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** TH, Omukai, 2009, ApJ, 691, 823
** Smith, TH, Omukai, Glover & Klessen 2012, MNRAS, 424, 457
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RKE=ZF 2R = rapid mass accretion

+ various observational supports: infall motion, outflow, SED fitting etc.
+ formation scenarios: monolithic collapse v.s. competitive accretion
(e.g., McKee & Tan 03) (e.g., Bonnell et al. 04)
rapid mass accretion is expected for the both

Krumholz et al. ‘09
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A “target”

“Protostar”,
but just “sink” in simulations

Krumholz et al. ‘09
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Our Study

KIFEZEDLHETIRIBEDEIL (eg., FF, LE) BNESLLHM
[RIBEDEEZTRINTIARS (eg., Hosokawa & Omukai ‘09, ApJ )

i Basic eq.: 4 stellar structure eqs.

E T D
Continuity : -~ = A7 pr2
Momentum; 2= = — ™"
omentum: = = —7—3

ol 0s

R — T (==
Energy : B enuc + <8t>m
oT T Gm

— = —— \V4
om PAmr4

Heat transport :

/

gas photosphere
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Why large R. with high M?

M M2
ENOHRBNEBEE.EH: P~ 3 P~Gop

BERFERSAOEMEEH YT FOE—:s

IR P 2
( 3)‘|‘80 —> Rox M~ 1/?’exp 13%(8_80)]
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Shock
Supersonic flow
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log T, (K)

Why late fusion with high M?
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Signature of high M?
RO KE=Z Orion KL
Morino et al. 1998, Nature Embedded high-mass protostar(s)

ZDMEBOF A 5T
(2u) Z&3 8

> T..=3000- 5500 K
(CO, metal MIRYULEEHS)

> &FE: 1>4x10°L,

(cf. ZAMS
L~4 x 10*L, D EST,, ~35000K)

Lho,

ﬁ‘ Orion KL CISCO (Hz (v=1-0 S(1)) - Cont)
X C i nuary 28, 19



Signature of high M? @

() BE=PFEZHR 4.5<10°M /yr
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Accretion In reality...

In reality, mass accretion onto the protostar should be more complex,
e.g., accretion rates would be variable (time-dependent).

- Formation of spiral arms in the disk
- Gravitational Fragmentation of the disk

(e.g., 3D numerical simulations: Krumholz+09, Kuiper+11 etc...)

Smith et al. 11: 3D SPH simulations following the early several x 1000 yrs
after the birth of the protostars (¥]11X 2 2 Bk)

time
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This changes the stellar evolution
and resultant stellar feedback?
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Stellar Evolution

1 time-averaged constant rate @
i (only for M < 10M,)

W i

time-averaged constant rate @
(over the entire evolution)
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The evolution is poorly
approximated with
the constant rates.
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Timescale of Variability

But this does not mean that all of the accretion variability affects the stellar evolution.

L
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Running average of the variable rate
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Smear out the short-term
(< a few 100 yr) variability
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Well approximated!

the stellar evolutionary timescale is
min(t_acc, t_KH)~103 yrs.

M

short-term episodic mass accretion
does not change the stellar structure
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Summar

¢ Evolution of (rapidly) accreting high-mass protostars

- large stellar radius (> 100R; at maximum)
- nuclear fusion is postponed (> a few x 10M,,)

+* Orion KL
low Teff + high L could be explained with a rapidly accreting protostar

** Variable mass accretion

the short-term variability (< 103 yr) does not change
the stellar evolution and resultant feedback.
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“Hot” or “Cold” Accretion?

/ “HOT” mass accretion \

Shock

Supersonic flow

Accretion flow directly hits the stellar
surface. A part of the entropy generated
at the shock front is taken into the stellar
interior.

This is expected for the rapid
mass accretion.

“COLD” mass accretion

Supersonic flow

photosphere

Accretion
disk

Gas softly accretes to the protostar
through the disk. Accreting materials
join the star with the same entropy as
in the stellar atmosphere.



Stellar Radius [R,,]
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Cold Accretion?

The thermal properties of mass accretion (e.g., hot / cold accretion)
are more important than the variability of the accretion rates.

The hot accretion is switched to
the cold accretion for M >2.5/5 M,

s

. T v v v v T v v L T

L ] The cold accretion reduces the average
entropy in the stellar interior

smaller stellar radius

But the timing of the protostar’s

arrival to the ZAMS is the same
( thisis given by t_acc =t_KH,ZAMS)

T TR TE R The UV stellar feedback should be

A A A

L
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Stellar Mass [M,,] turned on at the same epoch.



