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The distribution of stellar masses that form in one star-fomation event in a
given volume of space is called the initial mass function (IM). The IMF has
been estimated from low-mass brown dwarfs to very massive @ts. Combin-
ing IMF estimates for different populations in which the stars can be observed
individually unveils an extraordinary uniformity of the IM F. This general in-
sight appears to hold for populations including present-d& star formation in
small molecular clouds, rich and dense massive star-clugteforming in giant
clouds, through to ancient and metal-poor exotic stellar ppulations that may
be dominated by dark matter. This apparent universality of the IMF is a chal-
lenge for star formation theory because elementary considations suggest that
the IMF ought to systematically vary with star-forming conditions.

The physics of star formation determines the conversionasftg stars. The outcome of
star formation are stars with a range of masses. AstropBisiefer to the distribution of
stellar masses as the stellar initial mass function. Tagethth the time-modulation of the
star-formation rate, the IMF dictates the evolution ane fait galaxies and star clusters. The
evolution of a stellar system is driven by the relative adithumbers of brown dwarfs (BDs,
<0.072 M) that do not fuse H to He, very low-mass stai$){2 — 0.5 M), low-mass stars
(0.5—1 M), intermediate-mass stars«{8 M) and massive starg{ > 8 M). Non-luminous
BDs through to dim low-mass stars remove gas from the irgkastmedium (ISM), locking-
up an increasing amount of the mass of galaxies over cosmaldgne scales. Intermediate
and luminous but short-lived massive stars expel a larggidmra of their mass when they die
and thereby enrich the ISM with elements heavier than H andTiHey heat the ISM through
radiation, outflows, winds and supernovfigd). It is therefore of much importance to quantify
the relative numbers of stars in different mass ranges afiddcsystematic variations of the
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IMF with different star-forming conditions. Identifying/stematic variations of star formation
would allow us to understand the physics involved in assemldach of the mass ranges, and
thus to probe early cosmological events. Determining thie ¥l stellar population with mixed
ages is a difficult problem. Stellar masses cannot be weighiedtly in most instancefl?7)

so the mass has to be deduced indirectly by measuring the Istainosity and evolutionary
state.

The history of the subject began in 1955 at the Australianddat University when Ed-
win E. Salpeter published the first estima ¢f the IMF for stars in the solar-neighborhood
(L22). For stars with masses in the ran@gé — 10 M, he found that it can be described by
a power-law form with an index: = 2.35. This result implied a diverging mass density for
m — 0, which was interesting because dark matter was speculatétithe early 1990’s, to
possibly be made-up of faint stars or sub-stellar objectsidi8s of the stellar velocities in
the solar-neighborhood also implied a large amount of mgssor dark, mass in the disk of
the Milky Way (MW) @). Beginning in the early 1950’s Wilhelm Gliese in Heidelpdegan a
careful compilation of all known stars within the solar f@grhood with accurately known dis-
tance. The edition published in 1969 became known as theufa@liese Catalogue of Nearby
stars the modern version of whicfLP2 [} constitutes the most complete and best-studied stel-
lar sample in existence. During the early 1980’s newly dewetl automatic plate-measuring
machines made it possible to discriminate between mangrdigfalaxies and a few nearby
main-sequence stars in the hundred thousand images onla ghr@jographic plate. This al-
lowed Neill Reid and Gerard Gilmore at Edinburgh Obserwatormake photographic surveys
of the sky with the aim of finding very low-mass stars beyorelgblar neighborhoodg). To-
gether with the Gliese Catalogue this survey and otherddahatved using the same technique
significantly improved knowledge of the space density ofVew-mass stargq[d). The form of
the IMF for low-mass stars was further revised in the ear@019in Cambridge (UK) through
improved theoretical understanding of the mass—lumigasiation of low mass stars and the
evaluation of the observational errors due to unresolvedrgisystems,[I0), finding confir-
mation by subsequent worfJ). For massive stars John Scald® (letermination¢ ~ 2.7)
in Austin in 1986 remained In use. It is even today the mostahgh analysis of the IMF
in existens. It is superseded now by Phillip Masseff3) (vork at Tucson who demonstrated
through extensive spectroscopic classification that $afigeoriginal result extends up to the
most massive stars known to exist with~ 120 M.

Today we know that the IMF for solar-neighborhood starsdtadtsignificantly below about
0.5 M. The IMF for BDs is even shallower, as shown by Gilles ChatateBerkeley in 2001
(L3, so that very-low mass stars and BDs contribute an ins@arifiamount to the local mass
density. The need for dark matter in the MW disk also disapgzkas improved kinematical
data of stars in the MW disk became availalfi¢,[I%. Popular analytical descriptions of the
IMF and some definitions are summarized in Tdble 1.

The Form of the IMF

Assuming all binary and higher-order stellar systems carebelved into individual stars in
some population such as the solar neighborhfi@®)(and that only main-sequence stars are
selected for, then the number of stars pet pcthe mass intervaln to m + dm is dN =
=(m) dm, where=(m) is the observed present-day mass function (PDMF). The nuailséars
per pc in the absolute magnitudEZY interval Mp to Mp + dMp is AN = —U(Mp) dMp,
whereW (M p) is the stellar luminosity function (LF). Itis constructegldounting the number of
stars in the survey volume per magnitude interval, Braignifies an observational photometric
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pass-band such as theband. Thus
E(m) = =W (Mp) (dm/dMp)~". 1)

Because the derivative of the stellar mass—luminosityie@gMLR), m(Mp) = m(Mp, Z, 1,8),

is needed to calculaté(m), any uncertainties in stellar structure and evolution them the
one hand or in observational ML-data on the other hand withiagnified. The dependence of
the MLR on the star’s chemical compositia#, its age,r, and its spin vectos, is explicitly
stated here. This is because stars with fewer metals (lopesity) than the Sun are brighter.
Main-sequence stars brighten with time and they lose mastsitiRg stars are dimmer because
of the reduced internal pressure. Mass loss and rotatioraétksr the MLR for intermediate and
especially high-mass starfig).

The IMF follows by correcting the observed number of mainuesge stars for the number
of stars that have evolved off the main sequence. Defihiag 0 to be the time when the
Galaxy that now has an age= 7 formed, the number of stars per®ga the mass interval
m,m + dm that form in the time interval, t + dt is dN = £(m, t) dm x b(t) dt. The expected
time-dependence of the IMF is explicitly stated, dnd) is the time-modulation of the IMF.
This is the normalized star-formation history (SFH), with/7¢) J;€ b(t) dt = 1. Stars that
have main-sequence life-timeém) < 7 leave the stellar population unless they were born
during the most recent time intervalm). The number density of such stars with masses in
the rangem, m + dm still on the main sequence and the total number density o$ stéh
T(m) > 7, are, respectively,

(1]

(m) = &m) 220 T b de . r(m) > T, @)

1 { f:cf_T(m) b(t)dt , 7(m) < 71q,

where the time-averaged IME(m), has now been defined. Thus, for low-mass skrs ¢,
while for a sub-population of massive stars that has ansge ¢, = = £ (At/7¢) for those
stars of mass: for which 7(m) > At. This indicates how an observed high-mass IMF in an
OB association, for example, is scaled to the Galactic- IMF for low-mass stars. In
this case the different spatial distribution by differergkdscale heights of old and young stars
also needs to be taken into account, which is done globallgabgulating the stellar surface
density in the MW disk[{,[8). In a star cluster or association with an age< 7q, 7 replaces

7¢ in eq.[2. Examples of the time-modulation of the IMF &f& = 1 (constant star-formation
rate) or a Dirac-delta functiom(t) = 7, x d(t — to) (all stars formed at the same timg.

Massive stars Studying the distribution of massive stars is complicatecHuse most of their
energy is emitted at far-UV wavelengths that are not acbks$iom Earth, and they have
short main-sequence life-timgsj). For example, ag5 M., star cannot be distinguished from
a 40 M., star on the basis af/,, alone. Constructingl (M) to get=(m) for a mixed-age
population does not work if optical or even UV-bands are usestead, spectral classification
and broad-band photometry for estimation of the reddenirniyeostar-light through interstellar
dust has to be performed on a star-by-star basis to measusdféctive temperaturd ¢, and
the bolometric magnitudéy,,.;, from whichm is obtained, allowing the construction&tm).
Having obtained (m) for a population, the IMF follows by applying €g. 2. Studikattrely
on broad-band optical photometry consistently arrive aF$Mhat are steeper with a power-
law indexas ~ 3 (see eq[]4 below), rather than = 2.2 + 0.1 consistently found using
spectral classification for a wide range of stellar popatai{[d). However, multiple systems
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that are not resolved into individual stellar companiortehtheir less-luminous members. This
is a serious problem because observations have shown tlsitmassive stars are in binary
and higher-order multiple systen{&{([1®. Correcting for the missed companions leads to
systematically largeti; ~ 2.7 values [[9). The larger valuey ~ 3 + 0.1, is also suggested by
a completely independent but indirect approach relyingherdistribution of ultra-compact Hll
regions in the MW[ZQ).

Massive main-sequence stars have substantial winds floovitwgards with velocities of a
few 100 to a few 1000 km/€(), but they do not loose more than about 10 per cent of their
mass[P2,28. More problematic is that these massive stars are rapiditing when they form
and so are sub-luminous as a result of reduced internalyyees$hey decelerate during their
main-sequence life-time owing to the angular-momenturs fbough their winds and become
more luminous more rapidly than non-rotating stf#8)( The mass—luminosity relation for
a population of stars that have a range of ages is therefomdbned making mass estimates
from M, uncertain by up to 50 %fI@), a source of error also not yet taken into account in
the derivations of the IMF. Another problem is that 40 M, stars may finish their assembly
after burning a significant proportion of their central H batta zero-age-main sequence may
not exist for massive stargY).

Intermediate-mass stars These stars have main-sequence life-times similar to te@athe
MW disk. Solving equatiof]2 becomes sensitive to the SFH efsthiar neighborhood and to
the age and structure of the disk. None of these are knownwelty Conversion of the PDMF
to the IMF also depends on corrections for evolution alorggrttain sequence if the ages of
the stars were known. Deriving the IMF for intermediate-snaslar-neighborhood stars is
therefore subject to difficulties that do not allow an unaguioius estimate of the IM2@). The
gap between massive and low-mass stars is bridged by asgain@riMF is continuous and
differentiable.

Low-mass and very-low-mass stars in the Galactic field Galactic-field starql[Z4) have an
average age of about 5 Ga and represent a mixture of manfostaation events. The IMF
deduced for these is therefore a time-averaged IMF which iataeresting quantity for at least
two reasons, namely for the mass-budget of the MW disk, aradssich-mark against which
the IMFs measured in presently occurring star-formatia@névcan be compared with to distill
possible variations about the mean.

There are two well-tried approaches to determin@//) in eq.[1 for Galactic-field stars.
The first and most straightforward method for estimatinglME consists of creating a local
volume-limited catalogue of nearby stars with accurat¢éadise measurements. The second
method is to make deep pencil-beam surveys to extract a femrad low-mass stars from a
hundred-thousand stellar and galactic images. This apbrieads to larger stellar samples
because many lines-of-sight into the Galactic field randgmglistances of a few 100 pc to
a few kpc are possibl@P%). The localnearby LF, V,,..,, and the deephotometric LE W ,t,
are displayed in Figl]1. They differ significantly for staesnter thani/y, ~ 11.5 causing
controversy in the pasfi?8). The solar neighborhood sample cannot have a spuriousatists
tically significant over-abundance of very-low-mass shasause the velocity dispersion in the
disk is large/~ 30 pc/My. Any significant overabundance of stars within a spiveith a radius
of 30 pc would disappear within one My, and cannot be createdustained by any physically
plausible mechanism in a population of stars with stell@sapanning the age of the MW disk.

The slope of the MLR (Fig[]2) is very small at faint luminosgileading to large uncer-
tainties in the MF near the hydrogen burning mass limitQ.072 M, 29)). Any non-linear



structure in the MLR is mapped into observable structurdeltF (eq[]Ll), provided the MF
does not have compensating structure. The derivative Hasrp exaximum afl/;, ~ 11.5, this
being the origin of the maximum i, neari/, = 12 (B0).

In addition to the non-linearities in the MLR relation unomkg&d multiple systems affect
the MF derived from¥ ;... This is a serious issue because no stellar population wkno
exist that has a binary proportion smaller than 50 %. Supposebserver sees 100 systems.
Of these 40, 15 and 5 are binary, triple and quadruple, réispgg these being realistic pro-
portions. There are thus 85 companion stars which the obiserwot aware of if none of the
multiple systems are resolved. Because the distributisecdndary masses for a given primary
mass is not uniform but typically increases with decreasiags Bj)/ the bias is such that low-
mass stars are underrepresented in any survey that doestact companion$@,[33[34] 3L

Comprehensive star-count analysis of the solar neighloorim®ed to incorporate unre-
solved binary systems, metalicity and age spreads and tistydall-off perpendicular to the
Galactic disk. Such studies show that the IMF can be appratechby a two-part power-law
with oy = 1.3+ 0.7,0.08 < m/M, < 0.5 andas = 2.2,0.5 < m/M, < 1, a result obtained
for two different MLRs B5). Fig.[3 demonstrates simplified models that, however, itaticeac-
count a realistic population of triple and quadruple stedigstems. The two best-fitting MLRs
shown in Fig[R are used. The difference between the sirigteasd system LFs is evident in
all cases, being most of the explanation of the dispUl@@)(discrepancy between the observed
Usear aNd W00 It is also evident however, that the model system LFs do pptaximate
Uonot Very well. This is probably due to the used MLRs not accounfor the full height of
the maximum in the LF.

Star clusters Most star clusters offer populations that are co-eval anddesfant with the
same chemical composition. As a compensation for thesentatyes the extraction of faint
cluster members is very arduous because of contaminabamtine background Galactic-field
population. The first step is to obtain photometry of evangtstellar in the vicinity of a cluster
and to select only those stars that lie near one or a rangedirgnes, taking into account that
unresolved binaries are brighter than single stars. Thesteg is to measure proper motions
and radial velocities of all candidates to select only thug-probability members that have
coinciding space motion with a dispersion consistent witha priori unknown but estimated
internal kinematics of the cluster. Because nearby clsigtarwhich proper-motion measure-
ments are possible appear large on the sky, the obseniatibord is horrendous. For clusters
such as globulars that are isolated the second step can kednhut in dense clusters stars
missed due to crowding need to be corrected for. The steffarih clusters turn out to have the
same general shape as the photometric Galactic-fiel@ L, (Fig.[1), although the maximum
is slightly offset depending on the metalicity of the popida . This beautifully confirms
that the maximum in the LF is due to structure in the derivatithe MLR. A 100 Ma isochrone
(the age of the Pleiades) is also plotted in Fjg. 2 to empkadbkat for young clusters additional
structure in the LF is expected (¢§. 1). This Is due to stattsmwi< 0.6 M, not having reached
the main-sequence yeq,[3]).

LFs for star clusters are, lik& ., system LFs because binary systems are not resolved in
the typical star-count survey. The binary-star populageolves due to encounters. After a few
initial crossing times only those binary systems surviva thave a binding energy larger than
the typical kinetic energy of stars in the cluster. Caldolad of the formation of an open star
cluster demonstrate that the binary properties of stargirgng in the cluster are comparable
to those in the Galactic field even if all stars initially foimbinary systems@8). A further
disadvantage of cluster LFs is that star clusters prefeigntoose single low-mass stars across
the tidal boundary as a result of ever-continuing re-dstion of energy during encounters.
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With time, the retained population has an increasing bipaoyportion and increasing average
stellar mass. The global PDMF thus flattens with time with te raversely proportional to
the relaxation time. For highly evolved initially rich opefusters it evolves towards a delta
function near the turnoff mass.

If a star cluster is younger than a few Ma classical pre-magusnce theory fails. This
theory assumes hydrostatic contraction of spherical otating or sometimes slowly rotating
stars from idealized initial states. However, Wuchter| $ta@wn that stars this young remember
their accretion history@9). They are rotating rapidly and are non-spherical. Prearsaguence
tracks taking these effects into account are not availadtibgcause of the severe computational
difficulties. Estimates of the IMF in such very young clustbave to resort to classical calcu-
lations despite this gap in our theoretical understandiogthermore, the age-spread of stars is
comparable to their age requiring spectroscopic classdicaf individual stars to place them
on a theoretical (but hitherto classical) isochrone tonesté their masse$l{). Binary sys-
tems are also not resolved. A few results are shown in[Figa&ing the Orion nebula cluster
(ONC) as the best-studied examdid (42[4B, the figure shows how the shape of the deduced
IMF varies with improving (but still classical) pre-maincggeence evolution calculations. This
demonstrates that any apparent sub-structure in the IMRataret be relied upon to reflect
possible underlying physical mechanisms of star formation

For the much more massive and long-lived globular clustafs(10° stars) theoretical
stellar-dynamical work shows that the MF measured for stags the cluster’s half-mass radius
is similar to the global PDMF. Inwards and outwards of thidiua the MF is flatter (smaller)
and steeper (larger), respectively. This comes from dynamical mass segreg§d#). Strong
mass loss in a strong tidal field flattens the global PDMF shahit no longer resembles the
IMF anywhere [@5).

Brown dwarfs Brown dwarfs were theoretical constructs since the ear§0X@8g) until
the first cases were discovered in 198%)( For the solar neighborhood, near-infrared large-
scale surveys have now identified about 50 BDs probably clites 25 pc. Because these
objects do not have reliable distance measurements an aitytegists between their ages and
distances. Only statistical analysis which relies on anmagssl SFH for the solar neighborhood
can presently constrain the IMF, finding < 1 for the Galactic-field BD IMF[3).

Surveys of young star clusters have also discovered BDs binfjrobjects that extend the
color—magnitude relation towards the faint locus whilenggtinematical members. Given the
great difficulty of this endeavor only a few clusters now @sssconstraints on the IMF. The
Pleiades star cluster has proven especially useful, gisgmmaximity (= 127 pc) and young age
(= 100 Ma). Results indicatey, ~ 0.5 — 0.6 (Table[B). Estimates for other clusters (ONC,
o Ori, IC 348; Tabld]3) also indicate, < 0.8.

There appears to be no lower-mass limit for BDs. Free-flggilanets (FFLOPS)€ 0.01 M)
have been discovered in the very young OMG @9 and in thes Orionis cluster§0,[51[5D.
The IMF for FFLOPs appears to be similar to that for the morssiva BDs.

The above estimates of the IMF suffer under the same biastiaffestars, namely unseen
companions. BD-BD binary systems are known to e@3),(notably in the Pleiades clus-
ter where their offset in the color—magnitude diagram from single-BD locus makes them
conspicuous. But their frequency is not yet very well caaisted because detailed scrutiny of
individual objects is time-intensive on large telescopéalculations 88,53 of the formation
and dynamical evolution of star clusters show that aftemadessing times the binary pro-
portion among BDs is smaller than among low-mass stars. iBtetdition of separations does
not extend to the same distances as for stellar systems.isTaisesult of the weaker binding
energy of BD—BD binaries. These calculations also showdftat a few crossing times the
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star—BD binary proportion is smaller than the star—staatyirproportion. This is consistent
with the results of a number of searches that have found ne ®Id companions to nearby
stars ff]). Radial-velocity surveys of BD companions to nearby lowssistars also show that
star—BD binaries are very rare for separatiagnd AU. The general absence of BD companions
is referred to as thbrown-dwarf desertbecause stellar companions and planets are found at
such separation$4,[59. A few very wide systems with BD companions can form during t
final stages of dissolution of a small clustBg), and three such common proper-motion pairs
have perhaps been fourfslf.

The average IMF The constraints arrived at above far< 1 M, andm 2 8 M, can be con-
veniently described by a multi-part power-law form (gdsnd @ in Tablg]L). Because this IMF
has been obtained from solar-neighborhood data for lonsraiad very low-mass stars and from
many clusters and OB associations for massive stars it isenage IMF. Form < 1 M, is is
the IMF for single stars because unseen companions arectadréor in this sample. Inde-
pendent measurements of the IMF are consistent with thegeenulti-part power-law form
(Fig.B) .

The number fractions, mass fractions and mass densitigsmaed to the Galactic-field
total by stars in different mass-ranges are summarizedifea Main-sequence stars make up
about half of the baryonic matter density in the local Gataaisk. Of the stellar contribution to
the matter density, BDs make up about 40 % in number and abfdun/mass. The numbers in
the table are consistent with observed star-formationtev@rch as in Taurus—Auriga (TA). In
TA groups of a few dozen stars form that do not contain stanemmassive than the Sun. The
table also shows that a star cluster loses about 10 % of its themugh stellar evolution within
10 My if a3 = 2.3 (turnoff-massn,, ~ 20 M), or within 300 My if a3 = 2.7 (turnoff-mass
my, ~ 3 M). After about 10 Gy the mass loss through stellar evolution@amounts to about
40 % if ag = 2.3 or 30 % if g = 2.7. Mass loss through stellar evolution therefore poses no
risk for the survival of star clusters for the IMFs discusbede, because the mass-loss rate is
small enough for the cluster to adiabatically re-adjusttak-sluster may be destroyed through
mass loss from supernova explosionsite 1.4 for 8 < m/ Ms < 120 which would mean
a mass-loss of 50 % within about 40 My when the last superneptoées (3). None of the
measurements in a resolved population has found such a fowmassive stars (Fif] 5).

Variation of the IMF and Theoretical Aspects

Is the scatter of data points in the alpha-plot (Fjg. 5) altesuMF variations? Before this can
be answered affirmatively any non-physical sources fotecet the power-law index determi-
nations need to be assessed.

For a truly convincing departure from the average IMF a mesmant would need to lie
outside the conservative uncertainty range of the avefdge $ignificant departures from the
average IMF only occur in the shaded areas of the alpha plasé& are, however, not reliable.
The upper mass range in the shaded arealngaf poses the problem that the star-clusters have
evolved such that the turn-off mass is near to this rangeaoctimversion to masses critically
depends on stellar-evolution theory and the adopted clagis. Some clusters such@9ph
are so sparse that more massive stars did not form. In botie tteeses the shaded range is
close to the upper mass limit. This leads to possible stdictetsllar-dynamical biases because
the most massive stars meet near the core of a cluster dueskosegregation, but three-body
or higher-order encounters there can cause expulsionstfreroluster. The shaded area near



0.1 M poses the problem that the low-mass stars are not on the mairesce for most of
the clusters studied. They are also prone to bias througbk-segegation by being underrep-
resented within the central cluster area that is easiestitly ®bservationally. Especially the
latter is probably biasing the M35 datum. Some effect withatigity may be operating though,
because M35 appears to have a smalleear the H-burning mass limit than the Pleiades cluster
which has a similar age but has a larger abundance of metgl{4)F

Measurements of the IMF for massive stars that are too fan Btar-forming sites to have
drifted to their positions within their life-times yield; ~ 4.5 ([L2). This value is discordant
with the average IMF and is often quoted to be a good exampagidénce for a varying IMF,
being the result of isolated high-mass star-formation ialsofouds. However, accurate proper-
motion measurements show that even the firmest membersaédtated population have very
high space motion$@). Such high velocities are most probably the result of estérgtellar-
dynamical ejections when massive binary systems intemdhei cores of star-clusters in normal
but intense star-forming regions located in the MW disk. Tdrge a3 then probably comes
about because the typical ejection velocity is a decredsimgtion of ejected stellar mass, but
detailed theoretical verification is not yet available.

To address such stellar-dynamical biases an extensiveetiw library of binary-rich star
clusters has been assemblBd)(covering 150 My of stellar-dynamical evolution takingant
account stellar evolution and assuming the average IMH taaks. Evaluating the MF within
and outside of the clusters, at different times and for elgstontaining initially800 — 10* stars
leads to a theoretical alpha-plot which reproduces theaspie«(im) values evident in the
empirical alpha-plot (Fid]5). This verifies the consemtincertainties adopted in the average
IMF but implies that the scatter in the empirical alpha-@locdund the average IMF cannot be
interpreted as true variations.

Enough IMF data have been compiled to attempt the first aisabfsthe distribution of
power-law indices. If all stellar populations have the sdME then this should be reflected by
this distribution. It ought to be a Gaussian with a meam> value corresponding to the true
IMF, and a dispersion reflecting the measurement unceeainthe distribution oév data for
m > 2.5 M (Fig. B) shows a narrow peak positioned at the Salpeter valith symmetric
broad wings. The empirical data are therefore not distedlike a single Gaussian function.
The theoretical alpha-plot shows a distribution consistdth a single Gaussian. Its width is
comparable to the broad wings in the empirical data. Intewgly, the spready, ; = 0.08, of
the narrow peak in the empirical data is very similar to theastainties quoted by Massey in
an extensive observational determination of the IMF for shasstarsp = 2.2 + 0.1. It is not
clear at this stage if the empirical distribution does refieree IMF variations. The symmetry of
the broad wings suggests a superposition of at least twoszausswith different measurement
uncertainties but the same underlying IMF for massive stars

If a3 = 2.3 + 0.1 is adopted for massive stars, then the measurement1.6 + 0.1 for
the massive Arches cluster (Talple 3), which is situated theaGalactic center and difficult to
observe, would definitely mean an IMF that is top-heavy fas #xtreme population. There
are also indications of top-heavy IMFs in star clusters engtarburstfi27) galaxy M82 which
has a low metalicity. The galaxy is too distant for its clust® be resolved into individual
stars and binaries, so that the stellar LF cannot be meastttedever, spectroscopy of the
massive M82-F cluster allows measurement of the velocgyelision of the stars in the cluster.
Together with the cluster size this gives a mass for theetufst is assumed that the cluster is in
gravitational equilibrium. The derived mass-to-lightoat significantly smaller than the ratio
expected from the average IMF for such a young (about 60 Mplllation. The implication
is that the M82-F population is significantly depleted in lovass stars, or top-heavigy).
Stellar-dynamical modeling of forming star clusters isaezbto investigate if M82-F may have



been stripped off its low-mass stars by the tidal field. Fenmtiore, X-ray observations of M82
suggest that the relative abundances of some heavy elesemtsto be inconsistent with the
expectation of the Salpeter IMF, and that stars with masisese25 M, seem to contribute
significantly to the metal enrichment of the gala@@l]). These studies are independent of
the unresolved cluster issue and suggest that the slope oM for massive stars is likely
to be smaller than the Salpeter valug,< 2. This indirect approach, however, relies on exact
knowledge of nucleosynthesis yields and the processesmjagenjection of enriched material
back into the ISM. Additional evidence for variations of iMF come from the central regions
of very young star clusters. For example, the center of th€ @\deficient in low-mass stars
(Fig.|4) although the global MF for this cluster is similarthe average IMF. The interpretation
of a locally varying IMF depends on whether mass segregatidghe ONC is primordial, or
whether it is the result of stellar-dynamical evolution.

Two well-studied and resolved starburst clusters haye- 2.3 (30 Dor and NGC 3603,
Table[B). These are also massive and very young clusterthdyubppose the suggestion from
the Arches and M82-F clusters that starbursts may prefehéapy IMFs. From the ONC
we know that the entire mass spectrom5 < m /M. S 60 is present roughly following the
average IMF (Fig[}4). Low-mass stars are also known to forthérmuch more massive 30 Dor
cluster B2) although their IMF has not been measured yet due to the Bisgence of about
55 kpc. The available evidence is thus that low-mass statsassive stars form together even
in extreme environments without, as yet, convincing dertratisn of a variation of the number
ratio.

The observational study by LuhmaZj of many close-by star-forming regions using one
consistent methodology finds that the IMF does not show nmabkudifferences from low-
density star-forming regions in small molecular clouds= 0.2 — 1 stars/pé in p Oph) to high-
density cases in giant molecular clouds=£ (1 — 5) x 10* stars/pé in the ONC). This result
extends to the populations in the truly exotic ancient anthivmoor dwarf-spheroidal satellite
galaxies. These are speculated to be dominated by darkrraatteéhus probably formed under
conditions that were different from present-day eventso $uch close companions to the MW
have been observefi3,[69 finding the same MF as in globular clusters 0¥ < m /M, < 0.9.
Thus, again there are no significant differences to the geelfdF. This apparent universality
of the IMF is also supported by available chemical evolutiwsdels of the MW[5). The IMF
for metal-poor and metal-rich populations of massive stathe same[[d). Between about
10 M, andm, > 70 — 100 M, the IMF is a power-law withb = 2.1 4+ 0.1 for 13 clusters
and OB associations in the MW (metalicity~ 0.02 = Z, which is the Solar mass fraction
of metals),a = 2.3 + 0.1 for 10 clusters and OB associations in the Large MagellatocicC
(Z = 0.008) anda = 2.3 +0.1 for one cluster in the Small Magellanic Cloud & 0.002). The
data imply that the mass of the most massive star,, > 70 — 100 M, is independent of,
and only depends on the number of stars in the star-formiegte\rhe most massive star that is
present in a population is consistent with stars being sadw@Eindomly from the IMF without
an upper mass limity,,.,, the IMF taking on the meaning of a probability density fuoct
This questions the concept of a fundamental maximum uppbasinass, although unresolved
multiple systems may be mistaken for very massive staralltivis that radiation pressure on
dust grains during star-assembly cannot be a physical meshastablishing,,.. (I29.

However, there may be some IMF variation for very-low masssst Present-day star-
forming clouds typically have somewhat higher metal-atamnes (logh(7/Z.) ~ [FelH] =
+0.2) compared to 6 Ga ago ([Fe/Hr —0.3) (68). This is the mean age of the popula-
tion defining the average IMF. The data in the empirical alplw indicate that some of the
younger clusters may have a single-star IMF that is somesibaper than the average IMF if
unresolved binary-stars are corrected f&8)( Clouds with a larger [Fe/H] appear to produce
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relatively more very low-mass stars. This is tentativelpmarted by the M35 result (Fig] 4)
and by the typically flatter MFs in globular clustef) that have [Fe/Hkr —1.5. The recent
finding that the old and metal-poor ([Fe/HE —0.6) thick-disk population has a flatter IMF
below 0.3 M, with o« ~ 0.5 (61) also supports this assertion. If such a systematic eféect i
present, then fom < 0.7 M,

a~ 1.3+ Aa[Fe/H], (3)

with Aa ~ 0.5. Many IMF measurements are needed to verify if such a varniaxists because

it is within the present uncertainty in. As a possible counterexample, the IMF measured for
spheroidal MW stars that have [Fe/ll] —1.5 does not appear to be significantly flatter than
the average IMAA8), so the issue is far from being settled.

Theoretical considerations do suggest that for suffigyesriiall metalicity a gas cloud can-
not cool efficiently causing the Jeans mass required foritgtganal collapse to be larger. In
particular, the first stars ought to have large masses becadubis effect 69,[70). If the IMF
of the first stars were similar to the average IMF then longdilow-mass stars should exist
that have no metals. However, none have been foldfl)d possibly implying that the IMF of
the first stars was very different from the average IMF. Figdhe remnants of these first stars
poses a major challenge. An easier target is measuring tRédMow-mass and very-low mass
stars in metal-poor environments, such as young starethigt the Small Magellanic Cloud.
Metalicity does play a role in the planetary-mass regime@bse the detected exo-planets occur
mostly around stars that are more metal-rich than the B#n This suggests that metal-richer
environments may favor the formation of less-massive abjec

While the Jeans-mass argument should be valid as a gendiedtion of the rough mass
scale where fragmentation of a contracting gas cloud octliesconcept breaks down when
considering the stellar masses that form in star clustefge central regions of clusters are
denser, formally leading to smaller Jeans masses whicleispposite of the observed trend.
Even in very young clusters massive stars tend to be locatidiinner regions. More complex
physics is involved. Stars may regulate their own mass byepimivoutflows [73), and the
coagulation of protostars probably plays a role in the densegions where the cloud-core
collapse timer..y, is longer than the fragment collision time-scale whichhis ¢luster crossing
time, t... The collapse of a fragment to a protostar wifP0 % of the final stellar mass takes
no longer thanr,,; ~ 0.1 My (B9), so thatt,, < 0.1 My implies M/R* > 10° My/pc3.
Such densities are only found In the centers of very popudonbedded star clusters. This
may explain why massive stars are usually centrally comated in very young cluster§4,

. However, until accuraté&/ —body computations are performed for a number of cases, the
observed mass segregation in very young clusters cannakba s evidence for primordial
mass segregation, and thus for coagulation and local IMiatkamns. For example, models of
the ONC show that the degree of observed mass segregatidmecestablished dynamically
within about 2 My (Fig.[}}) despite the embedded and much dermaiguration having no
initial mass segregation.

The origin of most stellar masses is indicated by recentrebtiens of star formation in
the p Oph cluster. In this modest proto-cluster the pre-stelfad protostar MFs are indis-
tinguishable. Both are indistinguishable from the averBBdE upon correction for binaries
that presumably form in the coregq,[77). The pre-stellar cores have sizes and densities
that agree with the Jeans-instability argument for the itamd in thep Oph cloud. Cloud-
fragmentation therefore appears to be the most-importachanism shaping the stellar IMF
for masse$.05 < m /Mg S 3, and the shape of the IMF is determined by the spectrum of den-
sity fluctuations in the molecular cloud. The computatiohsloud fragmentation by Klessen
are beginning to reproduce the initial stages of this p@¢&3, but suggest that the emerging
IMF depends on the star formation conditions. The empirnizdh indicate that stars freeze
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out of the molecular gas much faster than the motions betweestars thereby preserving the
distribution of density fluctuations in the cloud@9). The majority of stellar masses making
up the average IMF thus do not appear to suffer subsequenfications such as competitive
accretion80) or protostellar mergers. In particular, the flatteninghef tMF near0.5 M, does
not appear to be a result of the decay of few-body systemsefhat unfinished protostellar
cores BJ), although this mechanism must operate in at least some.cddes notion as the
dominant source of BDs is also in conflict with the appareninalance of BDs in the ONC but
the virtual absence of BDs within the TA star-forming clo@8). The ejection process should
operate in both environments. The problem with the unfirdghmtostellar-core ejection sce-
nario is that the BDs leave their parent cluster within a tgherter than the cluster crossing
time thus rendering them unlikely to be seen in the clu§8x. (However, the four BDs detected
in far-outlying regions of TAB4) may constitute examples of ejected cores. The intriguéag r
sult from p Oph is consistent with the independent finding that the ptaseof binary systems
in the Galactic field can be understood if most stars formedadesty Oph-type clusters with
primordial binary properties as observed in Y. However, the average IMF is also similar
to the MF in the dense ONC (Fi. 4), implying that fragmemtatdf the pre-cluster cloud there
must have proceeded similarly. It is not clear why the sp@ctof density fluctuations in the
pre-cluster cloud should have been similar under suchrdifteconditions.

In summary, the Galactic-field IMF (efj. 5 in Talple 1) appearbe remarkably universal,
with the exception in the sub-stellar mass regime. A weakiecaptrend with metalicity is
suggested for very-low mass stars: More metal-rich enwremts may be producing relatively
more low-mass objects. For massive stars a correlation stéthforming conditions has not
been found despite intense searches. The evidence foetphMFs come either from clusters
that cannot be resolved or clusters that are very difficutiiserve, or from entirely indirect
arguments such as peculiar abundances of elements. Thisneary that only in those rare
starburst cases that are not easily accessible to the @psdves the IMF begin to deviate
towards a top-heavy form. Alternatively, maybe presendyumderstood biases are affecting
the interpretation of such extreme systems that requitiegciddeductions about the IMF.

Uncertainties of the IMF arise because of the bias due tosohred multiple systems and
due to uncertainties in theoretical stellar models witlationh and theoretical models for ages
younger than approximately one Ma. For massive stars tleeléc may be closer to Scalo’s
valueas = 2.7 rather than the Salpeter valug ~ 2.3. This is valid for all studied populations
provided they have similar binary-star properties.

The majority of stellar masses appear to be determined birayenentation of molecular
clouds with little subsequent modifications such as ejastf unfinished cores or competitive
accretion. It is unclear why this fragmentation procesukhtead to indistinguishable IMFs
despite very different star forming conditions. There agpdo be no empirical maximum
stellar mass, nor an empirical minimum mass for BDs. Onlyni@issive stars are cloud-core
or protostellar interactions probably important. BDs ai@yably cores that lost their envelopes
due to chance proximity to an O star. This hypothesis mayagxptheir occurrence in relatively
rich star clusters and their virtual absence in TA.
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121. Stellar masses can be measured directly in binaryragsténfortunately the Kepler orbits
are available only for very few well-studied cases. Thesaata@onstitute a volume-limited
unbiased sample.

122. The solar neighborhood is the region of the Milky Wayseldo the Sun. There is no
definition of the exact radius of this region, and it is adnhiesto refer to the immediate
solar neighborhood (within 5 pc), the solar neighborhoothiw about 25 pc) and the ex-
tended solar neighborhood (within a few hundred pc). On tréhern hemisphere virtually
all very-low mass stars in the immediate neighborhdGgh) and all low-mass stars in the
neighborhood are known and have accurate distance measuensing trigonometric par-
allax. Their properties are catalogued in the Jahreisss@lCatalogue of Nearby Staf (
(available on-line undgr http://www.ari.uni-heidelb&lgyaricns/).

123. The absolute magnitude in the broad wavelength Basd/p = —2.5log,((Lp/Lpe)+
Mpy, whereLp, Lp, are the stellar and Solar luminosities, respectively, afigh is an
empirical zero-point. The apparent magnitude = Mp + 5log;od — 5, whered is the
distance of the star in pc.

124. Galactic field stars are not members of star clustersrbiitin the potential of the Milky
Way disk. The solar-neighborhodidd) constitutes a local field sample.

125. The disadvantage of the LF created using this techigghat the distance measurements
are indirect by relying on photometric parallax. The ungied principle of this technique is
to estimate the luminosity of a star from the stellar typeaot#d from the color of the star or
from spectral analysis. The apparent luminosity then giveistance estimate. Such surveys
are flux limited rather than volume limited. Pencil-beanveys which do not pass through
virtually the entire stellar disk are prone to Malmquistdi&his bias results from a spread
of luminosities of stars that have the same color becauseeaf dispersion of metalicities
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and ages. Intrinsically more luminous stars enter the flmxtéd sample. This biases the
inferred absolute luminosities and the inferred stellatisp densities. Malmquist bias can
be corrected forfd), and is similar to the Lutz-Kelker biaf§0).

126. The discrepancy evident in F[§. 1 between the nearbylLk,, and the photometric LF,
Yoot INVoked a significant disputgZ{,[8h as to the nature of this discrepancy. On the
one hand 1) the difference is thought to be due to unseen companioniseirdéep but
low-resolution surveys used to construgs,.., with the possibility that photometric calibra-
tion for very-low-mass stars may remain problematical sa the exact shape df,,. for
My, 2 14 is probably uncertain. On the other har@f) the difference is thought to come
from non-linearities in thé” — I, My, color-magnitude relation used for photometric paral-
lax. Taking into account such structure it can be shown tiaphotometric surveys under-
estimate stellar space densities so thgt,, moves closer to the extended estimata/gf,,
using a sample of stars within 8 pc or further. While this israportant point, the extended
U car IS incomplete [29) and theoretical color-magnitude relations do not haveeheired
degree of non-linearity. The observational color—magtatdata also do not conclusively
suggest a feature with the required strenff@®).(Furthermore,,,. agrees almost perfectly
with the LFs measured for star clusters of solar and pomudtimetalicity (Fig.[1) so that
it appears unlikely that non-linearities in the color—miaggte relation significantly affect

v phot

127. A starburst is a region in which star formation is ongoivith a very high rate. For a
star-formation event to be classified as a starburg)® M, of stars have to be produced
within about 1 My giving a star-formation rate of 1 M., /My ([LT9).

128. The physics of formation of massive stars is controakfff4). Radiation pressure from
the growing core of a massive star should halt sphericalesioer for m 2 10 M, so that
massive stars should be produced through collisions afrirediate-mass protostars in dense
cluster cores[{g). Accretion through massive disks or with very high rates10—° M/yr)
may, however, overcome radiation pressure causing theatowmof massive stars to remain
an unsolved problenff). Possible physics limiting the mass of the most massivs sta
reviewed in02). Very massive stars may finish their main-sequence liferleethe accretion
process completes possibly rendering the most massiestdetectable.

129. Very low-mass stars cannot be detected to large dessestcthat the nearby LF is poorly
constrained. It is therefore important to increase the sawimearby stars, but controversy
exists as to the maximum distance to which the very-low-re@ssensus is complete. Using
spectroscopic parallax it has been suggested that thedenals of very-low mass stars is
complete to distances of 8 pc and beyof) (However, Malmquist biaglP3) allows stars
and unresolved binaries to enter such a flux-limited sammpta fuch larger distance@9).
The increase of the number of stars with distance usingridgeetric distance measurements
shows that the nearby sample becomes severely incompietisfances larger than 5 pc and
for My, > 12 ([B7,[89. Recently discovered companiof@([90) to known primaries in the
distance rangé < d < 12 pc confirm that the extended sample is not yet complete.

130. The Lutz-Kelker bias affects volume-limited stardesbaurveys in a similar way as the
Malmquist bias [Z29) affects flux-limited surveys. Distance observations hewers. Be-
cause the number of stars increases non-linearly with gtarme there are more stars just
outside the formal distance limit than inside. There ares tmore stars with true distances
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131.

outside the limit that enter as a result of erroneous measnts than stars that are dis-
counted from the survey because erroneous measuremereggipéan outside although they
are actually nearer than the distance limit. This results lnmas in the deduced average dis-
tances and stellar number densitigg().
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The average, or Galactic-field, single-star IMF lkas 0.877 4 0.045 stars/(pé M) for scaling to the
solar neighborhood with

ag = +0.3+0.7 , 001 <m/M, <008 , n=0
a; =+1.3+0.5 , 008 <m/M, <050 , n=1 (5)
ay = +2.3+0.3 , 0.5 <m/Ms<1 , n=2
as =155404 , 1 <m/My , n=3.

Table 1: Summary of different proposed analytical IMF forms. Natati /m = log,o(m/Mg) =
In(m/Mg)/In10; dN is the number of single stars in the mass intemalto m + dm and in the
logarithmic-mass intervalm to Im + dim. The mass-dependent IMF indices(m) (eq. ind), are
plotted in Fig.[p using the line-types defined here. E$ was derived by Miller&Scalo assuming a
constant star-formation rate and a Galactic disk age of 12tlé&auncertainty of which is indicated in
the lower panel of Fig[]5). Larsoft9) does not fit his forms (eqs.a and Lb) to solar-neighborhood
star-count data but rather uses these to discuss geneegitsag likely systematic IMF evolution; the
m, in eg.La andLb given here are approximate eye-ball fits to the average IMEé multi-power-
law IMF, a3 = 2.3 is consistent with the data (Fif}. 5), but correction for soteed binary systems
increases this tas = 2.7. The uncertainties correspond to a 99 % confidence inteovahf> 0.5 M,
(Fig.[), and to a 95 % confidence interval fot —0.5 M, (L3). The nearby Hipparcos LE,c.. (Hipp)
(Fig.[1), hag = (5.9 £0.3) x 1072 stars/pé in the intervalMy = 5.5 — 7.5 corresponding to the mass
interval my = 0.891 — 0.687 M (B9) using the KTG93 MLR (Fig[]2). [7*? ¢&(m)dm = p yields



mass range nN I Pt yst
[Me] [per cent] [per cent] [Mo/pe®] | [Mo/pc?]

(0%} (0%} Qa3 Qa3

2.3 27 45 2.3 2.7 4.5 4.5 4.5

0.01-0.08 | 37 38 39 4.1 5.4 7.4 | 32x10°3 1.6

0.08-0.5 48 49 50 27 35 48 | 2.1 x 1072 10

0.5-1 8.9 9.1 9.3 16 21 29 | 1.3 x 1072 6.4

1-8 5.7 4.6 2.4 32 30 15 | 6.5x 1073 1.2
8-120 040 0.14 0.00 21 7.8 0.08| 3.6x107° | 6.5x 1073
m/Ms = | 038 0.29 0.22 Pt =0.043 | 358 =19.6

a3 = 2.3 a3 = 2.7 AMCl/Md
Mmax Ncl Mcl Ncl Mcl Mto [per Cent]

[Mo] [Moc] [Mo] || [Me] | a3 =23 az =27

1] 16 2.9 21 3.8[ 80 2.1 0.5

8| 250 74 730 200| 60 3.8 0.9

20| 810 270 3400 970|| 40 6.5 1.6

40| 2000 700 | 1.1 x 10% 2300| 20 12 3.5

60 | 3400 1200| 2.2 x 10* 6400| 8 21 7.8

80| 4900 1800| 3.6 x 10* 1.1 x 10* 3 24 9.7

100 | 6500 2500| 5.3 x 10* 1.5 x 10* 1 36 24

120 | 8300 3100| 7.2 x 10* 2.1 x10* || 0.7 39 28

Table 2:The number fraction igy = 100 [ {(m)dm/ [,** £(m) dm. The mass fraction igy =

100 [ m€(m

) dm/Mcl’

My = j;;’iu m&(m) dm. Both are in per cent for main-sequence stars in mass

intervalsm, to my. The stellar contribution to the Oort limit$t, and to the Galactic-disk surface mass-
density, X5t = 2 hpSt. The above quantities assume for the lower and upper mais, lispectively,

my = 0.01 Mg andm,, = 120 M. The Galactic-disk scale-height= 250 pc form < 1 M, (L) and

h = 90 pc form > 1 Mg (@). Results are shown for the average IMF (&q. 5 in T@ble 1)iHerhigh-
mass-star IMF approximately corrected for unresolved @mgns (3 = 2.7, m > 1 M), and for the
PDMF in the solar neighborhood{ = 4.5 (g,[1)) which describes the distribution of stellar masses now
populating the Galactic disk. The ISM contribute®™ = 13+ 3 M. /pc, p"™M ~ 0.04 +0.02 M /pc

and stellar remnants contribuf™ =~ 3 M /pc?, p*™ ~ 0.003 M /pc (B9). BDs do not constitute a
dynamically important mass component of the Galaxy, eveervey[b is extrapolated 0 M, giving

pPP = 3.3 x 107 My/pc®. The average stellar massris = ;" m &(m

)dm/ [ €

(m)dm. N is

the number of stars that have to form in a star cluster so timtrIost massive star in the population

has the mas®i ..

The mass of this population &/, and the condition ig;” &(m

)ydm =1

with [f'5r> &(m) dm = Ng — 1. AM /M, is the fraction of mass lost from the cluster due to stellar
evolutlon assuming that forn > 8 M, all neutron stars and black holes are kicked out due to an
asymmetrical supernova explosion, but that white dwarésratained §3) and have masseswp =

0.7 Mg, for progenitor masses < m/Mg < 8 andmwp = 0.5 Mg for 0.7 < m/Ms < 1. The
evolution times for a star of mass, to reach the turn-off age are available in Fig. 5.



[0
mass rangei/s]

(6]
mass range{/s]

(6]
mass range}f/s]

Orion nebula cluster, ONC

Muenchet al. (¢3) —0.35 +1.25 +2.35
magenta small open circles with central dot 0.02 — 0.08 0.08 — 0.80 0.80 — 63.1
magenta large open circles with central dot +0.00 +1.00 +2.00
0.02 — 0.08 0.08 — 0.40 0.4 —63.10
Hillenbrand & Carpenteid) (HCOO) +0.43
magenta large thick open circle 0.02 — 0.15
with central dot
Luhman f2) +0.70
magenta small thick open circle 0.035 — 0.56
with central dot
Pleiades
Morauxet al. (B8) +0.51 +£0.15
green circles with central dot 0.04 — 0.30
Hamblyet al. (B7), from &0) +0.56 +2.67
green circles with central dot 0.065 — 0.60 0.6 —10.0
o Ori
Bejaret al. (52 0.8+0.4
green solid circle 0.013 —0.20
M35
Navascuegt al. (50) —0.88 +0.12 0.81 +0.02 2.59 +0.04
green solid circlé 0.08 — 0.2 0.2-0.8 0.8 — 6.0
IC 348
Najita et al. (99) for MLR from (2§) +0.5
green solid circle 0.015 —0.22
NGC 2264
Parket al. (89) +2.7
green solid circle 2.0-6.3
5 LMC regions
Parkeret al. (LO0) +2.3+£0.2
blue solid triangle 5—60
NGC 1818in LMC
Santiageet al. (L0J), outer region +2.5
blue solid triangle 0.9-3
NGC 1805in LMC
Santiagcet al. (L0J), outer region +3.4
blue solid triangle 0.9-3

Table 3:continued



a

mass rangelN/ ]

a

mass rangell/-]

o

mass rangell/-]

30 Dor* in LMC

Selmaret al. ([L03), » > 3.6 pc +2.37 4+ 0.08
cyan small open triangle 3—120
Selmaret al. (I03), 1.1 < r/pc < 4.5 +2.17 £ 0.05
cyan small open triangle 2.8 —120
Sirianniet al. (62) +1.27 +0.08 +2.28 + 0.05
cyan large open triangke 1.35 — 2.1 21—-6.5
Arches cluster*
Figeret al. (L03, all radii +1.6 £0.1
cyan large solid circle 6.3 — 125
NGC 3603
Eisenhaueet al. (L09) +1.73 +2.7
cyan small solid circle 1—30 15— 70
Globular clusters
Piotto & Zoccali @5 +0.88 £ 0.35 +2.3
yellow open triangles 0.1-0.6 0.6 —0.8
Galactic bulge
Holtzmanet al. (B3 +0.9 +2.2
magenta filled square 0.3-0.7 0.7—-1.0
Zoccaliet al. +1.43 +£0.13 +2.0 £0.23
magenta filled square 0.15—-0.5 0.5—-1.0
Solar Neighborhood(magenta dotted lings
Reidet al. +1.5+0.5

0.02 — 0.08
Herbstet al. (03 < +0.8

0.02 — 0.08
Chabrier P3[13 <+1 +1 /[ +2

0.01 — 0.08 0.10-0.35 [/ 0.35—1.0

Table 3:a(<im>) data obtained after 1998. The data are shown in[Fig. 5 iniaddit the previously
available data set compiled by ScaftD§. Eacha value is obtained at Im >= (Imy — Im1)/2,
Im = log,oym, by the respective authors by fitting a power-law MF over thgatithmic mass range
given bym; andm; listed above. Some authors do not quote uncertainties andh&alues. Notes*
are starburst clusters;thin green open circle emphasizes the low-mass M35 datuime mass range
1.35 < m/Mg < 2.1 may be incomplete and is emphasized by the cross throughyé#melarge open

triangle.
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Fig.[1: Stellar luminosity functions (LFs, number of staes polume element and magnitude interval)
for solar-neighborhoodI@?) stars as a function of absolute magnitude in the V-bandguppnel) and
four star clusters as a function of absolute magnitude in-thend (lower panel).Upper panel The
photometric LF corrected for Malmquist bigs28) and at the midplane of the Milky Way disk(,1,

red histogram) is compared with the nearby I, (.., green histograms) constructed from the solar
neighborhood stellar samplgZ?). The average, ground-baség,,.. (dashed histogram, data pre-dating
1995 P7)) is confirmed by Hubble-Space-Telescope (HST) star-cdata which pass through the entire
Galactic disk and are thus not prone to Malmquist bias (stides, {{09). The ground-based volume-
limited trigonometric-parallax sample (dotted histogyaystematically overestimatds, .., due to the
Lutz-Kelker bias , thus lying above the improved estimate provided by thepHiipos-satellite data
(solid histogram,f,[3%). The depression/plateau nelli, = 7 is theWielen dip named after Roland
Wielen who'’s estimate of the LF in the 1970’s for the first tinmeambiguously showed this feature.
The thin dotted histogram at the faint end indicates thel lef/eefinement provided by recent stellar
additions B3) demonstrating that even the immediate neighborhood wBt® pc of the Sun probably
remains incomplete at the faintest stellar luminositiecawer panel: I-band LFs of stellasystems
(single stars and unresolved binaries) in four star clestee globular cluster (GC) M1&10) (distance
modulus Am = m — M = 15.25 mag, blue triangles), GC NGC 639L1]) (Am = 12.2,
green solid circles), the young open cluster Pleiafi@®)((Am = 5.48, blue open circles), and the GC
47 Tuc (Am = 13.35, green solid squares). The dotted histogran s, () from the upper
panel, transformed to theband using the linear color—magnitude relatidiy = 2.9+ 3.4 (V — 1) (L0)
and¥ ot (M7) = (dMy /dM7) Voot (My ). The agreement in position and amplitude of the maximum
in the LFs for the five different populations is impressivéisTmaximum results from a minimum in the
derivative of the mass—luminosity relation (Fij. RJote The figure which appeared in Science issue of 4th
January 2002 has a slightly erroneous lower panel. Theoressiown here is corrected
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Fig. [3: The mass—luminosity relation (MLR, upper panel)his thass of a star as a function of its
absolute magnitude in the V-band. The derivative of the MERlbtted in the lower panelUpper
panel: The most recent observational data (solid triangles and opeles, Delfosse et al [LT4); open
squares, Anderserfl1%)) are compared with the empirical MLR of Scalo (blue daslireel @)) and the
semi-empirical KTG93 MLR (red solid curv@@). The under-luminous data points 1-4 are metal-rich
stars [[14. The magenta solid line is a 5 Ga old isochrone and the mag#aghed line is a 0.1 Ga
isochrone for solar metal abundances from Baraffe 8). (The cyan solid line is a 5 Ga isochrone for
metalicity Z = 0.02 Z, from Siess et al.[i[(T§. As the mass of a star is reduced; ldpacity becomes
increasingly important through the short-lived capturelettrons by H-atoms. This results in reduced
stellar luminosities for intermediate and low-mass st&te m(My ) relation becomes less steep in the
broad interval3 < My < 8 leading to the Wielen dip (Fid] 1). The(My) relation steepens near
My, = 10 because the formation of;Hn the very outermost layers of low-mass stars increasesdan
molecular weight there causing the onset of convection wamtbabove the photosphere. This leads to
a flattening of the temperature gradient and therefore togaiaffective temperature, as opposed to an
artificial case without Kl but the same central temperature. Brighter luminositisslteFull convection
establishes throughout the whole starfor< 0.35 M. The modern ML data beautifully confirm the
steepening in the intervab < My, < 13 predicted in 1990f). The red dotted MLR demonstrates the
effect of suppressing the formation of the kolecule by lowering it's dissociation energy from 4.48 eV
to 1 eV. Them(My ) relation flattens again fa¥/y, > 14, m < 0.2 M, as degeneracy in the stellar core
becomes increasingly important for smaller masses ligitimther contraction@,[11}). Lower panel:
The derivatives of the same relations plotted in the uppeelpare compared with ;.. from Fig. [}
scaled to fit this figure.



Figure 3: Model LFs (number of stars per unit volume and magnitude amatibn of the absolute
magnitude in the V-band) are constructed using the semiraapKTG93 MLR (@0) (left panel) and
the most advanced theoretical MLR computed by Baraffe éaa 5 Ga population of solar composition
@3) (right panel). The MLRs are plotted in Fif]. 2. The models @mpared with the observed solar-
neighborhood LFs shown in Fifj. 1. For a given IMF, the upp&dl) curves are single-star LFs. The
lower curves show the unresolved system LFs in which therlosiiies of stellar companions are added
for a population of 8000 single stars, 8000 binaries, 30les and 1000 quadruples (40:40:15:5 %,
respectively). Companions with mas$e8’ < m /M < 1 are combined randomly from the IMF. The
models assume perfect photometry, no distance errors amg:tadicity or age spread. The model system
LFs thus reflect the empirical photometric LF corrected faltdquist biasW 1., whereas the observed
U .car 1S broadened mostly due to the metalicity and partially am sgread which is not modeled. The
models are scaled to fit the LFs f;,, ~ 7 with equal scaling for the single-star and system LFs for a
given IMF. In the left panel the IMF is is a two-component powav with Salpeter exponent, = 2.3

for 0.5 — 1.0 Mg, but for0.08 — 0.5 M, a3 = 1.6 for the dot-dashed model aiad = 1.0 for the solid
model. In the right panel it is a one-component power-lgis) o« m~, over the whole mass range
(0.08 — 1 M) with o = 1.8 (dot-dashed model) and = 1.2 (solid model). The models are selected to
roughly give similar overall deviations about the data aredret intended to be best-fit solutions. Note
that the change in shape of the IEY /d M2, is an interesting observable containing information abou
the MLR and the underlying IMF.
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Fig.[4: Upper left panel: The measured stellar mass functiofis, as a function of logarithmic stellar
mass {m = log;,(m/Ms)) in the Orion nebula cluster (ONC, solid black circlgé])j, the Pleiades
(green triangles, @) and the cluster M35 (blue solid circleg(f). The decrease of the M35 MF
belowm =~ 0.5 M remains present despite using different MLRs. None of tidBe are corrected
for unresolved binary systems. The average Galactic-fielglesstar IMF is shown as the solid red
line with the associated uncertainty range (¢qg. 5 in TbleThe ONC data are from the Hillenbrand
optical survey withinr = 2.5 pc of the center of the cluster. The clusterris< 2 Ma old and has a
metalicity [Fe/H] = —0.02. For the Pleiades; = 6.7 pc, 7 ~ 100 Ma and [Fe/H]= +40.01. For
M35 r = 4.1 pc, 7 =~ 160 Ma and [Fe/H]= —0.21. Lower left panel: The shape of the ONC MF
differs for very low-mass stars above the completeness tifthe survey if different pre-main sequence
evolution tracks, and thus essentially different theoe¢tMLRs by D’Antona & Mazzitelli (DM) are
employed. For more details sd&lf. The lower part shows the ONC MF if “DM94” pre-main sequence
models are used, whereas the upper part shows the MF if “D389thodels are used. The average
IMF is as in the upper left panelpper right panel: Mass segregation is very pronounced in the ONC.
This is evident by comparing the MF for all stars within twdfelient radial regions centered on the
cluster center. The solid black circles are for all starimit- = 2.5 pc and the open green circles are
for all stars withinr = 0.35 pc, from the Hillenbrand ONC surveflT®. The solid green triangles
are forr = 0.35 pc, from @1). Lower right panel: The ratio of the MFs in the different circular
survey regions of the upper right panel shows the pronountass segregation in the ONC. The IMF
ratio, £,(r < 2.5pc)/éL(r < 0.35pc), is plotted as blue solid circles. It increases with dedreps
mass. This comes about because the number of low-mass s@epleted in the inner ONC region.
Stellar-dynamical models of the ONC can be used to studyeibthserved mass segregation (blue solid
dots) can be arrived at by dynamical mass segregation. ||timen we have definite proof that the mass
segregation is primordial and thus that the IMF varies adtleam small scales<( 1 pc). The model
snapshots shown are from model B B8) and assume the average IMF. The masses of single stars and
binary systems are counted to constr§ict Initially the ratio is constant with stellar mass because t
model starts with no mass segregation. The red solid sqaaees snapshot at 0.9 Ma, whereas the red
open squares are for 2.0 Ma. The dotted lines are eye-bab tite data. The data demonstrate that mass
segregation develops rapidly and that by about 2 Ma the wbdaffect is obtained. This casts doubt on
the primordial origin of the observed mass segregation.






Fig.[B: Upper panel: The alpha plot compiles measurements of the power-law indeas a function

of the logarithmic stellar mass and so measures the shapéét @Notation: im = log;,(m/Mg),

It =logo(7/yr), IL = log,o(L/Lg)]. The shape of the MF is mapped in the upper panel by plotting
measurements af at < Im >= (Img — lm;)/2 obtained by fitting power-laws{(m) o« m~?, to
logarithmic mass rangesn, to ims (not indicated here for clarity). Many of the green circlexla
blue triangles are pre-1998 data compiled by Sci@® (53 for MW (green filled circles) and Large-
Magellanic-Cloud clusters and OB associations (blue ddbahgles). Newer data are also plotted using
the same symbols, but some are emphasized using differettiocdy and colors, such as by yellow
triangles for globular cluster MFs (Tabfe 3). Unresolvedltiple systems are not corrected for in all
these data including the MW-bulge data. The average selgihorhood IMF (eqf]5 in Tab[¢ 1) are the
red thick short-dashed lines together with the associatedrtainty ranges. Other binary-star-corrected
solar-neighborhood-IMF measurements are indicated asmtaglotted error-bars (Talfle 3). The quasi-
diagonal black lines are analytical forms summarized indfib The vertical dotted lines delineate the
four mass ranges (ef]. 5 in Tafjle 1), and the shaded areaghighiose stellar mass regions where the
derivation of the IMF is additionally complicated espelgidbr Galactic field stars: f00.08 < m/Mg <
0.15 long pre-main sequence contraction timBg) (make the conversion from an empirical LF to an
IMF (eq.[1) dependent on the precise knowledge of stellas agel the SFH. Fdi.8 < m/Mg < 2.5
uncertain main-sequence evolution, Galactic-disk ageta&FH of the MW disk do not allow accurate
IMF determinationsf). Lower panel: The bolometric MLR/L(Im), and stellar main-sequence life-
time, [, are plotted as a function of logarithmic stellar mass. Tieeutainty in the age of the Milky-Way
disk is shown as the shaded region. Stellar spectral typesritten between the panels.
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Figure 6:The histogram of MF power-law indicea) for massive stard#: > 0.40). If the o measure-
ments are not distributed like a Gaussian function themtiaig imply that some of the data are different
from the mean because of true IMF variations. The greendnato shows the observational data from
Fig.[§. The blue shaded histogram shows theoretical vahoes &n ensemble of 12 star clusters con-
taining initially 800 to10* stars that are snapshots at 3 and 70 FB. (Stellar companions in binaries
are merged to give the system MFs, which are used to measuree assumed IMF is €q 5 in Talle 1.
The dotted curves are Gaussians with meamd standard deviation,,, obtained from the histograms.
The theoretical data give a>= 2.20,0, = 0.63 (magenta dotted curve), and thus arrive at the input
Salpeter value. The empirical data from Hig. 5 give>= 2.36, 0, = 0.36 which is the Salpeter value.
Fixing oy =<a> and using only « |< 2 o, for the observational data gives the narrow thin red dotted
Gaussian distribution which describes the Salpeter peak=(2.36, o,y = 0.08).



