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The form of the IMF

L ¢
Bastian et al. (2010)

IMF': the number of stars per mass éor log-mass) bin

E 1. Mean maf.; | | | | E
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Example: Kroupa IMF, segmented % 3_ 3 Vagisnce - E
dN o m~23dm (m > 0.5M_) E: 4_ _,.-""I. _
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NB: It is not sufficient to reproduce the IMF. Log Stellar Mass [Log M...]

“A non-exhaustive list also includes the star formation rate and efficiency, the structure

and kinematics of stellar groups and clusters, the properties of multiple stellar

systems, jets, and protoplanetary discs, and the rotation rates of stars. (...) variations

in environment and initial conditions.” Bate (2012)
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Observations
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The measured PDMF and inferred IMF
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Observations
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Bastian et al. (2010)

Difficulties in determining IMF

« Assumed spatially constant. Field and cluster population differ in the
high-mass stars.

« PDMF vs. IMF: Assumes IMF is constant in time and knowledge of
SFH.

e In clusters, PDMF changed by dynamics.

e Sub-stellar objects ambiguities: mass-luminosity evolves strongly with
time, difficult to infer mass/age.

e Multiplicity fraction: the IMF is sensitive to it through the binary
(multiple) fraction and the mass ratio (missing detections unresolved
secondaries (companions) in the luminosity function). Assumes these are
constant in time.

E.g., high mass ratio systems can “hide” stars

And we need to be careful about the statistics of the IMF
¢ *
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Observations
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The core mass function (CMF)

Pipe nebula (130pc, 10* solar mass)
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Fig. 2. Mass function of dense molecular cores plotted as filled circles
with error bars. The grey line is the stellar IMF for the Trapezium cluster

EXtinCtion maps from 4_- million baCkground (Muench et al. 2002). The dashed grey line represents the stellar IMF

. . . in binned form matching the resolution of the data and shifted to higher
Stars 1n the IR (ZMASS) pI‘OV]_de hlgh Contrast masses by about a factor of 4. The dense core mass function is similar
in shape to the stellar IMF function, apart from a uniform star formation

to identify the cores (~160)in C*O,H"”CO"* eficiency factor
. Lombardi et al. (2006), Alves et al. (200‘7 )
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Towards a complete model of the IMF

L
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... or the AST541 summary of Star Formation
¢ ¢
Schematic IMF

Physical processes that
determine the IMF
. . E .
e Gravitational collapse and 2 Fragmentation
. = | Ejection ?
fragmentation (Andrea/Mary =
Anne) Accretion
e Turbulence (Sasha)
e Accretion (Wendy, Sudhir) Log mass
[ Magnetic Fields (Emmanuel) Fig. 11.— A schematic IMF showing the regions that are ex-
. . pected to be due to the individual processes. The peak of the IMF
[ Feedb aCk ( A]_-Le]_) and the characteristic stellar mass are believed to be due to gravi-
. . tational fragmentation, while lower mass stars are best understood
[ Stell ar lnteractlons ( AleX) ushh;air;lg gcli_lue to fragmentation Slus eje;:timl'; or trLéncated accretion
. . while higher-mass stars are understood as being due to accretion.
e Environment (Colin)

Bonnell et al. (2007)
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Towards a complete model of the IMF

L

ANALYTIC APPROACH +———1 '

Central Limit Theorem Press-Schechter theory
The sum of an infinite number of
independent variables:

L A 4

Commonly used in cosmology. Well-
understood, but cannot capture many of the
logm=%log y. physical mechanisms in simulations.

—(logm —logm,)’

20°

— |@p(m)~e

Press-Schechter (1974)
'NUMERICAL SIMULATIONS .

Adaptive Mesh Refinement (AMR) Smoothed Particle Hydrodynamics (SPH)

Increased resolution in denser regions. Particles + smoothing kernel - fluid
Magnetic fields, radiation transport Suitable for self-gravitating fluids and

and shocks. incorporating turbulence. No need for refinement
because you follow particles. But requires
artificial viscosities to make particles behave

more like fluid and for shock discontinuities.
* & *

The initial mass function Elisa Chisari AST541




Press-Schechter model
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Original formalism by Press-Schechter (1974), applied to the halo mass function in cosmological

context.
The ingredients P(d) = ! exp —i *(R) = /:v: 02 (k)WZ(R)d*k
V2mo? 207 Jo . '
0=p/p—1 + density threshold for star formation
4
Star formation: thermal pressure, turbulence, magnetic fields prevent collapse
1 5 — 0)°
Pi5)— exp (—%)
210 2% 2 2 Mach number
o, =In(1+bM"°) b
d=log (p/p) =02
o0 - . 2w /R 5 R @
o?(R) = P (kYWZE(R)d*k = / 62 (k)amk2dk 1— | —
Cut-off at large scales
1 5+ 2By n'~11/3
e (_{ I }
. Vamo(R) Hennebelle & Chabrier (2008)
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Press-Schechter model
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o(R)?

2

Hennebelle & Chabrier (2008)

E exp (

Thermal pressure: Jeans mass

20(R)?

5> —2In (M/MY)

i

R

OR 6> 68 o
J

()

Unlike in cosmology, the threshold depends on R

Turbulent support: modification to Jeans mass

R

qr,rz iy
\ 1pe

TIs

)=ﬁx(

Connection between
Larson index and
Kolmogorov turbulence

—3
2

with Vp ~ 1 kms™! and  ~ 0.4-0.5 {

Larson 1981

)

i 2 ° °
M>M§= ﬂ'i /3 Tr‘gzt ( R ) - n Magnetic flleld‘
3(_; ].pE B pl_, Eﬂb’ (NS)
73 D ayx[1+(V3/C,)*/6]
d§>dp=In oy~ o ( = o 2) Changes Mach number and
N 3 GpR? ‘1pc PDF
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Press-Schechter model
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DERIVATION of the IMF form Hennebelle & Chabrier (2008)
Mass contained in structures of mass with M < Mg
(1) Mot (R) = I / pexp(d)Pr(0)dd.
iy
(2) M (R)= Lf’ / M'N (M’
J o
e.IeaI?s unstable clouds are embedded p ( R.M ,): 1
in bigger Jeans unstable clouds.
| 7 dR dd§ | | dPr
_ N(Mg) = ——L exp(65)Pr(65 §)——=-dd
1) =@) ——» N(Mg) M, dM, ( 70 eXP(OR)PR(0R) i+ .[ﬁ exp(d) 5
L — — — — — — M = = J
! IGNORED
PROBLEMS: velocity-density correlations, time significant when R ~ Ll.
dependence, accretion/merging, fragmentation size structure ~ system
¢
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Press-Schechter model
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¢
Hennebelle & Chabrier (2008)

Thermal support

_ 3
— i M* =exp(£=0?)
N
e MF =(1+bM?)*2
where M = M /M?Y. 2 REGIMES
power-law
Lognormal Vs Mt Purely thermal, much steeper
4 4 'I;}-
T ; n=—3 than Salpeter slope.

Turbulent support: increases with scale

-.,Ur{j ) - 2p ( —) Mﬁf{ﬂ 1) ﬁ.r_“ml ﬁ,’;_] (M) s exp(— 2{8:]
J 92 (2n+1) 2T o

where M = M/M9, M’ = MY UM, a; = (1+9)/2n+1), a3 = (1 —1)/(2n + 1), ag = 6/(2n+ 1), and

i 1V, ()‘"[} )n n=0.4 Purely turbulent, reproduces

v3Cs \1pe n~2.33 Salpeter slope.
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Press-Schechter model

¢
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= Hennebelle & Chabrier (2008)
f{n
A _
=
e
=
~ —
B =
o =7
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=
s
ey
=
=1 1]
A=
=
E4 log(M/M,)
:Ei Fic. 5.— Comparison berween the theoretical IMF/CME, di/d log M (solid fine),
= obtained with A4 = 6 irop), 12 {middle), 25 { bottom ), am:l."u:lf = 2 and the stellar/
- brown dwarf svstem IMF (dorted line) of Chabrier (2003a). The peak of this later
&0 IMF has been ad justed arbitrarily to the one of each theoretical mass function.
o
-3 -2 -1 0 1 2
log(M/M,)
Thermal support Turbulent support: increases with scale
. ys 1T : 2443 T o
Transition MF = (14+bM*)*z, e, e
Peak 0 e 1
ea Mpeak = (r:-:pl_'—?:r F= AT AR
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Numerical simulations

AST541
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AMR radiative-hydro simulations of star cluster formation
Krumholz et al. (2012)
ORION: radiative transfer, hydrodynamics, self-gravity, accreting sink particles, a
model for protostellar evolution and feedback which includes stellar radiation and
outflows.
3 cases
Initial conditions e Smooth, no winds
M_=1000M,  ©,=2.9km/s * Turbulent, no W“‘fls
e Turbulent, with winds
2.=1gl/cm Tg:10K
_ 0.2
¥ .=2./100 T,,=100T, Turbulent
initial &
conditions
> E 0.0
Evolve for 2
p=cons : ,
crossing times, -o.
no gravity, no
feedback, ~0.2
isothermal. 02 -01 g0, o 0.2
% [pc
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Numerical simulations
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AMR radiative-hvdro simulations of star cluster formation

Conditions for refinement: Maximum refinementsy pholz et al. (2012)
* Density exceeds local Jeans density Smooth, no winds: 40AU

 Sharp radiation energy gradient Turbulent: 23AU
 Proximity to star particle

Star particles when M>0.05 solar mass
Smooth, no winds Turbulent, with winds

t/t, = 1.25

y [pe]

-0.318

-0.3 =02 =01 =00 01 02 =03 -0.2 =01 =0.0 01 02 0.3
x [pe] x [pe]

log £~0.3—30g/cm” log T~0— 100K

Radiation feedback vs outflows: RF prevents brown dwarfs and allows massive stars.
‘Too efficient! Outflows needed to avoid too much accretion luminosity.
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Numerical simulations
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o
AMR radiative-hydro simulations of star cluster formation
Krumbholz et al. (2012)
« SmMNW starts off more slowly than Tu case, where SFR is constant and low.
« SmMNW has too much aceretion luminosity, no new stars are formed and the ones
present continue growing, this displaces the IMF to larger masses. The gas is at
higher T than in Tu case. Incorporating outflows has produced hypothesized

result. Tu: 10% mass in stars
1DD T 1 I T f T 3
~ | 1.0
3 g . Resolution _
% ‘2 osl atlow mass? ]
g S e
0F =
N & el ) ji/jvaf_\t :
S £ | | | / -
z ﬁ 0.4 | ' —
0 TuNwW Q_‘ i .
cvé L1E | — SmNW E 05 -_ 7_/ _
E 0.0 'o,lz" '0|4' 06 08 0 '1.|2 Y é | 1
Time/tff 0.0 4 U

M, = e _ . 10.
Z 100 Z te= =(3n/32G p,,(0))"" 0.1 10 0.0

M °
56 Sm/23 Tu kyr ass of primary (solar masses)
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Numerical simulations
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SPH radiative-hyvdro simulations of star cluster formation
Bate (2012)

Initial conditions

Turbulent velocity field Sink particles r  =0.5AU << 23AU
consistent with Larson relation neglect radiative feedback from inside
M, =500M,,  T,=10.3K particle
. ~19 3 _
Pe= 1'27X10 g/em” Rc=0.404pc Summary: Fewer brown dwarfs with RF. Larger
3.9x10" particles t,=19kyr highest mass at given time. But similar rates.
l I T TP TTT I T TTERI I T TTITH I 1T T TR |LLLLLAL
100 _ S AN AL (gfl . _ - | i | ! l :
N : mf’-‘,., ] 0.8 — i b é ]
N | _
5 10| KOl 4 o8 l 2 -
5 F : - | -
E - % . B _
é : et : : o % : 0.4 __ i __
| Co5 S : \ ] _ ' .
1 o o \ — 0.2 — =
= 5% sy s .\ B _
L vl 2 \ CI [ | 1 1Lt 1 11 ] IIIIIII| ] IIIIIII| ] IIIIIﬁ
0.001 0.01 0.1 1 10 0.001 0.01 0.1 1 10 100
Mass [Mg] Mass [Mg]
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Conclusions
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Observations of the IMF suggest similar shapes but there are numerous mechanisms
that convert the IMF into the PDMF as a function of time and environment.

It is not sufficient to reproduce the IMF, other observations need to be reproduced as
well.

There seems to be a connection between the IMF and the CMF but further
observations are needed to understand it.

An analytic theory based on Press-Schechter is an interesting first approach to the
problem, but does not take into account many of the physical processes that
determine the shape of the IMF.

Ultimately, we need numerical simulations to determine the shape of the IMF and its
connection to the CMF. There are 2 main approaches: AMR/SPH. The results in both
cases are significantly sensitive to initial conditions. The exploration of parameter
space for the initial conditions is very costly. Magnetic fields are typically neglected,
we expect them to lower SFR and increase outflows in simulations.
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