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Cone Nebula and Snowflake cluster, Spitzer, NASA, JPL-Caltech, P. S. Teixeira

How are
structures formed
within molecular

clouds?

turbulence-regulated,
quasi-equilibrium

scenario (Mac Low &
Klessen 04; Vazquez-
Semadeni +00)

global-hierarchical
chaotic gravitational

contraction (Hartmann
+01; Vazquez-Semadeni 14)
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Turbulence-regulated, quasi-equilibrium scenario

v'MCs are globally supported by supersonic turbulence and
close to equilibrium

v'"MCs evolve in long timescales (several t_..)

v'Supersonic turbulence = local compressions = fragments
VICs into dense sheets, filaments and cores (highly radiative
shocks)

v'Large-scales: turbulence gives support against gravity in
addition to thermal support




Turbulence-regulated, quasi-equilibrium scenario

Chandrasekhar+53

nth 3 —1/2
[MJeans] — 1.578 [ Onth _1] [ n ]
Mg 0.188kms 105 cm—3
[Mf%é’;‘:{s:ﬂm] . 578[ Onth ]3[ n M? ]—1/2
Mg ~ 10.188kms '] [105cm—3

see Mac Low
& Klessen 04

Fragmentation: turbulent-Jeans

v'very few grav. unstable density fluctuations in a core

v'naturally yields massive fragments




Global+hierarchical+chaotic gravitational contraction

v'"MCs rapidly evolving (1 t_..), unstable, dynamic struc.

v Expected from MC formation:
v'large-scale compressions in Warm Neutral Medium

v'sudden phase transition to Cold NM = M. . decreases
by 10%! = ~pressureless GLOBAL collapse

v Amplification of any anisotropy —> collapse first along shortest
dimension (Lin+65): ellipsoid = sheet = filament

v'Internal turbulence = clumps+cores: cores collapse faster
than entire cloud - HIERARCHICAL and CHAOTIC




Global+hierarchical+chaotic gravitational contraction

Fragmentation: thermal-Jeans
vefficient to produce low-mass fragments

Mjsans] _ T 1*21_n 177
[ ] =0:6250 [IOK] [105 cm—3]

v'formation of massive fragments through

v'accretion from regions not originally bound to the
protostellar core

v'radiative feedback?
v'magnetic field? M ; = M, + M, = M, + c,nR*B/G"2

crit —



MHD simulations of the collapse of a turbulent and
magnetized cloud: higher B supresses fragmentation

t=0.7301 ‘I\:\.:\\’ 1=0.6323 :\:\:\: i=0.5816 (\1\";\:
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Hennebelle et\a'T:‘>2011, Commercon et al. 2011
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Increasing magnetization degree

Also: e.g., Vazquez-Semadeni+05,+11, Ziegler+05, Banerjee &
Pudritz 06, Price & Bate 07, Peters+11, Myers+13, etc., etc.

log(N) (em™)



Fragmentation can be mainly controlled by:
v'turbulence (turb-regulated quasi-equilibr. scenario)

v'gravity (global-hierarchical-chaotic grav. contraction)

v'role of B and radiative feedback

Is any of these
ingredients
dominating?
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Lagoon Nebula (M8), Fred Vanderhaven (image processed to remove stars)

Observational
approach:
fragmentation of
massive dense cores

~50 — 1000 M.,

4
o
Massive  \ 0/ @ fragment
dense core/,o .

290«
*
0.1 pc

Observe them:
v'down to ~1000 AU
vdowntoM_. ~0.5M_,




mm interferometers down to M, ~0.5 M,

Literature (5 yr ago): massive star-forming regions studied with

Already 5 regions

| | | T tomptative | current | number of | | achiovable | [ .
Lol 0 ovol. stage spasesol. ofmm  mewsubmm PdB (0."3) |Visibiy Wlth ~1000 AU
_ Source | (Lsun) (kpc)  IRdata  musaiveYSO (AU) | sources hm Sparos.(AU) | issucs Refs
NGCZeOE | 108 0,80 IRAC-WPS Clss 0 1200 7 , 240 DED~ 42 | Tebusen ot 2007, Apd, b
FOC RS T | 177 “5T0 IRACMPS Class 0 4800 4 sw\om 1110 pEoiz rma.wmmx-«m

X £ PaB
CBI = 900 250 WS Cuass . PoBs TS0 O Fusre el 2007, ABA, 468, 7
FOC Tovrags <1000 1.0 IRACHWPS Class 00 3400 1 PaB saooe:.»qr Boutwr ot 2000, ARA, 500, 859
IRALIZIT 26550 1200 091 IRACMPS Ciass OO 4500 2 OVRO 273 on  [Bemwen oL 2008, ASA 457, 58

"""""‘"'""__ ‘F D _IR " -""'T'— -- "' B I m

D O " D _IRACHMIPS _ pmucim 1M 4 ASA 424
NGBSV | ) 0 IRAC+HMPS w W SMAOATCA’ 0| cec~ -Armamwuam
PASTOEYY | 2100 350 IRAC+MPS Clisa O 300 1 " — 1060 O Mirkrarn et 2007, ARA, 474, 553

Y BN
PE e 2o 640 (110 ] |
| _ - sol 2 2 VRO G000 Ok Formes ot 2004, ARA AN, 119
RASO0 - 302 G300 2.00 IRACHPS uoe, B 1200 & POB+BMA GO0  Ox  Beuther ot 2004, A0 015 832
RASENN 54 6300 180 IRACYMPS =1 4 1] 1100 5 Pog S40 Ok Jeurid et 2007, ARA 4%, 04
AR I8 | 700 1.70 IRACYMPS revOe 1300 2 PaB 5100 Ox  [Cosamal ot 2005 ABAAM WD
RASISWNIOE | 10000 2.00, IRACMPS voe 2000 1" PUB soo Soreesl ma.m S, 3, 187
GRLIozsNalL | 10010000 “370) IRACHMIPS | pos-hot mol come 8100 2 SMA | 1110 DEo~=3r Fatiome s 2000200000 297
Gad ooty | 11000 “5T0 IRACYMPS | R dark cloud G840 4 P8 <1710 DBo~<1 Ratiome st 2007 ARLGA2, 1002
AL oot L 11400 160 m-uﬂ Pre-Loe 4500 3 S 480 DEO<aF_ Wil ot. 2000, ApJ, 699, 1300
4 SMA

0 Sunvaved o-mer«mwea L)

— 1110 Deo=a1" W«Wm':
780 |  DEG~343" Cyganowssd 2007, Ap). 134, 346
600 cED=<24* S mm—~m-

Select 6 new regions:
v <2.5kpc

v’ associated with
strong mm emission

v' cover range of L,

v’ very similar
evolutionary stages

g
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= &

L :
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510 cec -3 »ru . 2008, Ao, 640, 368

Total:
~10 regions




We used most extended “A” configuration - beam

High observational pressure!  Observed 4 out of 6 regions




Single-dish submm/mm continuum archive observations of
dense cores of all the sample:

JCMT, Hawaii, USA IRAM30m Granada, Spain
SCUBA bolometer 450 & 850 pm MAMBO bolometer 1.2 mm
Di Francesco et al. 2008 Motte et al. 2007




In the meantime: 10 regions more in the literature!
Total: 19 regions (Palau+13, +14, including Bontemps+10)

Tue Astnornysicar Jouxsay, 762:120 (19pp), 2013 Jasuary 10 PALAU BT AL
Table 3
Massive Dense Cores Stodied with Intesferometers at 1.3 mm with High Sensitivity and Down 10 2 Spatial Resolution S_IMAU

ID-Source* D Lot [Tha® o' [ Man®  Spat Res®  LAS*| Now' Numem'  Nig/Nam  stdens  Separaticn’

kp<) | (L) (K) (mJy) l”c) (AU) (AU) (10* gx-%) (AL)
1-ICI396N 0.7 0 2 082 Jom RXN) 9«00 4 s 1.00 4 1800
2-12219% 0.76 340 by 20 03 300 70 1.5 2 0.3 3 2 v
INGC 2071-IRS1F D42 40 98 0% | o0 200 S800 4 14 2% 16 2900
4NGC T120.FIRS2 125 480 58 29 045 750 1500 1 2 1.00 3 P
SCB3.mm 2.50 0 | & 043 |09 £75 20| 2 e >0.00 >3 e
6-1221T2IN RS 24 £30 19§ 0585 J 0N 1000 2100 3 6 1.00 6 4400
7-OMC-18-136 DA4S 200 |... 3 056 540 330 9 21 .33 9 3000
S-AS142 1.80 2200 S 2% 0SS 700 1600 7 11 0sr 7 3900
9105358+ 354INE 1.80 310 67 1.5 053 0 2100 4 7 075 10 1500
101201264104 1.64 8900 61 26 076 1400 2000 1 3 200 23 2200
11122184 IRS] 2.60 11800 9 0w jJo22 1300 230 s 7 1.00 B3 4600
12-HH80-81 1LY 21900 81 30 054 530 2000 3 6 1.00 6 4200
13 WIIRSS 1.95 | 180000 114 12 0s0 720 230 s 255 2057 246 2300
14-AFGL 2591 300 | 190000 J 226 0S1 | 049 1000 1900 1.5 21.5 20,00 23 aha
15-CygX-NS53 1.40 o i3 19 041 1400 6900 4 7 075 11 3400
16-CygX-NI2 140 320 S8 19 041 1400 6900 25 S 1.00 23 2300
17-CygX-N63 1.0 470 » 42 050 1400 690 235 L 060 7 2000
18-CygX-N4&§ 140 4400 <8 22 047 1400 6900 4 S 025 11 3600
BT SR - S5 BT B s e - e
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~30% low fragmentation level: 1 source dominating
~50% high fragmentation: split up into ~4 fragments or more

33°47'58"
63°51'45"
33°47'56"
e
63°51'40" &
= =
S 2
q (=]
o 33°47'54"
§051|35n
SIS 33°47'52"
22"21M28%27°%5 270 265 260 25% 5M30M48% 48% X 47°8
RA (J2000)
RA (J2000)
Spatial resolution: 300 AU Spatial resolution: 700 AU

Mass sensitivity: 0.1 M, Mass sensitivity: 0.9 M,




Using the mm/submm
single-dish emission:

Flux

Half power contour

I

Mass (T4, opacity)

Avg surface density:
M/TTR?

Avg density entire core:
3M/4TR3




AF, (erg cm” s'l)

fe06 g
1e-07 |
le-0%
109 o
le-10

le-11
led6

le-07
le-0% o
le-09 |
le-10 .

le-11
le6

le-07
le-05 o
le09 §
le-10

le-11
led6

le07 o
le-0
1e-09 b
le-10
le-11
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22134-1RS)

100

1000

SEDs: IRAC,MIPS,
MSX, IRAS,
AKARI, SCUBA...

Calculate:

Lo @and Ly, /Mgy




In addition...

M. .. mass of
strongest mm
source measured by
an interf in extended

config.

Core Formation
Efficiency:

2 m

CFE =
Msd




Dependence of N, with L, M4
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Dependence of N, with evolutionary stage
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Model density and temperature structure of the dense cores

Assumptions:

* spherically symmetric envelope

* dust opacity «, o« v#

* density profile p = p, (r/ry) P

* temperature profile T = T, (r/r;) ~9, with q = 2/(4+p)
* external heating: T = 10 K in the outer envelope

* no assumption of optically thin emission

* no R-J approximation

First approximation (R-J, optically thin, no external heating):
power-law radial intensity profile, [, «< b -p*9)

Meaningful comparison:
* convolution with beam (main+error model beams)
* chopping with 120" chop-throw (circularly averaged)

Fit simultaneously:
* intensity profiles at 850 and 450 ym
* SED from cm to 60 ym wavelengths (sensitive to T)




Model density and temperature profiles of the dense cores

Assumptions:

* spherically symmetric envelope
* dust opacity x, « @

* density profile p =@(r/r @
* temperature profile T =(T)(r/r;) ~9, with q = 2/(4+p)
* external heating: T = 10 K in the outer envelope

* no assumption of optically thin emission

* no R-J approximation

1

Firstmm external heating):
power-law radiat Sity protieT+ 1-(p+q)

—

—

Meaningful comparison:
* convolution with beam (main+error model beams)
* chopping with 120" chop-throw (circularly averaged)

Fit simultaneously:
* intensity profiles at 850 and 450 ym
* SED from cm to 60 ym wavelengths (sensitive to T)




Model density and temperature profiles of the dense cores
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Model density and temperature profiles of the dense cores

log (v Jerg s’ am™)
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Model density and temperature profiles of the dense cores

TABLE 1

Baas-ror maanverixs 10 1 sasta, rrorsss oo SED o8 nie s sesas conss

D Lgu To’ -
ID-Source (kpe) (L) Nt I3 () (gem™) P x" P Refs*
1-IC1396N* 0.7% 20 4 | 1412019 423124 (25:04x10" 1622008 0880 12 1
2-122198° 0.76 M0 15| 1462031 4325 (282100x10"7 2452016] 0585 - -
ANGC2T7IIRS] 042 40 4 | 1092021 4023 B1210x10" 183:2:00] 054 - -
4-NGCT129-FIRS2 125 40 1 | 1552028 4724 (S9£LDx10" 2142011] 0454 14 1
S.CBAmm 25 M 2 | 1422024 W27 (TA21.9x10V 204:0.10] 0552 22 1
6-122172N-IRS1 240 80 3 | 1492023 75210 (37207 x10" 1.89:2008] 0283 - -
7.0MC-18 045 2000 9 | 1422020 8629 ($85:18)x10"7 15=:010] 0319 ” 2
8-AFGL 5142° 180 2200 7 | 1252020 27 (185202)x10" 2002005] 0361 - -
OIOSISS+3S4INE 180 300 4 | 1282048 6226 (64210)x10" 155:005] 0229 >0815 37
10-120126+4104 164 8500 1 | 1822024 $629 (84216x10" 2212011] 0807 161822 34
11122134 IRS! 260 NS00 35 ] 1702019 £2:8 (31205 x10"7 1.762006] 0477 13 3
12-HHS0-8] 170 2190 3 | 1562014 108210 (42206 x10"7 178 2004] 0473 - -
13 WIRSS 195 140000 35| 1042002 2600230 (24:20)x10"7 146:2004] 0602 1514 47
14-AFGL 2591 300 190000 1S5 ] 0962012 290+20 (54207 x10" 180:003] 0549 102010 457
15-CygX-N53 1 .40 W0 67 | 1552022 45:4 (9T 1B x0T 1.762007] 0487 - -
16-CygX-N12* 140 20 25] 1752010 027 (A3:100x10" 152:2010] 0376 - -
17-CygX-N63* 1.40 470 1 | 1802033 4523 (65:1L.D)x10" 203:2007] 0570 - -
18-CygX-N4§ 140 4400 S | 1882018 2SS (102 1.7)x10' 171 2005] 0459 - -
19-DR21-OH 140 10000 11 | 1602026 T3+7 (31206x10" 198:008] 088 1814 47

Palau et al. 2014, ApJ, 785, 42
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power law index “p

Dependence of N, with density
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Dependence of N, ., with density within diameter of 0.1 pc
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Palau et al. 2014, ApJ, 785, 42



From the modeled n, T profiles: |amt . T 32T @ M2
M T M, ] = 06285 [10 K] [105 —3]
0.1pc Mo.1pc lo.1pc | © en
Mo.ipe* no ipe” Toap* | ofil,” o, d‘;““, ° a;‘:“ L
Source Nam| (Mg) (10Pan¥) (K) |(kms?) (kms™') Myy,® (kms™') (kms™?) My,,+"
1-IC1396N 4 11 36 25 - - - 056 0.56 1.9
2-122198¢ 1.6 11 3.6 26 0.47 0.44 1.4 - - -
3AN207141 4 17 57 24 0.72 0.72 25 - - -
4-N7129.2 1 11 36 k53 - - - 051 0.50 14
5CB3mm 2 15 52 40 - - - 0.72 0.72 1.9
6-122172N 3 9 32 418 0.59 0.58 14 0.87 0.86 2.1
T-OMC-1S 9 38 13 49 1.16 1.15 2.8 0.90 0.89 2.1
S.AS142 7 kit 13 47 1.61 1.61 39 1.09 1.08 26
G JOS3SSNE 4 7 9.1 35 0.72 0.71 20 107 1.07 3.0
10120126 1 14 48 68 2.00 1.99 4.0 0.85 0.84 1.7
11122134 35 10 3.2 50 0.42 0.40 09 0.62 0.61 14
12-HHS0-81 3 12 4.2 66 0.98 0.96 2.0 - - -
13-W3IRS5 3.5 12 4.0 138 217 2.15 31 1.18 1.17 1.7
14-A2501 1.5 16 52 147 1.57 1.56 2.1 - - -
15-Cyg-N53 6 30 10 N 0.42 0.41 1.3 0.76 0.76 2.4
16-Cyg-N12 2.5 15 50 2 - - - 0580 0.589 28
17-Cyg-N63 1 14 46 3 - - - 0.72 0.72 2.2
18-Cyg-N48 5 35 12 36 1.06 1.06 3.0 1.28 1.28 36
15.DR21.OH 11 L 23 419 1.49 148 35 - - -

Palau, Ballesteros-Paredes, Vazquez-Semadeni et al. 2015, in prep.




According to global-hierarc.-chaotic gravit. contract. scenario:

[Mggansjl — 0.6285 [ /4 ]3/2 [ n ] —142 T calculated from model

M@ 10K 105 cm—3 (avg in 0.1pc)

-
-

-
| B

b) symbol size prop T0.1p¢"'.

107" L2
10”" 1 10" 10°

Nyeans (varying T)

Palau, Ballesteros-Paredes, Vazquez-Semadeni et al. 2015, in prep.



According to global-hierarc.-chaotic gravit. contract. scenario:

T calculated from model
(avg in 0.1pc)

[Mﬁf;ans T ]3/2[ n ]‘1/2

] =0.6280 [IOK 105 cm -3

Mg

7/

10° L. b) symbol size prop ‘I'm’,"

consistent with Louvet+14 for n~10° cm-3

107" 1 10" 10°
Nyeans (varying T)

Palau, Ballesteros-Paredes, Vazquez-Semadeni et al. 2015, in prep.
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What about turbulence?

VLA, USA
Archive + Sanchez-Monge, Palau et
al. 2013, MNRAS + literature

IRAM30m, Spain
Fontani, Palau et al. 2011 +
literature

N2H+(1—0): IRAM30m, beam~26"

NH3(1,1): VLA, beam~5", largest angular scale ~30”




NH3(1,1) emission with the VLA

Study the
kinematics of the
massive dense
cores

*

22198+6336
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Sanchez-Monge, Palau et al. 2013, MNRAS, 432, 3288



NH3(1,1) emission with the VLA
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From the modeled temperature profile...
Table 1. Moserea| €StiMmate non-thermal contribution

M‘“p‘n no &pc. To',“a U?‘tﬁ_‘ b ‘f\"‘ﬁ,b O:;‘H' b a;xzh" t b

Source Neom (Mg) (100an )| (K) [|kms?) (kms*) Myw,® fJ(kms=?) (kms=?) My,,."
1-1C1396N . 11 36 25 - - - 056 0.56 1.9
2-122198¢ 1.6 11 3.6 26 0.47 0.44 14 - - -
EN271-1 4 17 57 24 0.72 0.72 25 - - -
4-N7129-2 1 11 36 35 - - - 0.51 0.50 14
5CB3mm 2 15 52 40 - - - 0.72 0.72 1.9
6-122172N 3 9 32 48 0.59 0.58 1.4 0.87 0.86 21
T-OMC-1S 9 38 13 49 1.16 115 2.8 0.90 0.89 2.1
8AS142 7 39 13 a7 161 1.61 39 1.09 1.08 26
G- JOS3ISSNE 4 27 9.1 35 0.72 0.71 20 107 1.07 3.0
10.120126 1 14 48 &5 2.00 1.99 4.0 0.85 0.84 1.7
11122134 35 10 32 50 0.42 0.40 0.9 0.62 0.61 14
12-HHS0-81 3 12 4.2 66 0.98 0.96 2.0 - - -
13- W3IRSS5 35 12 4.0 138 217 2,15 K8 | 1.18 1.17 1.7
14-A2501 1.5 16 52 147 1.57 1.556 2.1 - - -
15-Cyg-N53 6 30 10 1) 0.42 0.41 1.3 0.76 0.76 24
16-Cyg-N12 25 15 5.0 29 - - - 089 0.89 2.8
17-Cyg-N63 1 14 46 3 - - - 0.72 0.72 2.2
18-Cyg-N4§ 5 5 12 K 1,06 1.06 3.0 1.28 1.28 36
15.DR21-OH 11 L 23 19 149 148 35 - - -

Palau, Ballesteros-Paredes, Vazquez-Semadeni et al. 2015, in prep.




Relation of N, with non-thermal vel. dispersion
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Our data are better described by pure thermal
support. This means that:

1) either we are not properly measuring the
turbulence level of dense cores

2) or turb cannot be treated as an additional
pressure term to thermal pressure (ie, M
should be described in a different way)

Jeans

3) or turbulence does not have a crucial role in
determining the fragmentation level of dense
cores

50



Nmm

What about magnetic field?
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B knwon to suppress
fragmentation:

How would
simulations
iIncluding
different B
compare in this
plot?




Z Offset (AU)

Magnetohydrodynamical simulations including radiation transport:

Commercon et al. 2011, after Hennebelle et al. 2011
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Compare density profiles

Red line:
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Compare density within 0.1 pc
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Need to constrain B from observations

CSO, Hawaii SMA, Hawaii
Palau et al., in prep. Palau et al., in prep.

Observations of polarized submm emission: work in progress




Conclusions

v'sample of 19 massive dense cores: study
fragmentation level vs several properties of the
cores

v'data seem to be better described by pure
thermal Jeans fragmentation

v'B potentially helps form concentrated profiles
and smaller densities inside a given radius
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Thanks!
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