Revisiting Two Old Issues:

The Characteristic Mass of the
IMF and the Formation of
Clusters

Leo Blitz
UC Berkeley



[s the problem of the formation of
low—mass single sta_.rsl solved?
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What’s Left to Be Done

Universality of the IMF??
Formation of Clusters

Initial Conditions

Formation of Planets from Disks



How can we understand the star formation
history of a hierarchical Universe?
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Rosette Molecular Cloud

T
ROSETTE
2CO INTEGRATED

8 (1950)

1 i
3gm 3zm 28™ 6" 24m

a (1950)

Clumps are roundish?
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Clumps in the Rosette MC
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Rosette 12CO + Dust Temperature

Williams, Blitz & Stark 1995



Rosette 12CO

Roselte Maolecular Claud Camplax 1200 J=1 -4

208.6 275 0700 2085 204.0
Gok Lowg-

Williams, Heyer, and Brunt 2006




Rosette 13CO

Roseite Maleeular Claud Camplex 1300 J=1-4

208.6 275 0700 2085 204.0
Gok Lowg-

Williams, Heyer, and Brunt 2006




The Rosette Mo[ecu[ar Cloud

AN

Williams,

Blitz & Stark 1995
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208.6 2075 2008 2085
Gok Lowg.

Roselle Nalecular Cloud Carmplex  12C0 J=1-0

Roselte Malecular Claud Complex 1200 J=1-0

208.06 2075 026 2085 2040
Gok Lowg.

Williams, Heyer and Brunt 2006









Clump ID from CLUMPFIND

TABLE 2 Clump 1 Clump 2
CLUMPS 1N THE ROSETTE MOLECULAR CLOUD T . — - T
Ppeak T AR Av My Mg, - L
[ b Gms ) (K) (o) kmsTH (Mg (Mg) 7

2073000 156 09 236 213 2532 674 b
207.250 129 83 306 246 417 1160 18 |
207.550 129 11.7 421 244 2373 1572 ot
207.775 115 £3 a7l 174 035 73 b
207.700 149 94 360 211 1700 1011 t
207.100 108 99 282 193 1540 661 19 k-
207.275 156 03 279 159 175 444 1
207.125 129 13 190 186 05 412 : : : : : :
207.350 122 104 29 204 955 780 : : : : : : :
206.825 163 193 194 221 934 598 -2 k [ERFECRT EATLTRS AT at -2 betyria Licin: FEEREER] £
206.850 142 168 221 208 847 602
207.350 122 114 264 211 727 T8 207.1 207 206.9 20
206.875 149 196 199 240 701 721
207.075 129 105 19 218 657 595
207.500 102 93 am 268 652 1364 CIrumP :,5 - . .
207.400 163 158 231 164 526 390 : : -
207.100 163 174 195 171 467 359
206.775 156 i85 133 174 452 282
207.150 122 103 150 173 w07 22
207.225 115 86 223 262 72 967
207.675 115 91 209 141 BT 263
206.775 129 173 140 225 B3 444
207.650 149 105 189 167 08 333
207.900 108 90 193 146 94 260
207,600 115 91 185 180 90 378
207.800 149 94 217 153 21 318
207.850 108 0 215 270 21 1034 :
207,600 156 93 152 208 173 414 : : : :
206.800 136 89 142 130 164 151 =19 fmbaearbarsgapuiagh g
206.975 115 89 188 148 15% 260
207.250 163 123 124 129 152 130 207.7 207.8 207.5 207.4
206.925 149 139 131 179 150 263
207.325 8.1 0 200 145 43 264 Clump 7
207.375 142 87 154 1.53 17 26 - T -
207.900 156 B8 L35 1.35 103 178 3 SO
206.825 142 86 149 225 94 478 : : : : :
207.425 6.8 86 L1 166 94 296 ' : : : : : : :
206.950 19.0 9.6 145 328 84 984 : ; : : : N =]
206.925 142 139 054 141 81 68 —aq b
207.475 54 88 108 143 7218 :
206.775 15 95 Li4 135 68 131 .
207.500 129 77 140 198 63 346 -
207,400 74 57 143 244 62 538 —2.2 feecbees H
207.300 102 74 102 182 62 213 :
207.275 10.2 67 102 191 60 236 :
207.750 115 B2 1.09 210 58 300 . - and
206.900 129 1o L4 157 58 176 =23 e : : :
207.275 10.2 RS 074 140 58 92 1 L | s i |
207.825 149 78 1M 153 56 199
307100 o5 £ 080 141 35 90 207.4 207.3 207.2 2071 207 2069 206.8 206.7
207.250 170 105 083 105 55 58
208.175 10.2 72187 104 53 108 Clump 18
207.500 108 60 076 302 43 43 8 -
207.475 68 65 LI 142 4 140 :
206.950 170 125 L 1.00 41 70
206,925 142 75 076 140 40 95
207.500 s4 79 109 195 37 21
207.450 136 86 071 125 34 70
207.075 115 BE D87 123 33 83 - 5
207.575 156 53 065 095 32 37 L pc
207.300 129 53 078 091 28 40 o
208.100 129 50 070 125 27 69
207.300 88 721 078 234 25 269 ® Beam
207.350 95 78 076 231 25 257
207.300 163 68 032 093 20 28
207.500 176 50 088 145 19 17
207.825 129 84 0.50 094 19 28
207.675 129 54 069 128 17 7
207.075 149 70 070 0.96 14 4 206.9 206.8 206.7 206.6
207.450 15.6 74 0.56 097 13 33 l (0.]

Stars form from clumps, not filaments
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Williams, Blitz & Stark 1995

All of the star forming
clumps are the most
tightly bound.
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All of the star forming

clumps are the most

tightly bound.

[t is apparently not a
matter of mean density
in a clump that initiates
star formation.



Star Forming Clumps in the Rosette Molecular Cloud

Clump 1 dum Clump 3

2071 207 207. 207.7 207.6 2075 207.4

Clump 7 11 Clump 18

207.4 2073 2 2069 2068 2067 2069 2068 2067 206.6

Williams, Blitz & Stark 1995

Phelps & Lada 1997



Star Clusters in the Rosette
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Star Clusters in the Rosette
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Free-fall time for clumps is 1 x 10°y. If star formation
time is short, what synchronizes individual centers of
star formation? Why are they all initiated within 10° y.
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All of the most star forming
clumps are the most self-
gravitating.
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Apparently, star
formation is not an
entirely local process.

Each of the star-forming
clumps is forming a
cluster, and the stars in
each cluster seem to
know that it it’s time to
collapse.

Why??

What are the initial
conditions that make
local and global star
formation simultaneous?



Star Forming Clumps in the Rosette Molecular Cloud

Clump 1 Clump 2 Clump 3

8 \Why does a localized region that is |
g about to collapse seem know that [
it is globally in a region that is
tightly bound or is itself

/'y collapsing?

=1 If star formation is rapid (on a

—. | iree-fall time), why are all of the
el | cbedded stars still in their
B | nascent clumps? And how is it
that these independent clumps

| are forming stars within 10° y of
% | one another?

d) Cluster 6

Cluster 5
]

(e) Cluster 7

Phelps & Lada 1997



CO, Ho on HI i1n M33




What determines the
turnover in the IMF?

or: Why does nature abhor Brown Dwarfs?



Jeans Density

ET 3 7P
Po = ( ) 2
ﬂmHG (GMJ)
wov,°
Po = 5
(6 M, )>G3
=5 p3 1/4

Po = \Gar, ecE )

ForT=10K; M; =1 M,
po=1.5x 10 g cm™

ng=9 x 10> cm™3

To be able to get
solar mass stars
requires densities
and temperatures
found only in
molecular clouds.

Observationally, one
does find such

conditions.




Jeans Density for Brown Dwarfs

po = ( oL )3 i
0 = 2 To be able to get
uma G (6M) brown dwarfs, with
s masses of ~0.1 Mg
A (6 M )G requires densities
. e two orders of
00 = { P ! magnitude higher.
(6M5)2G3 |

ForT=10K; M;=0.1 M .
J = Are such conditions

po=15x10"1° gcm found in GMCs?

ny ~ 10% cm




Global Properties of Solar Neighborhood GMCs
Mass 1-2 x 10° Mg
Mean diameter 45 pc
Projected Surface Area 2.1 x 103 pc?
Mean Surface Density ~ 100 Mg pc?
Mean Volume Density ~ 50 cm™

Mean Clump Volume Density ~ 2 x 103 cm™3

Blitz 1993

2(H,) in solar vicinity ~1.8 Mg pc™?

Dame 1993

In galactic centers (and the inner regions of

H, — rich disks) do GMCs exist at all?




Q. What is the best evidence that GMCs as a
whole are self-gravitating?

A. Their internal pressures exceed that of
the ambient ISM by at least an order of
magnitude.

PEXt — Zﬂng ,O* hg

2
Fint = %GZ (H>)
Pext << Fint
ot K ~3x10* Kcm3
Pint /K ~3x10° Kcm®

Inner Galaxy: P. . /k~5x10° Kcm-3

Int

In Solar Vicinity: P



Linewidth-Size Relation for M33

8

10

Inner Milky Way —
Outer Mllky Way 10°

M33 g<

Constant surface

density implies 10°
M ~ R? .
10
Thus R ~ AV? e R




PeXt — 27Z-ng ,0* hg
Pt =% GZ?(H,)

> GM((H
V = F(Q 2) (seli-gravity)
\/ “ = const R (linewidth-size relation)
const = >V (2H2) =GZ(H>)
R

GMCs have constant surface density from cloud-to-
cloud as long as obey linewidth-size relation. This
Implies that the internal pressures do not
significantly vary from cloud-to-cloud.



PeXt — 27Z-ng ,0* hg
Pt =% GZ?(H,)

2_GM(H,) .
= = (seli-gravity)
\/ “ = const R (linewidth-size relation)
const = >V (2H2) =GX(H,)
R

In Solar Vicinity: P, /k ~3x10* Kcm

P../k~3x10°> Kcm3

Int

Inner Galaxy: P../k~5x10°> Kcm-3

Int



But to form a brown dwarf, one needs a density of 108 cm3
at a temperature of 10 K. How Is this possible?

Now, consider a solar mass core. Here one needs
Jeans densities of 10 cm™3. This is not difficult,
because if the clump is a Bonnor-Ebert Sphere,
one can get a density contrast within the clump of
14 (say 7 times the mean density) or several times
what’s needed to form a solar mass clump.

So, If the stellar IMF is determined by the clump IMF (see
Alves, et al.) then solar mass stars can form readily, but stars
of somewhat lower mass cannot. Is this the reason for the
turnover in the IMF?
In Solar Vicinity: P, /k ~3x10* Kcm
P. ./k~3x10° Kcm?3

Int

Inner Galaxy: P../k~5x10°> Kcm-3

Int



But to form a brown dwarf, one needs a density of 108 cm3
at a temperature of 10 K. How Is this possible?

Now, consider a solar mass core. Here one needs
Jeans densities of 10 cm™3. This is not difficult,
because if the clump is a Bonnor-Ebert Sphere,
one can get a density contrast within the clump of
14 (say 7 times the mean density) or several times
what’s needed to form a solar mass clump.

On the other hand, conditions CAN favor the formation of
brown dwarfs if there are pressure fluctuations to bring the
density up to the Jeans density. But these are probably rare.

A good project for turbulent simulations?
In Solar Vicinity: P, /k ~3x10* Kcm

P../k~3x10°> Kcm3

Int

Inner Galaxy: P../k~5x10°> Kcm-3

Int



Bottom Line

e [s it the large scale pressure and
structure of GMCs that determines the
downturn of the IMF? If so, then we
have good reason for thinking that the
IMF is universal for galactic disks.

e This also suggests that we rarely see
densities in excess of a few x 10° cm™
except if a core is in a Sstate of
collapse. Seems to be verified by
observation.



PeXt — 27Z-ng ,0* hg
Pt =% GZ?(H,)

> GM((H
V = F(Q 2) (seli-gravity)
\/ “ = const R (linewidth-size relation)
const = >V (2H2) =GX(H,)
R

But p, increases exponentially with
decreasing distance from the center(as

does %, Pot << Pt 77
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