval 3700-4400 A in the restframe. The red line shows our best fit BC2002 model
spectrum. The light grey shaded regions indicate the bandpasses over which the D, (4000) index is
measured. The dark grey regions show the pseudocontinua for the Hd 4 index, while the hatched
region shows the Hd 4 bandpass.

Kauffmann et al. 2003 MNRAS, 341, 33



From SF to passivity - time evolution

Different
Spectral
Libraries

Kauffmann et al. 2003a MNRAS, 341, 33
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Figure 2: Left: The evolution of D,(4000) and Hé4 following an instantaneous, solar-metallicity
burst of star formation. Solid lines show results from BC2002+-STELIB, the dotted line shows results
if the Pickles (1998) library is used, and the dashed line is for the Jacoby, Hunter & Christensen
(1984) library. Right: The evolution of D,(4000) and Hé 4 for bursts of different metallicity. The
solid line is a solar metallicity model, the dotted line is a 20 percent solar model and the dashed line
as a 2.5 solar model.
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Stellar/AGN Feedback



Matter cycle within galaxies
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Credit: R. Longland




Stellar Feedback

' As the stars evolve they return mass and energy to the ISM
— winds: By~ 4 10°° (Myina/10Mg ) (2/2000kms— )% erg

— SN explosions: 51 .
ESN :ESI x 107 Ccrg, with E51 ~ 1.0.
' This impacts both

— chemical evolution

— subsequent star formation (source of heating)

— dynamics of the gas

For example, the binding energy of the gas of a dwarf galaxy of 10’ M,,andR~1kpc is E_ ~ GM?/
R ~8x 10°" erg > very comparable to E |

 Modeling the poorly understood physics that couple feedback, cooling of gas
and star formation is extremely difficult

— prescriptions are global and heuristic
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Fig. 1.—Example spectra (black) and continuum model fits (grav). In the
left panel, the continuum models are offset for clarty. The right panel high-
hights the region around the Mg 11 doublet. Dotted lines mark the rest wave-

length of Mg 11. The presence of blueshifted lines indicates an outflow. The
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Tremonti et al. 2007



Feedback/galactic wind issues

Can supernova feedback drive
galactic winds?

Can these reproduce the mass-
element abundance relation?

Can they enrich intergalactic
gas with heavy elements?

Can these enhance formation M «<E /V ?
of disks over bulges? wind SN ese
«M /V

What about feedback from
Active Galactic Nucle1?



AGN feedback
Also in AGNs there S sou
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Chemical Enrichment



N ucleosynth esis LOW MASS STAR (the Sun)

main sequence (~8 Gyrs)
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red giant
(~ 100 million years)

Planetary nebula (100 thousand years)




GROUP

PERIOD

2

BELATIVE APOMIC MASS (1)

ELEMENT NAME

na J

N

(V) Mon g Cham T2 Nn 4 S87485) X0V

Rglatn 0MmE mas & Wawe Wi e
St and Begnren For chem ey Bave o sl
Mahdes. S vl eriined & bacheis
WCCHWE Ta ahd PerTan of D ngedl ead
Wit oA The emer e v s

Homeeer Bene wech chomeedy (TR, Pa wat 1)
G0 Nave 4 ChaCASC et otnges
L e e L e ]
et

€00 AV e Vel an | b v ) 1w Tiee o |

PERIODIC TABLE OF THE ELEMENTS

At v kfaplie besperiodml o’

A 18 VA

08116 1201

Cr

nFe

L Met L Semvmani | | Mormetsl
GROLT CAS B Avas mew (18, Chascogens ctoment
[1, Araice eamn merw 17, Maogmes sement
[ Tramacon metahy (i, »iosie gas
L Lahande | STANDARD STATE (26 °C: 10149
[ Acteice No « o Fo - soid
Ga. T« ppehotc
viis
' 9 10 11 iR I__!L g
ﬂ““.“ 45843 nm_mm”ua

Zn

| Ni l

ﬁﬁﬁﬁﬁ

1L

™ o
Hg
m 114 (286,
Uunl Ung
et |
LANTHANIDE ] i Copymif t © 19583000 EnO serufihfacme b
$7 80 |58 w02 ” 140,61 60 AN 6l ms) 62 19036 | 6) 15196 |64 197.25 |65 15890 | 66 250 | 67 w220 | 68 %6726 |69 16890 |70 17304 | 7] ey
La Pr Sm Eu Gd|Tb | Dy | Ho | Er Tm| Yb | Lu
SAMAIILA | Lnoe TER oM | EReuw | oo | vrreasus | LWTETUM

@) 95

)
, Il-l
-
. L dl

aoomn

LA o
3&-'-\‘” ‘4,(0!1 il

| PR

|i)

,m

cm

(252) ",

Clr IEp |lm| %u! 'Q M

lﬁiﬂ

asn ¥

.m

@e2)




PERIOD
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Nucleosynthesis
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Chemical Tagging

= Light Elements — e.g.,, O Na Mg Al
tracers of deep mixing abundances patterns
(globular clusters versus field stars)

= - Elements — e.g.,, O Mg Si CaTi
dominated by products of Supernovae Il

= lron-peak Elements e.g.,V Cr Mn Co Ni Cu Zn

explosive nucleosynthesis (supernovae )

= Heavy Elements ( £ > 30)
mix of r- and s- process elements
e.g., s-process e.g., Ba, La (low mass stellar winds)
r-process e.g., Eu (supernovae?)

McWilliam 1997 ARAA, 35, 503
Freeman & Bland-Hawthorn 2002 ARAA, 40, 487



The build up of metals in a galaxy

The simplest model of build up of metals in a galaxy over time is the closed-
box

Assumptions:

— the galaxy's gas is well-mixed (had the same initial composition
everywhere);

— the (high-mass) stars return their nucleosynthetic products rapidly, much
faster than the time to form a significant fraction of the stars.

This approximation is known as the "one-zone, instantaneous
recycling model".

— NO gas escapes from or is added to the galaxy

The key quantities are:
— M,(t): mass of gas in the galaxy
— M(t): mass locked up in stars throughout the lifetime of the galaxy.
— M, (t): total mass of metals in the gas phase

The metal abundance of the gas is Z(t) = M (t)/M(t)



The closed-box model

Suppose a mass of stars d'M. is formed at time t. After the high-mass stars have
evolved a mass dM, remains locked up in low-mass stars and in remnants.

The mass in heavy elements produced by this generation of stars is defined as
p dM..

The quantity p is known as the yield of that stellar generation (it represents an average
over all stars formed) and depends fundamentally on the initial mass function and on the
details of nuclear burning.

The mass of heavy elements M, in the interstellar gas changes as the metals

produced by the high-mass stars are returned. Some fraction of these heavy
elements will still be locked up in the low-mass stars and remnants. This fraction:

— Is proportional to the mass in these stars and remnants dM_, and
— has the initial metallicity Z of the gas.

Hence the total mass in heavy elements which is locked up is Z dMV..



* Therefore, the rate of change in the metal content of the gas mass is

dM,/dt = p dM./dt - Z dM/dt

dM,/dt = (p - Z) dM /dt

« Mass conservation implies:

dM/dt + dMy/dt = 0

* The metallicity of the gas changes by

dZ/dt = d(M,/M,)/dt =

dZ/dt = -p/M, dM/dt

(1)

(2)

« |f the yield p does not depend on Z, we integrate to obtain the metallicity at

time t

Z(t) = Z(0) - p * In[My(t)/M,(0)]

The metallicity of the gas grows with time, as stars are formed and the

gas is consumed



We can also predict the metallicity distribution of the stars. The mass of the stars
that have a metallicity less than Z(t) is

M,[< Z(1)] = M(t) = My(0) - My(t) = My(0) * [1 - e (8- 20NP]

A closed box model seems to reproduce well the metallicity distribution of stars
in the bulge of our Galaxy

r [ I T 1 l [

Rich (1990), ApJ, 362, 604
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Fi1G. 8.—Differential abundance distribution of bulge giants compared to
two limiting cases of the simple model of chemical evolution. Solid line: simple
“closed box” model with complete gas consumption; {z) = 2.0z/z. Dashed
line: Simple model, in the limiting case where a small fraction of the initial
volume of gas is converted to stars, the remainder being lost from the system.
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Fig. 10.10. A schematic of the chemical enrichment pattern of the ISM for a single coeval burst of star
formation. Time advances along the thick curve as indicated by the arrows. The thin arrows indicate the
impact of making the IMF more top-heavy and of increasing the strength of the burst.

The location of the knee depends on the intensity of SF burst
(or star formation rate/timescale)



Stellar Abundances
in the Milky Way
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Formation of the Bulge
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low and the galaxy forms a thicker

disk which at later times through
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Model D - intermadiate case

Zoccali et al. 2006 ASAL, 457, 1

Milky Way bulge similar to Early type galaxies, in being a-element enhanced,
dominated by old stellar populations and having formed on time scales shorter than
1Gyr (Thomas et al. 2005). Therefore like early type galaxies the bulge is likely to
have formed through a series of short starbursts triggered by rapid gas rich
mergers when the Universe was only a few Gyr old.
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Tolstoy et al. 2009; Starkenburg et al. 2013



