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| to form first stars

Yoshida et al. (2003) 2



Collapse of self gravitating primordial gas

Gas cloud in
the mini halo
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Run away phase —> Accretion phase

Run away accretion
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Mass accretion rate

In the accretion phase, matters freely falls onto the
protostar.

2
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— - F AR} pv, ~ AR} p3cs = 47zf£ G_p] P3¢ ® SOES

Mass accretion rate determined purely by the
temperature of envelope.




Thermal evolution of the Core
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Final mass

. Cf 1000K, for primordial gas,
M ~30—= . Very high mass accretion rate
G (c.f. 10K for interstellar gas)

M ~10"Mg,yr" . Mx10°yr~10°M_,

If the accretion is spherical and is not
guenched, POPIII stars are Very Massive.
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Angular momentum of minihalos

spin parameter (dark matter)
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Specific AM distribution in the core

Yoshida et al. 2006
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Gas cloud is not supported by rotation,
1 But will be supported in the accretion phase.

angular momentum [pc km/sec]




Radius of the accretion disk

Definition of | of Kepler rot.

Balance between the
gravity and the centrifugal
force with given j

Specific ang.mom.
of Run-away
collapsing core
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f=0.5

_ f2
— [;, — disk radius is 25% of core radius

Formation of rotationally supported disk is inevitable.



Numerical Studies of Accretion Phase

~ 1000AU " “star cluster” ( t>1000yrs)

Stacy+2009 cosmological*nmax=1e12*racc=50AU

Clark+2010 turbulent*nmax=1€13*racc=20AU

Smith+2011 cosmological® nmax=1€15"racc=20AU

Hosokawa+2011 cosmological (2D) *Mesh *racc=10AU + UV

Hosokawa+2012 cosmological.POP3.2 (2D) - Mesh " racc=10AU + UV

Stacy+2012 cosmological *nmax=1e12 *racc=50AU + UV

Stacy+2013 cosmological *nmax=1e13 *racc=20AU 10 halos

Susa 2013 BE sphere "nmax=3e13*racc=30AU + UV

Hirano+2014 cosmological (2D) *Mesh " racc=10AU + UV 100 halos CEHIAEE
Susa+2014 cosmological *nmax=3e13*racc=30AU + UV 60 halos <This talk
Hosokawa+2014? Cosmological(3D) + UV HNSAEE

~100AU*"inner disk fragmentation”(t < 1000yrs)

Clark+2011 cosmological*nmax=1e17"racc=1.5AU
Greif+2011 cosmological* Nmax~1e17 (arepo)* racc=0.46AU(=100Rsun)
Machida+2013 BE sphere*change EOS nmax~ 1e18-1e20 + MHD CHTHIAEE

~10AU*"resolve protostellar radius ”(t~ 10yrs)

Greif+2012 cosmological*Arepo*No sinks *racc=0.05Rsun



Smith+2011
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Radiative feedback from the central star (2D)

Long term integration (10° yrs) with feedback — Final mass
Hosokawa+ (2011)
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Photoevaporation of accretion disk

courtesy to Hosokawa san



Stacy+2012
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Long term 3D RHD simulation is needed!
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sedback on protostellar accretion
wrth with no radiative feedback,
e “with-feedback' case. The blue
it to the sink growth rate for the
otted line is a double powerlaw fit
shed line shows the growth of the
e ‘with-feedback’ case. Radiative
on-induced starvation leads to a
ories in less than 1000 yr, and in
in sink does not grow bevond ~
ation.

at 1500, 2000, and 3000 yr after initial sink formation. White lines depict the density
and 10? cm—23. Box length 1s 40,000 AU. Note the pronounced hour

lass morphology

of the developing ultra-compact H 11 region, roughly perpendicular to the disk. This structure gradually expands and dissipates the disk

gas from above and below, reducing the scale height of the disk.



Very high mass accretion case

Hosokawa+2012,2013, Hirano+2014
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For dM/dt >~ le-2, KH contraction phase disappears. — No UV feedback



Fragmentation @ r < 50AU

tion in a 120-AU region First stor forms (tg) ter + 27 yeors tee + 62 years

around the first proto-

star, showing the buildup
of the protostellar disk
density [em™]
10" 10" 10™ 10" 10"®

and its eventual fragmen-
tation. We also see “wakes”
in the low-density regions,
produced by the previous
passage of the spiral arms.
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Formation of segond star Third star formsy
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Clark+ 2011
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» But integrated time is too short 0.1
to predict the final mass

Greif+ 2011
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| possible merging
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3D(fragmentation)
RHD
Long term
High resolution

are needed



Fragmentaion of the disk ( t <2000yr)
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Time|yr|=-10 Time|yr|=1160

Time|yr|=5120 Time|yr|=100250

FIG. 2. Edge-on views of gas distribution inside r < 10*AU (0.05pc) at four snapshots. Top row: from left to right, ¢ =-
10yr,1160yr. Bottom row:t = 5120yr, 100250yr. ¢ represents the time after the first sink formation. Color shows the
H> fraction, and the small spheres with white rim represent the positions of sink particles. White arrow and dashed curve in the
bottom left panel denotes the position of the shock front.




Protostellar evolution model
Iog(M)

b fEreaQ@Qa v?

*Hosokawa numerical models
dM/dt = 1e-5,1e-4,1e-3

*Hosokawa numerical model
dM/dt = 4e-3 for M < 60Msun

*Analytic formula from
Hosokawa & Omukai 2012
dM/dt > le-1

— Interpolate

og(M/M_ )



Heating by Photodissociation

* H, dissociation —» no coolant

* Chemical Heating/cooling

3H > H,+H, H+H—>H,+e" :Heating
H,+ H (or H,) - 3H or (2H+H,) : Cooling

3H->H,+H, H+H—>H,+e~ :Heating

H,+ y,w = 2 H :Thermal energy is not consumed

L
2step heating.




Chemical Heating Rate
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Photodissociation process is an important source of gas heating.



Evolution of sink mass
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Fic. 5.— The mass of individual sink particles are plotted as

FiG. 4.— Evolution of the total mass incorporated in sink par- functions of time after the first sink formation. Red curves for the

ticles. The solid line corresponds to the case with feedback, while pryns with feedback, while the green curves for the case without
the dashed line represents the case without feedback. feedback.

But this is the result of a realization of simplified initial condition,
we need more statistical argument by the cosmological simulations




Cosmological Simulations

Cosmological Run by Kenji Hasegawa on K.
100kpc box ~48 runs

Sigma boosted (19runs:0=1.2, 29runs:0=1.5).
60 halos

Trace up to n=1e8 cm-3

Switch to local RHD simulation

Particle splitting at the beginning of local simulation
(1-10).
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Sink Mass distribution
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Mass budget in Mass of the primary

minihalos stars in minihalos
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Frequency distribution of

number of sinks in minihalos  €an Separation from COM

25

'./rlnultiplicity.dlat' — 104 ; . :
¢ *
0l 60-70% of the minihalos ) $ . ¢
host multiple systems s 10°| °
O ; .
U
b pS ¢ o °
§ 100 | S
s
S i .
4"
gt 210 ¢ 3
v +
o
O
=
T s 4 s e o s Vb
\ J 2 3 4 5 6
a* v

Number of stars in each minihalo
Single star Multiple system



10000 ¢

1000 ¢

Mcloud Msun

100:-

10

Mass of Primary Star v.s. cloud props.

10

M

M

primary ~ sun

100

cloud

0.1}

0.01

10

100
M M

primary ~'sun




TINIZ R \’5l

+0.85 -
[c/0] [N/0] [Al/0] [Sif0] [Fe/O]:
00 ————————— — — —— = —=
—0.85 — 0% - - —
- ® 0% .
~1.0tF - : -
i PISNDF £ i
— 1.8 -
—2.0F :
MR EIXEEDEET
251 NIFIEZH6LLY, 1
-3 : e : : '
1 2 3 4 5
Cooke+11 7DLAs of Z <0.01Zsun

+0.5 F

+0.5 F

- [€/0]

r[¢/0] [N/O] [al

/0]

[SE/04 [Fe

¥z PISN, y=1.35
¥r PISN, y=2.35
¥r PISN, y=3.35

[N/0] [Al/0] [Si/0] [Fe/0]]

ERIZIEE =4
[ZIMEAYLDRT 53
&5t R

12EXEIRETH D
(&AL



FEH

1Msun<M < 300Msun.
M~ 10-100Msun is the main part.

Resolution issue
— |-front breakout - Enhance the Feedback effect
— Fragmentation at smaller scale (< 30AU) - Increase low mass stars?

— Inner edge of the disk - Unknown
Increase the number of low mass stars & reduce the upper
bound ?

20 T - . T . - - 20

Number of stars

Number of stars
=

log (Mstar/Msun) |09 (Mstar/Msun)



Stromgren Radius v.s. hspH
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In the present numerical experiment, the spatial resolution is not enough to
Capture the propagation of ionization front -> Radiative feedback is underestimated.




Sink mass v.s. Stellar mass

1. According to the employed accretion condition onto
sinks, the accretion rate is overestimated (large r
no pressure).

acc’

2. Spacial resolution is not enough to capture the

propagation of I-front. Thus, we underestimate the
feedback effects in this simulation.

Both of two limitations enhance the mass of sink particles.
— Obtained mass of sinks are regarded as an upper limit.




RSPH code

Susa 2006 (http://ads.nao.ac.jp/abs/2006PASJ...58..445S)

Parallel BH Tree (mpi)

SPH

Domain decomposition : ORB

RT solver (Ray-Tracing , mpi)

Implicit solver for reactions and energy equation
H2

On-the-Spot approximation (Case B recom.)
Multiple sources (~< 10)

Any Spectrum
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dM/dt >0.1Msun/yr
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Acc. Rate: M, { Mg/ yr )

Feedback from protostar(s)

Hosokawa+2011 Stacy+2012
2D RHD 3D RHD

Mo feedback

Mass |M,

feedback

. ; L L ; o 1000 2000 3000 4000 3000
o 10 20 30 40 50 ] time [yr]
EI.EI |Ell Mass: M‘{ ME,] Figure 10, Effect of radiative [El.‘dha.j: on protostellar accretion. Black
s:ldln.c hmhmussgm\tthw.lh du.l 'I' dl'.- kwhlbl kdnud
~43Msun 10° yrs after ~20-30Msun at 105 yrs estlmated
the formation of protostar. by extraporation

iakla = not grow beyond ~20 Mg in the

Long term 3D calculation needed.




UV Feedback by the protostars

Depth of gravitational potential around proto-stellar disk
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Corresponding temperature
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v If KT ~ > 9200K, gas is photo evaporated



dM/dt >0.1Msun/yr
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