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+ final mass of the first stars and radiative feedback

+ the mass distribution of the first stars
+ origin of the supermassive black holes in the early universe
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“mini-halo” (Tvir ~= 3000K)

the standard cosmology

predicts when and where - ~3 0
the first stars would form RECL

+** Large-structure forms via
gravitational instability

+¢» Evolution of baryons:
gas dynamics, chemistry,
radiative processes...
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First Stars: How massive?

‘ﬁﬁ,ﬁﬂﬁ’iﬂ%‘: collapse = REAER[E: accretion‘

Yoshida, Omukal&Hernqwst (2008)
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It has been postulated that the first stars were very massive (> 100 M)



Observational Challenge

Abundance patterns of the heavy elements generated in SN
could be the observational signature of the first stars

The first stars end their lives
with supernova explosion

Stars born from the polluted gas
have the same abundance patterns
as the supernova progenitors

 Galactic metal-poor stars: -
Messenger. i
¥ fromthé early universe _

HE1327-2326

MAGNUM Telescope (U, B, V) |/
June 23 & 25, 2004 /

No signatures of PISNe (~a few x 100M,).
This prefers the ordinary massive stars which cause the CCSNe.




Extremely Massive Stars: still needed?

bright QSOs at z > 6 with SMBH of > 10° I\/I@
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Key Questions

+ What is the final mass of the first stars, resulting from
the evolution in the accretion phase?
What is their mass distribution?

+ How does the stellar UV feedback halts the stellar growth via
mass accretion? Does the feedback always operate?

+ What is the maximum stellar mass?
Is the formation of supermassive stars possible?
Finally seeding SMBHSs in the early universe?
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Breakout of bipolar HIl region
toward polar directions
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Dynamical expansion
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Photoevaporation of the disk

(0.1Myr since the birth
of the protostar)




Accretion Histories
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» Acc. rate is significantly reduced by the stellar UV feedback
» Mass accretion is shut off when the stellar mass is ~43 M,
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Kelvin-Helmholtz
contraction
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Mass accretion ceases soon after
the protostar’s arrival to the
zero-age main-sequence (ZAMS)

2 characteristic timescales

faoe = Moty = M
acc — pr KH — R.I.

Early:t, >t . ; adiabatic acc.

acc ?

Opacity | = L. 1
=t |

later: t,,<t,.. ; K-H contraction

acc/



Protostellar Evolution and feedback

—_ Adiabatic acc. . K-H contraction .

o100 K-H contraction stage
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« 10F

(© +

9 contraction (radius | )

n

!

Effective temp.: Teff 1
UV luminosity 1

(/sec)

lonizing photon
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UV feedback operates over
. late KH contraction — ZAMS stages,
10 30 and finally stops the mass accretion
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Forming 100 First stars

Derive the mass distribution of the first stars following the evolution
with 100 different star-forming clouds. (Hirano et al. 2014)

40 35 30 25 20 15 10
Ziorm
dark halo mass & formation redshift
with primordial star-forming clouds




Mass Distribution
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stellar mass is fixed after the stellar UV feedback shuts off the mass accretion

lots of M. < 100 M, stars, but also with M. > 100 M, stars
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Diversity... why?
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rather relevant to forming
the supermassive stars

“supergiant protostar” stage
with the rapid mass accretion
of >0.01 M /yr

mass-radius relation: R.ocM,.0->
which is independent of different
mass accretion rates
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Physics

M < 0.06 M /yr
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stellar luminosity: L.

L* it LEdd X M*
+

nearly constant effective temperature
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(strong T-dependence of H- opacity)
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100&00d agreement with the numerical results



lonizing photon

NO UV feedback
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» low effective temperature of < 10°K = low UV luminosity

UV radiative feedback would not disturb the formation
of supermassive stars




What controls M?: cloud mass & spin
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Diversity of the stellar masses
comes from that of the gas clouds.

Diversity of the gas clouds
comes from cosmology
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This is just beginning...

ADETE TR ENTREICLOIABA RIS

P

Greif+13

N RICKYRIRBE
MNEH-TES
N/
ERDIFIIBE~NDFERET
(HAEZEDEEZDITED)
N
EIRHNGEEE=ET(?)

ECEFTEVDEEE TRFFM]
1L Z 1B Z Hh Hichallenge

(P KR E (T 77 fF eI TF)

10AU



RiEatH

3D radiative SPH + [R5 2 1 {btracks (Hosokawa & Omukai 09)
- t=1160yr

Susa+14 in prep.
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My 3D test case

+ UV feedback (2 DE L (L5 Bl L coupletdT)
EEEMN30M,[TELZBT =105, L=105L, THLHHE S
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Summary

How massive were the first stars?

+ Lots of “ordinary” massive stars, which are M.< 100 M,
but still with a number of M, > 100M,, stars

+ Rapid mass accretion changes the protostellar evolution,
which is helpful for forming very massive stars.

Future Prospects

+ 3D effects (e.g., disk fragmentation v.s. stellar merger)
reduce or increase the final mass?

+ what about second or later generations of Pop Il stars?
(e.g., Hosokawa+12; Hirano+14 in prep.)



