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The Physics of High-Mass Star Formation

A complicated, nonlinear process:

- Gravity vs pressure (thermal, magnetic,
turbulence, radiation, cosmic rays) and
shear.

- Heating and cooling, generation and

decay of turbulence, generation (dynamo)
and diffusion of B-fields.

- Chemical evolution of dust and gas.
- Fragmentation

- Stellar structure and evolution
- Feedback

C_om,plete_‘the'o'ry of's'tar formation

Analytic theory
- Numerical models

- Wide range of scales (~12 dex in
space, time) and multidimensional.

- Uncertain/unconstrained initial _ _
conditions/boundary conditions. Notation for gas structures:

Core -> star or close binary
Clump -> star cluster




(Massive) Star Formation: Open Questions

» Causation: external triggering or spontaneous
gravitational instability?

» Initial conditions: how close to equilibrium?

» Accretion mechanism: [turbulent/magnetic/thermal-
pressure]-regulated fragmentation to form cores vs
competitive accretion / mergers

» Timescale: fast or slow (# of dynamical times)?
* End result Salpeter (1955)

A
—Initial mass function (IMF) N- dN-/dm- = A m-2-35

—Binary fraction and properties Mema?

is
1 ¢

m*
How do these properties vary with environment?
Subgrid model of SF? Threshold ny-? Efficiency &#?




Outline

 Environments of Massive Star Formation

 Initial Conditions

Timescales and Infall Rates

Protostars - Accretion & Outflow

Feedback

Dynamical Interactions
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Massive Star Formation Theories

Core Accretion: Competitive (Clump-fed) Accretion:

: , ~410-5 _ -2 -1 (Bonnell, Clarke, Bate, Pringle 2001;
wide range of dm-+/dt ~10 10~ Mg yr Bonnell, Vine, & Bate 2004:

(e.g. Myers & Fuller 1992; Caselli & Myers 1995; McLaughlin & Pudritz Schmeja & Klessen 2004;
1997; Osorio+ 1999; Nakano+ 2000; Behrend & Maeder 2001) Wang, Li, Abel, Nakamura 2010; ...)

Turbulent Core Model: Stars, especially massive stars, gain
(McKee & Tan 2002, 2003) most mass by Bondi-Hoyle accretion of

Stars form from “cores” that fragment from ambient clump gas
the “clump”

If in equilibrium,
then self-gravity
is balanced by
internal pressure:
B-field, turbulence,
radiation pressure
(thermal P is small)

Cores form from this Originally based on simulations
turbulent/magnetlzed medium: at any instant including only thermal pressure.

there is a small mass fraction in cores.
These cores collapse quickly to feed a central Massive stars form on the
disk to form individual stars or binaries. timescale of the star cluster, with

' relatively low accretion r :
M NMcorc/lff elatively low accretion rates




Massive Star Formation Theories

Core Accretion: Competitive (Clump-fed) Accretion:

: , ~410-5 _ -2 -1 (Bonnell, Clarke, Bate, Pringle 2001;
wide range of dm-+/dt ~10 10~ Mg yr Bonnell, Vine, & Bate 2004:

(e.g. Myers & Fuller 1992; Caselli & Myers 1995; McLaughlin & Pudritz Schmeja & Klessen 2004;
1997; Osorio+ 1999; Nakano+ 2000; Behrend & Maeder 2001) Wang, Li, Abel, Nakamura 2010; ...)

Turbulent Core Model: Stars, especially massive stars, gain
(McKee & Tan 2002, 2003) most mass by Bondi-Hoyle accretion of

Stars form from “cores” that fragment from ambient clump gas
the “clump”

>3 3] Violent interactions? Mergers?
P = ¢pG2 (Bally & Zinnecker 2005)

If in equilibrium,
then self-gravity
is balanced by
internal pressure:
B-field, turbulence,
radiation pressure
(thermal P is small)

- SOFIA Result on Clump Infall

Vinfall ~ 0.1 Vg <7
(Wyrowski et al. 2016) B orion K

)
U Subaru Telescope, National Astronomical Observatory of Japan January 28, 1999

CISCO (Hz (v=1-0 $(1)) - Cont)




Schematic Differences Between
Massive Star Formation Theories

massive prestellar core massive-star-forming Core [protostar+gravitationally-bound gas]
A A
- ~ T

e ?Volution frc?m . massive-protostar (MP)
magnetically suk ==t zz0 .

state? ‘ (
Kunz & Mouschovia  (2009) | massive

0@ 5y sz

' HIl Regi 1
Turbulent core mo: a! 47083 BEESET G Is there any
(MTO02, 03) iIsolated massive
star formation?

% : (Bressert et al. 2012;
Competitive Bondi-Hoyle accrétion mode % Oey et al. 2013)
(Bonnell ea. 2001; Bonnell & Bate 2006; Dobbs+, R. Smithe>¥ Clarks) ———— Y

& NG

0 ——

» time

Prestellar core — @ 5 Radiation pressure likely
t=0

(m«’:II\S/IStfuntC’fl<1>sr;£;-z3 to prevent accretion of
e.g. Motte et al. .

Testi & Sargent 1908:  Protostar dusty, unbound gas
Alves et al. 2007) formation (Edgar & Clarke 2004)




The Initial Conditions of Massive Star Formation

Do massive starless cores exist?
Are they close to virial equilibrium?

RC vir '0- 4 . : ‘ ’
S (601\4@,) (1gcm—2) =S

AL\ A 2 1/4
s S0 et 1) kms?
i (GOM@) (1 gcm—z) A

McKee & Tan (2003)
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Mid-IR Extinction Mapping of Infrared Dark Clouds

(Butler & Tan 2009, 2012; see also Peretto & Fuller 2009; Ragan et al. 2009; Battersby et al. 2010)

G28.37+00.07
ANE TN oW R - " Spitzer IRAC 8um (GLIMPSE)

N




Mid-IR Extinction Mapping of Infrared Dark Clouds

(Butler & Tan 2009, 2012; see also Peretto & Fuller 2009; Ragan et al. 2009; Battersby et al. 2010)

G28.37+00.07
. e N AR | - " Spitzer IRAC 8um (GLIMPSE)

‘;‘

16’
Median filter for background

around IRDC; interpolate for
region behind the IRDC

Correct for foreground

~Arcsecond scale maps of
regions up to > ~0.5 g cm%;
independent of dust temp.

Distance from molecular line
velocities -> M(2)

MJy sr
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Formation of IRDCs, GMC Collisions, Dense Gas Mass

(Scoville et al. 1986; Tan 2000; Tasker & Tan 2009; Tan 2010;

FraCtions & KS Relation Suwannajak, :ran &,Leroy 20121)

y

| Importance of [CllI] mapping of IRDCs

/ to understand origin of dense gas mass fraction
variation in GMCs
(Beuther et al.; Ragan et et al.)

// ////;/

J// /
F 4

Wu, Tan, Nakamura+ (2016)

’

Taurus (Planck XXXV - Soler et al.)




Sample of ~50 massive “starless” core/clumps
(Butler & Tan 2012; Butler et al. 2014) R

Mass surface densities (M=60Mg)

Y ~0.1-0.4 gcm ™2

Cores show central concentration
P X I"_kp kp — 1.5+0.3 a

+00.075°F
+00.070°F

+00.065°

Contain many Jeans masses.
B-fields suppress fragmentation?
Not radiative heating (c.f., +00.060°

Krumholz & McKee 2008).

C4
Mpr = 1.182 th
(G3Ps,corc)

Magnetic Critical Mass (Bertoldi & McKee 1992)

R\* @3 R\* B \°/10% em™3\
1 - A .
L 7%@( ) (Gop)T? “’20(2) (BOuG) ( o

nH~10°cm-3, B~200uG -> Mg~100 M

1/2 — 0.0504(

20 K




Four IRDC core/clumps selected to be dark at 8 24 70 pm

000 UUG 012 0.18 024 0.30 _0.36 042 043 .05 0.00 1‘.} 5 _0.10 0 5 0.2 U 5 3 0.35

" 1. Identify exact location of (massive) starless cores
2. Measure core velocity dispersion, o.
‘3. Measure Dsrac?

“'4. Astrochemical ages?

High Deuterium Fraction [N2D*]/[N2H"] CO freeze-out
(Fontani et al. 2011) e.g. Hernandez et. al (2011)

von sk N (e)] Hs*+CO XHCO++H2

HMPO H . . (T 20K)
- . <
Husc @4 T | Hs* + HD' = HaD* + H

] HaD* + N2 = Ha + NoD*

Astrochemical
indicator that these

are starless cores
IRAM 30m AV[NH* (3-2)] (km s™%) (Caselli et al. 2002)




Comparison to Turbulent Core Model T kongetal 2013

g.cm—2

2
¢’ =d*+

(c?) g 3Egp Esp

L <02> +2 EK +2EK

1/4 < 1/4 0°.067
M C C —
Oc.vir — 1.09 ( L ) ( 2l , ) km s~}

6 0 l"'{_’_::

1 gem—2

Core masses inside 3o
N-D* contour:

2 = 0.36 g cm-2

Mc mirex = 55.2 = 25 Mg
Mc,mm = 62.5 [ 26.9 M@

3

= 1.3 4 —

2
2m?

0°.066
0°.065
0°.064

0°.063

0 0.1 0.2 0.3

0.4

0.5 0.6 0.7 0.8 0.9

) Sﬂp-k24ﬂp". o

28°.329 28°,327

ALMA beam

28°.325
I

28°.323 28°. 321 28°.32

Spitzer beam



Predictions from Virial Equilibrium Tan, Kong et al. (2013)

* 1D velocity dispersion if virialized: 2 Yl % L5
( o /on - 1 Ocvic = 1.09 km s
Mg = /90.:/VA

60M lgcem—2

Core Ci1-N - F2 G2-N G2-S

(g cm-?) 0.48 . . . 0.21 0.19

Me (M) 16 . . 2.4 0.83

ovir (km/s) | 0.66+0.22 | 0.88+0.30 | 0.43+0.15 | 0.44+0.15 | 0.33+0.11 | 0.25+0.09

Oobs (km/s) | 0.41+0.03 | 0.41+0.02 | 0.25+0.02 | 0.42+0.04 | 0.34+0.02 | 0.30+0.02
< O'obs/O'vir > =081 +0.13

mA Vir — O 28 -> Bv|r—0 9mG
Bpeq = O. 12n0 % 4G (for ng > 300 cm™>) (Crutcher et al. 2010)

NH,c=6.4x1 O5cm'3 -> Bmed = 0.7mMG

Tentative Conclusion: Cores appear to be near virial equilibrium, after
accounting for clump envelope. Possibly slightly sub-virial; or have stronger
B-fields (see also - Kauffmann, Pillai & Goldsmith 2013).




A Hunt for Massive Starless Cores
Kong, Tan et al. (2016b, arXiv:1609.06008)

e Snapshot ALMA survey of 32 IRDC clumps

» Automated N2D*(3-2) core finding

 ~100 N2D*(3-2) core candidates detected

* Dynamical analysis of 6 best cores: < Gobs/0Ovir > = 0.80 + 0.06

C9A 1.3mm C9A N,D*(3-2) 1.4e+00 1.5e-02 78.4480:3 C9A DCO*(3-2) C9A C'80(2-1)
. T T TR T T r NN\ ‘

Galactic Latitude

o o D o . o o o D o o o < o o bl o < o o
Galactic Longitude Galactic Longitude Galactic Longitude Galactic Longitude

B1A 1.3mm B1A N,D*(3-2) 4.6e-01 1.2e-02 27.663; i B1A DCO*(3-2) B1A C80(2-1)
‘ 0.

Galactic Latitude

. bl J. J. < J. o J. J. Bl J. J. J. J. J. Bl J. . J. Bl J.
Galactic Longitude Galactic Longitude Galactic Longitude Galactic Longitude



But are the “Cores” Starless? -
sometimes not!

ALMA Cycle 2 follow-up of C1 region

(a) color:MIREX; contour:N,D*(3-2) (b) color:1.3mm continuum; contour:CO(2-1

-00.0700°

-00.0680°

-00.0660°

| | | | |
28.3260° 28.3240° 28.3220° 28.3200° 28.3260° 28.3240° 28.3220° 28.3200°
Galactic Longitude Galactic Longitude

Tan, Kong et al. (2016)




The Deuteration Fraction of C1-S & C1-N

Kong, Tan, Caselli, Fontani, Pillai, Butler, Shimajiri, Nakamura, Sakai (2016)
* Multi-transition study of NoD* & N2H+

0.7

(a )NRO 45m NyD*(1-0) (b) IRAM 30m NoD* (2-1) | (c) ALMA N,D*(3-2)
0.6 — model Tex = 3.5 K 1 06t }

- model Tex = 40K
0.5L --- model Tex = 45K 1 0.5F

el Toy = 0K
| — model Ty = 70K 1 04}

1 03¢

Results:

Tex (N2D ) ~4K - 7K

" Dirac = [N2D*J/[N2H*] = 0.15 - 0.72 (C1-S) |
(d)CARMANQ = 0.16 - 0.44 (C1-N)

—  model, Tgy

et Most efficient method would be ALMA

.- model, Tey =<

observations of N2D*(3-2) and N2H*(3-2)

|

~o - | il
m “hlh | |

UV — VLSRR (km S )



The Deuteration Clock

Kong, Caselli, Tan, Wakelam, Sipila (2015) (see also Pagani et al. 2009, 2013)

 Modeling of N2H* deuteration with gas-phase, spin-state network
(132 species; 3232 reactions) to constrain age or collapse rate

Parameter Description Fiducial value

10}
ny number density of H nuclei 1.0x10° em™

T temperature 15 K
¢ cosmic-ray ionization rate 2.5x107!7 !

depletion factor 10

ratio to Habing field 1

visual extinction 30 mag

OPRH2  ortho to para ratio of H» 103-3

Abundance Ratio

CO freeze-out
e.g. Hernandez et. al (2011)

Hs* + CO XHCO+ + Ho

(T<20-30K for small OPR™?)
Hs* + HD — H2D* + H2

HoD* + N2 = Ho + NoD*




Parameter Space Exploration: nn, T, {, fo, OPRH2
Deuteration time; comparison with ti & tad

IV T

'I]

NoH™*
th’QO(Dfr;c )

_  time to reach DN2H"

frac
NoH™

frac

time to reach D
time to reach DN2H"

frac

initial OPRH?=3

10* E——
10° 10




The Deuteration Clock T
Kong, Caselli, Tan, Wakelam, Sipila (2015) |

e Evolving density model

dTLH

dt

If no = 0.1Nn14

If initial OPRM2 >1
initial fp = 1 ;
THEN Dfrac=0.1= ag < 0.1

10 18 i
10—1!1

Observed 10°§
Dfrac Of C1 'S 10 nr
(Kong+ 2016)

Zy 107}
7 &

But, observed values of Ds«ac consistent with a
predicted equilibrium values

N,D*
[
=

R
@
g
)
©
[ =
=
<

103}

104

Dfrac = [N2D*]/[N2H*] = 0.15 - 0.72 (C1-S) . a |
=0.16 - 0.44 (C1-N) 10° 7 10° 10°

tpast (YF)




Magnetized, Turbulent, Massive Starless Core Simulations
Goodson, Kong, Tan et al. (2016, arXiv:1609.07107)

« ATHENA: ideal MHD; isothermal (15K; y=1.01)
» Parameterized D chemistry (Kong et al. 2015): d[N2D*]/dt (nr); d[N2H*]/dt (nH)

C1-S: M:=60M.; r=0.07pc; Zc=0.5 g cm2; ny =6x10° cm3; t¥=40kyr; Bo~2.5mG; Bs~0.5mG
t=0.00t, OPR,,=0.10

tinit=1tﬂ tinit=10tﬂ

0.05

- . : .
-0.05 - - -

-0.10

-0.10 -0.05 000 005 O. -010 -005 000 005 0.10 -0.10 -0.05 000 005 0.10
x (pc) x (pc)

x (pc)

0.00 : - [ .
-0.05 . ; .

-0.10

-0.10 -0.05 OiOO) 005 0.10 -0.10 -0.05 000 0.05 0.10
X (pc

x (pc)
log,[Z£/(gcm™) ] 10G:0 [ Dyac ]

-0.10 -005 0.00 005 0.10
X (pc)

10g: [ Dyrac ]




Magnetized, Turbulent, Massive Starless Core Simulations

Goodson et al. (2016) t=0.00t; t=0.20 t; t=0.80 t; —0.3mG
NG F "

| | \’ N

0.00} I | |

r|\
0.05 \‘\I

-0.05

velocity (km s™)

log N [N,H'] (cm™)

log N [N,D*] (cm™)

-0.05 0.00 0.05 -0.05 0.00 0.05 -0.05 0.00 0.05 -0.05 0.00 0.05 -0.05 0.00 0.05
y (pc) y (pc) y (pc) y (pc) y (pc)




Goodson et al. 2016 - Simulated Dsac maps

OPR!%= 1.00

o
o
Ji

o
o
o
O

OPR%= 0.01

-0.05 0.00 0.05 -0.05 0.00 0.05 -0.05 0.00 0.05 -0.05 0.00 0.05
y (pc) y (pc) y (pc) y (pc)




Chemical Clock with para-H2:D+

ortho & para H2D* to constrain ortho to para ratio of Hz (Briinken et al. 2014)

ortho/para-H,D*

Protostellar core IRAS 16293-2422 A/B (nu~2x10°cm™3, t#=1.0x10%yr)
OPRH2~104, which indicates chemical processing for >1Myr = 10t

This information helps break degeneracies in Deuteration
chemical clocks [N2D*]/[N2H*]
(Pagani et al. 2011, 2013; Kong et al. 2015)




Constraints for Initial Conditions of Numerical Simulations
Peters et al. (2011) Seifried et al. (2012)

M = 100Mg, R=0.5pc, M = 100Mg, R=0.25pc,
N1 = 5400cm-2, B=10uG nH = 4.4x10%cm™3, B~1mG

Density Azimuthal Velocity

Myers et al. (2013)
M = 300Mg, R=0.1pc,

Ny = 2.4x10%cm3, B>~1mG

: L. % 1,000 AU, 8 M : 0 5. (). 1,000 A0, 8 M
0.632 Myr A
20.702M. ) -

e
- L LS

0

R — o
_.AA,JI///’
—

I. 8, 1000 AU, B N

0.650 Myr
25.584 M

e+ 1000 AU, 16 N

0.666 M_\'l‘ P ot
26- l ls.‘l:{ Y - ——

//fo".'-—\\

»
TP
PP Wt ol o

“ e e =5 =il
box size 0.122 pe ol

log,,p in gem™ tp in 10°cms

—18.0 -17.0 -16.0 -15.0 -14.0| =5.0 =25 0 2.5




Do massive protostars have morphologies
similar to low-mass protostars?
What sets the star formation efficiency from
the core? CMF -> IMF?




Protostellar Evolution
Zhang, Tan, Hosokawa (2014)

— — =%, =0.316 g cm™2 /o
2 1 g cm™?
2, = 3.16 g cm™?
ZAMS models

1 lllllll

1 lllllll

10.0

m, (Mo)

see also Palla & Stahler 1993; Hosokawa et al. (2010)



Diagnostics of the Turbulent Core Model

Zhang & Tan (2011), Zhang, Tan & McKee (2013), Zhang, Tan & Hosokawa (2014), Tanaka, Tan & Zhang (2016)

ne v, 100 AU, 16 Mg w Vo 1000 AU, 16 Mg T, 1000 AU N v, 20000 AU, 16 Mg T, 20000 AU, 16 Mg

near-facing

far-facing

- mMaox

Prediction: increasing symmetry from MIR-FIR |




Massive Protostar G35.2N: d=2.2kpc; L~10°L.

FORCAST 31 micron FORCAST 37 micron
5.27€2 Jy ] 9.22e2 Jy

radio (cm)3
. continuum
 (ionized gas) \ \ \
[ 2.17e4 MJy/Sr [ 3.08e5 MJy/Sr [ 1.34e6 MJy/Sr [ 1.70e6 MJy/Sr
10 0 -10 -20 10 0 -10 -20 10 0 -10 -20 10 0 -10 -20
offset (arcsec) offset (arcsec) offset (arcsec) offset (arcsec)

0.10 1.00 0.0001 0.0010 0.0100 0.1000 1.00
S/ S S/'Smox
De Buizer (2006) Zhang, Tan, De Buizer et al. (2013)




Spectral energy distribution

ZClump — 1 g Cm'2
Mcore =240 Me '\
m- =34 Me

1L i L\q_x

SED requires high 2 core/clump

10~

MIR

Line of sight
£ > :(>

Observer

Flux profiles along
outflow cavity axis

far—facing e 37um  near—facing

Model 1
— — — Model 2
Model 3

-20 -10 0 10
position offset (arcsec)

Lol ~ (0.66 - 2.2)x105Le

Mcore ~ 240Me Simple, symmetric

204 ~0.4-1g/cm?2  model provides good fit
Bw ~35-51° to SED & image intensity

Bview ~ 43 - 58° profiles: detailed

constraints on how a
m- ~20 - 34 Mo massive star is forming.




The SOFIA Massive (SOMA)
Star Formation Survey

Jonathan C. Tan, James M. De Buizer, Mengyao Liu,
Yichen Zhang, Jan E. Staff, Maria T. Beltran,
Ralph Shuping, Barbara Whitney

See poster: Mengyao Liu et al.
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THE SOFIA MASSIVE (SOMA) STAR FORMATION SURVEY: I. OVERVIEW AND FIRST RESULTS
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Type |: MIR sources in IRDCs - relatively isolated sources in Infrared

i Dark Clouds, some without detected radio

@1 Type ll: Hyper-compact - often jet-like, radio sources, where the I\/IIR

emission extends beyond the observed radio emission (e.g., G35.2)

{ Type lll: Ultra-compact - radio sources where the radio emission is
more extended than the MIR emission
Type IV: Clustered sources - a MIR source exhibiting radio emission
Is surrounded by several other MIR sources within ~60”

8 Also extended to Intermediate-Mass protostars.

%\{ . . i

2
L 4




The SOMA Survey

20 protostars observed as of Oct 2016 (end of Cycle 4).

AFGL 437 AFGL 4029 AFGL 5180
.-
. »

G35.20-0.74 G45.47+0.05 IRAS 07299-1651 IRAS 2217145549 IRAS 22198+6336

] L1206 NGC 7538 IRS9 .
37 micron 30
images scale bars
9 . -




<
"
3
@
=
Q.
@
o




G35 20 O 74

107%E

1077

= upper limits

- IRAC bands
" treated as

clump envelope
Za subtraction {

T —T
Y “\//
Y v
|
/
|

CepA NGC7538

Inltlal Co :

odel /\f itting

oo ass,
£ ool Clump Ma >
s Current Profi steII’
” Vlewmg Angl t utflow AXIS Bview |
10_111 1|o II I1Ic|)o 000 oregrouna | IC y RV 100 \1ooo
A (um) A (um) A (um)
Zhang & Tan models
Source XQ/N M 2icl T Oview Ay Menvy Qw,esc Mdisk Lol
(Mp) (gem™?) (Mg) (deg) (mag) (M) (deg) (Mg/yr) (Lo)
G35.20-0.74 | 4.3 120 3.2 12 29  37.6 99 18 9.6x10~* 5.4x10%
8.0 120 1.0 24 48  57.2 68 37  4.9x10~%* 1.5x10°
8.0 120 1.0 12 29 3.5 96 20 4.0x10™% 5.0x10%
9.8 60 3.2 16 48 81.1 31 32  8.4x107% 1.2x10°
10.8 60 3.2 12 48 7.1 38 27  7.6x107% 5.2x10%
Cep A 4.9 480 0.1 12 83 81.1 458 12 1.0x10% 2.4x10%
5.0 480 0.1 16 89  100.0 441 15 1.2x107% 3.9x10%
6.9 120 0.3 12 62 61.4 93 24 1.6x10~% 3.7x10%
7.0 60 3.2 16 68  87.0 31 32  8.4x107% 1.2x10°
7.4 120 1.0 24 55 100.0 68 37 4.9x107% 1.5x10°
NGC 7538 0.6 480 0.1 16 22 9.3 441 15 1.2x107% 3.9x10%
IRS9 1.2 240 0.1 24 44 376 171 33 1.1x107% 8.3x10%
1.4 240 0.1 32 48  65.8 140 42 1.1x107% 1.5x10°
1.7 60 3.2 12 34 14.2 38 27  7.6x107% 5.2x10%
2.3 60 3.2 16 39 614 31 32  8.4x107% 1.2x10°




Feedback During Massive Star Formation

Is there a maximum stellar mass set by by formation processes?

dN-/dm- = A m=2-3

M*max ?

Is

1 S
23
23

>

m*
Feedback processes:
1. Protostellar outflows
2. lonization
3. Stellar winds
4. Radiation pressure
5. Supernovae

Accretion Processes: Core/disk fragmentation (Kratter & Matzner 06; Peters et al. 10)

Stellar ProcessSes.: Nuclear burning instabilities/enhanced mass loss
Currently unclear what sets the shape of the massive star IMF

SN L. Mrmax~150 Mo
Salpeter (1955) " ""; W o | (e.g. Figer 2005).

' But Crowther et al. (2010)
claim most massive star to
form was initially ~300M.,
consistent with statistical
. -+ sampling of Salpeter IMF

Staff+ (2010); Kuiper+ (2015)

Peters et al. 2010, 2011

Krumholz+ (2009); Rosen+ (2016)
Kuiper et al. (2012); Klassen+ (2016)




Dynamlc | Irtteractlons




Orion KL protostar perturbed by a passing runaway star (BN)

ejected from the Trapezium star 8'C Tan (2004)
Chatterjee & Tan (2012)

N ' 4
@ BN is a runaway B star
‘ moving at ~30 km/s

(Plambeck et al. 1995)
]

Protostellar Core,
centered on Source |

Sp6) 2000 2

) ‘N‘lS:h ‘zuma'. s
«“tKraus ea. 2009 :

0

X (arcsec) S e




e -
> a pertur Ing core

= L 22 ' Tan (2004)

Chatterjee & Tan (2012)

HOWEVER, SEE:

Bally & Zinnecker 2005;

Rodriguez et al. (2005)

Gomez et al. (2005)

Gomez et al. (2008)

Zapata et al. (2009)

Zapata et al. (2011a,b)

Bally et al. (2011)

CISCO (H2 (v=1-0 S(1)) - Cont) Goddi et al. (2011)
ik January 28,4899 i Moeckel & Goddi (2011)

BUT, SEE
Plambeck et al. (2016)




Massive Star Formation Theories: Conclusions
Core Accretion; Competitive Accretion; Protostellar Collisions
Theory: “lurbulent Gore Model&normalize core \
Surface pressure to surrounding climp pressure, I.e.
Self=gravitating Weigntaore supporied oy non-
[nermalipressure(5relds/turotlence):

=

1:'Massivesstariess/early-stage‘cores exist

2: They are near virial equilibrium

= ,

- -
-
— C— ol -
- - - - o S - -y T
e — g e, 1 - » Tl

Wm ive protostars can | ave 2
morphology to low-mass protostars, but
dynamical interactions can occur (BN/KL)

4. SOFIA is playing a crucial role: IRDC

SEDs and images, and more!




