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Star forming regions

Qesk/arch|¥e/releases/2006/01/
http:/ ub‘lesrce prg/neWscenten‘newsdesk/arch|Ve/releases/2003/34/|mage/a

http: bblesﬂe org/news .; fei/,news



Lite cycle of stars
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https://blackholecam.org/a-massive-star-collapsing-in-upon-itself-forms-a-black-hole/
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The early stage of the universe

First stars : ' ' -

z~1100 z~20

Epoch of
Relonization

Recombination Dark Ages




Black hole mass (Msun)

sSupermassive black holes (SMBHs)
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Coevolution of SMBHs with galaxies

MBH (Msun)
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Cosmological QSO population

Development of ;
Galaxies, Stars, Planets. Dark ages / EoR

Inflation

today
(z=0) .

Quantum
~ fluctuation

First Stars
@z>20

[~ 13.7 billion years -



High-redshift monster BHs
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Rapid SMBH assembly

“The Assembly of the First Massive Black Holes”
‘ Inayoshi, Visbal & Haiman (2020), ARA&A In press
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First star formation
(Pop 111 stars)



Initial conditions for our universe

Cosmic Microwave Background (Planck Satellite)
380,000 years after the Big Bang (z=1100)
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Formation of large-scale structure

small fluctuation highly non-linear evolution



Matter power spectrum

Current power spectrum P(k) [(h-! Mpc)3]
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z = 48.4 1 0.05 Gyr

'500 kpc



Collapsed objects (DM halos)

- virial radius / temperature

M NPTQ, 4017112\
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Tvir = 2k 1.98 > 10 (0.6) (IOSth@> [ng 1872 10 K

* mean gas density in a collapsed object

1872 peris O, (1 3 3
Nyir & T Perit b( —I_Z) ~ (.05 cm3(1+z>
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Galaxy Formation
star formation and Evolution

Houfan H0, Frank van den Bowh
and Simon White

<< 10° ecm—°

radiative cooling !



cooling rate (erg cm3/s)

Radiative cooling
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Galaxy / star formation: tcool < tH

(Rees & Ostriker 1977)



H> formation processes

- H> formation in ISM occurs on dust

- the electron-catalyzed reaction in metal-free gas

/-

H+e — H 47 H- process (low density)

H +H— Hy + e note: no dipole moment

\

- 3-body interaction

3SH — H, + H (high density; n>108 cm-3)



H»> formation processes

|
—_ |
-) N
TT T[T T T TT1T]

|
o
o)

|
oD
-
T T T[T T1T]

log (fractional abundance)

104 103 10°% 10

redshift (1+z) Galli & Palla (1998)

|
QY]
O

—_



First star formation (Z=0)
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Gravitational collapse of metal-free gas:
Mcool — 105 Msun at Z~30



temperature (K)

molecular fraction

Star formation with H2
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temperature

Gas fragmentation

Equation of state:
)\J ~ Cstff

p O( preff H T O( p’Yeff—l

Mjy ~ pA§ oc T?/2p~1/2

Li, Klessen & MacLow (2003)
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temperature (K)
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Collapsing gas profile
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Dynamics of collapsing/accreting gas

early collapse stage late accretion stage

final stellar mass will be
determined Iin the phase

Yoshida et al. (2008)



Protostellar accretion (Poplll)

cloud boundary
r,~10" cm

dust
photosphere
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Protostellar accretion (Poplll)

Omukai & Palla (2001, 2003)
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Stellar evolution + RHD

logT [K] logn [cm™]
20 25 30 35 40 45 5.0 11 9 7 D 3

Hosokawa et al. (2011), see also
Stacy et al. (2012), McKee & Tan (2008)
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100 Poplll calculations...




Poplll stellar IMF

(“ﬂsun)

stellar mass
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Poplll binary formation

Turk et al. (2009); Stacy et al. (2013,2016), Susa et al. (2013), Hosokawa et al. (2016)
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- Binary formation due to disk fragmentation
- high binary fraction (fbin~60% @MW)




Formation of massive BH seeds

(special situations of Pop 111 formation)



temperature (K)
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High-z star formation

®
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monolithical
collapse

single protostar

H cooling
~104K
no fragment

normally...

H> cooling
~1023K Pop lll stars
fragment M, ~ 100 Mg

Safranek-Shrader et al. (2016)



High-z star formation

cosmological scales
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- very high accretion rate:

‘ higher temperature is required



Ways to suppress H> formation

Lyman-Werner irradiation baryonic streaming motion
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Bromm & Loeb 2003; Shang +2010; Latif +2013; Johnson +(2013); Regan +2014; Inayoshi +2014; Sugimura
+ 2014, Visbal +2015; Latif +2016; Chon+2016; Hirano+2018; Inayoshi+2018; Wise +2019; Luo+2019 etc...



Radiative cooling w/o H»
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temperature (K)
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Star formation w/o H2
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temperature (K)
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Star formation w/o H2
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temperature (K)
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No fragments / high Mdot!

Inayoshi, Omukai & Tasker (2014)

Becerra et al. (2015)
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Massive accretion disk

Sakural et al. (2016)

M* [ Ma/yr ]

Unstable accretion disk

Toomre’s instability:
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stellar radii (Rsun)

Rapidly accreting protostar
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ionizing photon

Rapidly accreting protostar

Hosokawa, Kl et al. (2013)
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- Newton gravity + GR correction

dp _
dr

pressure -> energy -> mass...

Direct-collapse!
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no stable stellar structure if
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(see textbook by Shapiro & Tuekolsky)
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Summary

» Pop lll stars form at z~20 in mini-halos via Hz cooling
- Pop |l stars are typically massive (10-1000 Msun)

- Metal-free star formation w/o H2 provides seeds of
high-z SMBHs (DCBHS)
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Thank you!



