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STAR FORMATION AT HIGH-Z

CMB polarization |
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MOST DISTANT GALAXIES

Hubble Ultra Deep Field - Infrared
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First explosion
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Death of a massive star
600 million years after the Big Bang!!!



A Young but Big!
N Blackhole

2 billion times
than the sun

|& SN h FX:J = (6.0£0.4)x10""" W m™? um™"; Jag ~ 20.2 :
2 1 J
< © r | o d
(V. |. L ‘l 2 d
> 2| 2 f
i [xae
o
©
e [l
3 :
- mww
e e — o 1 o ad
0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4

wavelength, A (um) Mortlock et al. 2011




An oldest star in .
gonstellation.Hydrei_ |

HE1327-2326
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June 23 & 25, 2004

Subaru telescope observation

The star contains...no iron!!

HE1327-2326 |
(ESO 3. 6m)

T T | T | T T
' ” “
0.5 H !
HE1327-2326 (subarw)
T s e vy N p AN A
I A B
i B
0.5 i
O | L \ | | |

386.5 387 387.5

Wavelength




SURVIVING EARLY GENERATION STARS

Almost no 1ron!!
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Cosmic Reilonization
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UV photons

H+y=H +¢



Hydrogen Reionization
and Gunn-Peterson Trough
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| Transmission shortward
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J103027.104052455.0 (2~6.28)
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H+y—p+e

The ionization potential of an H atom is
13.598 eV. Photons more energetic than
this can photo-ionize hydrogen.

The residual energy Is carried out by
detached electrons, which eventually heat
up the gas (IGM). Suppose that 1eV per
lonization (per H atom) is deposited as heat;

this is sufficient to raise the gas temperature
to ~ 10000 K.
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ARTICLES

Detection of intergalactic ionized helium
absorption in a high-redshift quasar

P. Jakobsen', A. Boksenberg', J. M. Deharveng’, P. Greenfield',
R. Jedrzejewski' & F. Paresce '

* Astrophysics Division, Space Science Department of ESA, ESTEC, 2200 AG Noordwijk, The Netherlands
 Royal Greenwich Observatory, Madingley Road, Cambridge CB3 0EZ, UK

{ Laboratoire d'Astronomie Spatiale du CNRS, Traverse du Siphon, Les Trols Lucs, 13012 Marseille, France
§ Space Telescope Science Institute, 3700 San Martin Drive, Baltimore, Maryland 21218, USA

Observations obtained with the recently refurbished Hubble Space Telescope reveal strong
absorption arising from singly ionized helium along the line of sight to a high-redshift quasar.
The strength of the absorption suggests that it may arise in a diffuse ionized intergalactic
medium. The detection also confirms that substantial amounts of helium existed in the early
Universe, as predicted by Big Bang nucleosynthesis theory.
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Thermal history of the Universe
- structure formation view -

Star/Galaxy formation

~30000K

Quasar formation

~30000K 7
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Cosmic Star Formation History

(| & HO4 (all) :

! .o .

| © GO8 (Ho) - )

| = others —r4—h T i
M N I

| @ This work | ! R ‘ .

[ Mg yr=! Mpe™ ]
I
|+
1
—o
>—§—1

P

0.01 - .

2 3 4 5 6

1
redshift(z)



log Mgy yr-! Mpc-3

| |
| N | =
o () N O —

10 54 3 2 1 0.6

3 P > 006 L., -
ubal ¥ RS S E
£ a8 :
= S
- _H .
R i =
E 1 1 1 l 1 1 1 l 1 1 1 I 1 1 | l | 1 IE
0



Star formation in the early universe



Baby Universe
~ 380 Kyrs Dark Ages

~ a million years ?




In the beginning, there was a sea
oif light elements and dark matter...
And some ripples.




Primordial gas chemistry

e, H, H+, H-, H2, H2+, He, He+, He++
D, D+, D-, HD, HD+
Composition: 76% H, 24% He. 105D, little Li

o Collisional ionization, recombination

e Formation of molecules (H2, HD, H3+, H2+, HD+, HeH)
e Photoionization, photo-dissociation

e Radiative cooling

collisional excitation, collisional ionization, recombination,
Bbremsstrahlung, compton cooling, CMB heating

~ 50-70 reactions



Chemical reactions and rates

H+4+e— H 4 2e
H* +e—H+hv
He + e — He + 2e

He' + e — He 4+ hv
Het 4+ e — He ™™ 4+ 2e

He ™ +e— He' + hv
H+e—H +hv
H +H-—-H, +e
H+H™ — H; +hv
HY +H—-H; +H"

k1 = exp [—32.71396786 + 13.536556(In T..) — 5.7:
+ 0.0348255977(In T,)° — 0.00263197617(In

ky = exp [—28.6130338 — 0.72411256 In T, — 0.02(
+4.98910892 x 10~ 6(In T,)® + 5.75561414 x

ki = exp [—44.09864886 + 23.91596563 In T, — 10
4 0.0679539123(In 7.,)° — 0.00500905610(In

kiy = 3.925 x 10~ 37706353 k0 — 1,544 109!

ks = exp [—68.71040990 + 43.93347633In T, — 18
+0.08113042(In 7,)° — 0.00532402063(In 7,

ke = 2 x ko(T/4)

ks =1.4x10"87%9%8exp ( — T/16200)

ks = 4.0 x10-97-0.17

ko = dex[—19.38 — 1.523log T + 1.118(log T)? — |

kio= 6.0 x 10710

Above 1s just a partial list.



Stars are formed...

In a cold, dense, molecular gas cloud.

Gravity alone does not make it. Gravitational
collapse compresses and heats the gas.

We need a mechanism to cool a gas cloud.
Radiative cooling removes the excess energy
(.e., lower the gas pressure) and makes it possible

for the gas to cool and condense.

Radiative cooling operates only it there are coolants.

How did all this happen in the early universe ?



In the present-day universe...

Interstellar gas can cool by, e.g.,
Metallic ions such as Fe, Si, O

Molecules such as CO, OH

Dust thermal emission

None of these coolants existed in the early universe.




Primordial cooling function
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H2 Formation : Gas phase reactions

Photo-attachment

H4+e—H + hv

Ho formation

H +H — Hy 4 ¢€

Slow reactions, using residual electrons
as a catalyst.

Effective at T > 1000 K (M ~ 102 Msun)
Molecular fraction reaches ~ 0.001



H2 Formation : Gas phase reactions

Photo-attachment

H4+e—H + hv

Ho formation

H +H — Hy 4 ¢€

Slow reactions, using residual electrons
as a catalyst.

Effective at T > 1000 K (M ~ 102 Msun)
Molecular fraction reaches ~ 0.001



A brief History

Late 60’s ) Pregalactic clouds, molecular hydrogen
Matsuda-Sato-Takeda, Yoneyama, Saslaw & Zipoy
Peebles & Dicke (globular cluster)

Early 80’s ) Primordial star formation, fragmentation
Palla-Stahler-Salpeter, Yoshii, Silk, Couchman & Rees (DM)

2000- ) Protostar formation, cosmological simulations

Omukai-Nishi, Ripamonti-Ferrara+, Bromm+, Abel+
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Cosmological First Objects

Matter distribution_ | Web-like structure

in the early universe.
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. - S Halo mass
| ~ 1,000,000 Msun

1 Gas clouds
| are ~ 1000 Msun.

- Strongly clustered.
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Self-gravitating cloud

A new born proto-star

with T. ~ 20,000K

r~ 10 Rsun! Fully-molecular core
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Protostellar evolution

The hot gas 15 accreted
onto the central proto star.

/// \\\ )
hydrostatic

\ 1
\ core /

The star grow rapidly

to become very large.

outer envelope
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