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Abstract

Stars are thought to be formed predominantly in clusterse §thr clusters are formed according to a cluster
initial mass function (CMF) similar to the stellar initialass function (IMF). Both the IMF and the CMF can
be approximated by (broken) power-laws, which favour loassiobjects. The numerous low-mass clusters will
lack high mass stars compared to the underlying IMF, sineertbst massive star cannot be more massive than its
host cluster. If the integrated galactic initial mass fimc{IGIMF, i.e. the total stellar mass function of all stars
in a galaxy) originates from stars formed in star clustérs, IGIMF could be steeper than the IMF in clusters.
We investigate how well constrained this steepening is amdihdepends on the choice of sampling method and
CMF. We investigate the observability of the IGIMEext in terms of galaxy photometry and metallicities. We
study various ways to sample the stellar IMF within star teltss and build up the IGIMF from these clusters.
We compare analytic sampling to several implementatiomammdom sampling of the IMF andftérent CMFs.
We implement dierent IGIMFs into thesaLev evolutionary synthesis package to obtain colours and fioitias

for galaxies. Choosing fiferent ways of sampling the IMF results irfiérent IGIMFs. Depending on the lower
cluster mass limit and the slope of the cluster mass functiom steepening varies between very strong and
negligible. We find the size of thefect is continuous as a function of the power-law slope of tMFGf the
CMF extends to masses smaller than the maximum stellar miagsnumber of O-stars detected by GAIA will,

if some uncertain factors are better understood, help tggutie importance of the IGIMFfect. The impact

of different IGIMFs on integrated galaxy photometry is small, imitthe intrinsic scatter of observed galaxies.
Observations of gas fractions and metallicities could ouleat least the most extreme sampling methods, if other
sources of error are fiiciently understood. As we still do not understand the detfilstar formation and the

sampling of the stellar IMF in clusters, one sampling metbadnot be favoured over another. Also, the CMF
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CHAPTER 5. VARIATIONS IN IGIMFS

at very low cluster masses is not well constrained obsemally. These uncertainties therefore need to be taken
into account when using an IGIMF, with severe implicatioas dalaxy evolution models and interpretations of

galaxy observations.

5.1 Introduction

A series of papers (Kroupa & Weidner, 2003; Weidner & Kroup@d4, 2005,
2006, the latter WK06 from now on) pointed out that the dittion of initial
stellar masses in a galaxy may significantly deviate fromirtfil mass function
(IMF) the stars have when they are born, if the vast majoritgtars is born in
clusters. These clusters follow a power-law mass functibe ¢luster mass func-
tion, CMF), which means that most stars form in low-masstehss In low-mass
clusters there is a deficiency of massive stars (as the masiveastar cannot ex-
ceed the total cluster mass), resulting in an integrateatcgalinitial mass function
(IGIMF) that is, at the high mass end, steeper than the IMF.

The universality of the IMF is still an often debated topid. id as yet not
clear whether the IMF in all Galactic star clusters is the sawhether or not the
field stars in the Milky Way follow the same mass distributemcluster stars, and
whether the IMF in other galaxies is the same as here. The Bvshaped by
the very complicated processes which transform molecltardccores into stars,
processes which would be expected to be environmentakdepé Therefore, a
non-universality of the IMF would intuitively be expected.

As the distribution of stellar masses has a profound impachany aspects of
the evolution of galaxies, it is important to know to whatenttthe IGIMF deviates
from the underlying stellar IMF (which is often used as IGIMiFgalaxy evolution
studies) and how thisfizects galaxy properties. For example, the relation between
star formation rate andddluminosity is shown to be steeper in galaxies with a very
low star formation rate (Skillman et al., 2003), which canelsplained by having
a steeper IGIMF for low SFR galaxies (Pflamm-Altenburg et2007) due to the
preferential formation of low-mass clusters. Also, thedigats in galactic disks
of SFR and K luminosity are diferent due to clustered star formation (Pflamm-
Altenburg & Kroupa, 2008). The supernova rate per unit atathass formed and
the chemical enrichment history of a galaxy are influencethbyGIMF as shown
by Goodwin & Pagel (2005). In a recent paper Hakobyan et @042 study the
difference in rates of supernovae of typécliand type Il and find that their re-
sults can be explained by having a steeper IMF in the ousstirgalaxies than in
their centres, which can be explained by fietent ‘IGIMF’ in the outskirts of the
galaxy as compared to the inner regions due to a lower SFReinutskirts.

Recently, Recchi et al. (2009) investigated th¢He] versus velocity disper-

142
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sion in early type galaxies and the rates of supernovae &f Dgte Il and la in
several galaxy types in the light of the IGIMF framework. YHind that if one
assumes a constant star formation rate over a Hubble tire,fthn all but the ir-
regular galaxies these numbers agree well with the obsefalees. Recchi et al.
(2009) explained this discrepancy by stating that for mfaggalaxies a constant
SFR over the age of the Universe is not likely to be a good aqumiation.

However, other studies (see e.g. Sandage (1986)) find appatety constant
SFR for late-type spiral galaxies (&d), and declining SFRs with time for earlier-
type galaxies (where the decline time decreases while dming Sc to E galaxies).
For Sa-Sc galaxies, the SFR is directly related to the aMailgas mass, resem-
bling the Kennicutt-Schmidt law (Kennicutt 1998a). Stads, superimposed on
any of the standard Hubble types, seem to be a common phenom&hey have
the strongest impact on photometry and chemical enrichfoeldte-type galaxies
(which are typically of low mass) and major mergers (due t titiggered ex-
tremely high SFRs). Such starbursts might be interpretéceasntly rising SFR”
as found by Recchi et al. (2009).

WKO6 test three dferent scenarios for sampling stellar masses in a cluster.
They conclude that ‘sorted sampling’ (see Sect. 5.3.3)repsbduces the observed
relation between maximum stellar mass in a cluster and tistesi mass (but see
Maschberger & Clarke (2008) for a critical re-evaluationtlois relation). The
amount of steepening of the IGIMF is found to depend on theptiaghn method
and on the power-law index of the low-mass end of the CMF.

For galaxies as a whole, the low-mass end of the CMF is notaeektrained.
Even in the Milky Way we can only see low-mass star-formirgjams (few to few
tens of solar masses) nearby, while for distant galaxiels segions are too faint.

In this work we investigate the dependence of the IGIMF on the

1. Sampling methodstellar masses in clusters can be sampledffer@int ways
from the stellar IMF. We will show that the specific samplingthrod is in-
deed important and thatftierent sampling methods givefidirent results, as
was already shown by WKO06. We will extend their set of sangpiirethods.

2. Cluster mass functionit is to be expected that theffects on the IGIMF
depend on the CMF. Sampling issues become more importatavfemass
clusters, and therefore a lower minimum cluster masgoauadsteeper CMF
will result in a stronger steepening of the IGIMF. We takeeslied CMFs
for high mass clusters and extrapolate them down to the massdserved
star forming regions in the solar neighbourhood. We ingesti the impact
of different lower mass limits and power-law indices.

In Sect. 5.6 we implement some IGIMFs into the GALEV galaxplation
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models (Bicker et al., 2004; Kotulla et al., 2009), whicHdual the photometric and
chemical history of idealized galaxy models self-consigye We will investigate
how properties like the integrated broadband photometsgveral filters and total
gas metallicity are influenced by taking into account sangpigsues in the IMF,
and discuss observational needs to quantify the importahtee IGIMF dfects
for galaxy evolution and observations of integrated galawoperties.

We will start by presenting the mass distributions of stas eusters that we
use in Sect. 5.2 and discuss our sampling methods, incluiognsistency test
of the sampling methods in Sect. 5.3. The results for the IGke shown in
Sect. 5.4 for several sampling methods with a constanteriusass function and
for one sampling method with a variety of cluster mass fumsti In Sect. 5.5
we calculate the number of O-stars that will be observed byAGAnder various
assumptions, and we compare the results of our IGIMFs wihatbrk on single
O-stars by de Wit et al. (2004, 2005). Sect. 5.6 describeg#hxy evolution
models and shows results on the integrated photometry agrdichl enrichment
of galaxies with various IGIMFs. The conclusions are présgéim Sect. 5.7.

5.2 The underlying mass functions

Here we discuss our choices for the stellar IMF and the alussess function. The
methods of sampling these distribution functions are tpéectof the next section.

5.2.1 The stellar initial mass function
For stars we used the Salpeter (1955) IMF:

&(m) = dN =A-m?,

dm
with —a = —2.35. The reason for this choice was computational simplicitiye
steepening of the IGIMF as found by Kroupa & Weidner (2003gidNer &
Kroupa (2004) happens at relatively high stellar massesyliich other IMFs (e.g.
Kroupa, 2001; Chabrier, 2003) have similar power-law iadicThe diferences are
expected to be small betweerffdrent IMFs. We will compare the Salpeter IMF
to the Kroupa (2001) IMF in Sect. 5.4.1. The normalizatiomstant &) was
calculated from the total number or mass of stars. The mimirand maximum
stellar masses were taken to be 0.1 and RO respectively. Although there are
indications that there is a fundamental stellar upper nasgsdf ~150 M, (Weid-
ner & Kroupa, 2004, and references therein), the uppeiastelass limit has little
influence on our results.
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5.2.2 The cluster mass function

For the star clusters we assumed a power-law mass functiolasto Eq. 5.1.:

N _ 5w

There exists a debate betweeftalient groups who try to obtain the cluster ini-
tial mass function (CMF) in distant galaxies. In studiesaehhiry to constrain the
power-law slope of the CMF from the relation between the SFR galaxy and
the number of clusters in a galaxy (or, equivalently, theihowsity of the brightest
cluster in a galaxy), many groups find valuegof~ 2.3 — 2.4 (e.g. Larsen, 2002;
Whitmore, 2003; Weidner et al., 2004; Gieles et al., 2008&)re direct measure-
ments of the masses of the clusters, however, tend to fin@vaonsistent with
B =20 (e.g. Zhang & Fall, 1999; de Grijs et al., 2003; McCrady & am, 2007;
Larsen, 2008). Bastian (2008) notes that this discrepaanybe alleviated by as-
suming that the clusters really follow a Schechter-like srdistribution, which is
a power-law at low masses, but turns over at a typical massaintexponential
fall-off of the number of clusters. The high mass of this turn-ovew €°M,)
makes it hard to infer directly from the masses. Their streffigct on the upper
mass limit for the clusters in a galaxy makes it detectaldenfa statistical point
of view, though. See below for a discussion on how Schedikei€MFs might
influence the IGIMF #&ect.

Here we took pure power-laws with a slopet 2.2 for consistency with
the work of Weidner & Kroupa (2004), and to have a case that lsetween the
values found by the two competing camps. In Sect. 5.4.3 waudssthe specific
caseB = 2.0 as well as a continuum of slopes in the rapge 1.8 — 2.4, to cover
the whole range of slopes found observationally.

Although the range of cluster masses probed is wide, thenzditgenally acces-
sible extragalactic star clusters have masses exceedgVg) except for clusters
in the Magellanic Clouds. As minimum mass for star clusteesused a default
value of 5Mg, as did Weidner & Kroupa (2004). As the value for a physiceldo
mass limit for clusters, if any, is unknown, this mass waemakecause it is the
lowest mass of groups of stars that is observed to be formitigel Taurus-Auriga
region (Bricefio et al., 2002). This lower limit is far beldlae range in which the
power-law behaviour is observed. It is an extrapolation ofarthan two orders of
magnitude. This extrapolation is assumed in other IGIMElistu as well and the
best we can currently do. The upper mass limit for star clastas set to infinity.

We varied both the lower and the upper mass limits to invatgigow sensitive
our results are to variations of these values. The minimwstet mass is expected
to be important, and &, is far below observational limits of any young star cluster
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that is outside the solar neighbourhood. Observationatations for an upper
cluster mass limit are found in e.g. the Antennae (Zhang & E8B9) and M51

(Gieles et al., 2006b; Haas et al., 2008) and in general ftenrelation between
the brightest cluster in a galaxy and its star formation bgt&/eidner et al. (2004);
Bastian (2008). These upper mass limits are found to be drb? %> M,. See

Sect. 5.4.4 for an investigation of star formation rate deleat IGIMFs.

5.3 Sampling techniques

In this section we discuss several ways to sample the disirib functions de-
scribed in the previous section.

5.3.1 Star formation scenarios and sampling of the IMF

Ideally, one would like to connect sampling methods in nicaéexperiments like
the one conducted here in some way to the astrophysics gaing e studied
system. Here this would mean that we construct a method oplsagnstellar
masses in a cluster, which is based on a scenario about r®ueldbkter forms from
its parent molecular cloud. It is expected that the IMF foumstar forming regions
harbours a wealth of information about the star formatiarcpss. A recent paper
by Dib et al. (2010) indeed describes several ways of bugldip an IMF from star
formation scenarios.

The problem with constructing sampling methods in this wathat it is not
at all guaranteed that the mass function inside clustel®iselthe same functional
form in all clusters. Besides, the mass function of cloucesds an equally un-
certain factor. Likewise, the large number of free paransetand inherent un-
certainties of physical star formation scenarios wouldhbithus in drawing any
conclusions. The point of this paper is to show tlfie&s of diferent sampling
methods, given that the underlying IMF is the same. We chosestore to use a
single underlying IMF and constructed sampling methods dbanot necessarily
represent physical star formation scenarios.

5.3.2 Analytic sampling

The first method to sample a distribution function we disdasmalytic in nature.
We use the fact that the total mass of stars inside a clustettliie cluster mass) is
calculated from

Mmax
Mg = f m- &(m) dm,

Mimin
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wherem,,, = 0.1 Mgy andm,,,, = min(100Mg, M,). Limiting the mass of the most
massive star present in the cluster ensures that there atansanore massive than
their host cluster.

The normalisation of the IMFA in Eq. 5.1) is defined by relation 5.3. Sam-
pling the distribution function is done by using

Mmax

N; = f &(m) dm

m
with N; = N; = 1 for the most massive star (this star has the mags?2 for the
second most massive and so on. For any cluster mass the robaliesars present
in the sample are uniquely determined, see also Weidner &pag2004).

5.3.3 Random sampling

In order to introduce stochasti¢fects, we will mainly sample mass functions ran-
domly, as it ensures that random fluctuations are preseheigsample of masses.
Whereas the analytic way of sampling will never produce avg0star in a 100
Mo cluster, this will happen (although rarely) when sampliagdomly. There are
nevertheless issues, as described below.

A random number from a distribution function was drawn usimgndom num-
ber, uniformly distributed between 0 and 1 as many numepaakages can pro-
vide you with, and the normalised cumulative probabilitydtion, which is the
normalised cumulative probability density function, whign this case) is itself an
integral over the mass function :

m

CPDF(n) = f CMFdm,
Mmin
normalised to CPDF(nay = 1. Inverting Eg. 5.5 and inserting uniformly dis-
tributed random numbers provided the desired randomly Eahpasses.
For power-law distribution functions, the inversion cardo@e analytically, so
that the necessity for time consuming numerical integnatiothe use of look-up
tables (constraining the flexibility of our research) isverged.

The total mass of the cluster

When sampling stars one by one, the chances of them adding exattly the
cluster mass are marginal. Therefore one has to make a ciloicé which stars
to include. One way is just sampling stellar masses until fpat go over the
predetermined total cluster mass. Four choices can be made:
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1. Stop at that point. The cluster mass will always end ughslichigher than
the predetermined value. We will indicate this method bgpsafter’, as we
always stop just after passing the cluster mass aimed for.

2. Remove the last star drawn. The cluster mass will now besically
lower than the masses drawn from the CMF, we will therefoterebate it
by ‘stop before’.

3. Only remove the last drawn star if then the total mass setlo the desired
value. The cluster masses are sometimes slightly loweresoras slightly
higher than the predetermined value. This will be our defalbice, indi-
cated by ‘stop nearest'.

4. Like the previous option, but removing the star at 50% gbility, regardless
of whether it would bring the cluster mass closer to the pedeined mass
or not. This will be called ‘stop 560'.

Sorted samplinga la Weidner & Kroupa (2006)

An alternative treatment was introduced and extensivedieteby WKO06, ‘sorted
sampling’: Draw a number of starl(= My/Myengd IN Which My, is the cluster
mass andn,.....Is the average stellar mass in the IMF under consideratitenT
draw that many stellar masses from the IMF. Repeat this itdked mass is not
yet the desired cluster mass by drawing an additioNa] € > M)/ Myerage Stars
(where}; m is the sum of the masses already drawn). When the clusterimass
first surpassed, sort the masses ascendingly and removeostamassive star if
that brings the total stellar mass closer to the desiredasiusass. Only the most
massive star drawn can be removed. If the first sample of gtees over the cluster
mass by a large amount, still only one star can be removede @ correction
upwards in mass can be with any arbitrary number of stars.

Sampling to a total number of stars

Alternatively, one can once draw a predetermined numbetaos $or a given clus-

ter from the IMF. The number of stars that is drawn is, as imtémb sampling’,
given byN = M, /Myeqge IN this case some clusters may become much more or
much less massive than the mass that was sampled from therchess function.

We will indicate this method simply with ‘number’.
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Log[Recovered cluster mass (M,,)]

Figure 5.1: The fraction of clusters per unit Idg) as a function of cluster mass.
The input CMF is shown as solid straight black line. The codoly discontinuous
lines are recovered CMFs after populating clusters withssidth the indicated
sampling methods. The input CMF is plottefiset, to more easily distinguish the
recovered CMFs.

Limiting the stellar masses to the cluster mass

By default we limited our maximum possible stellar mass #rttass of the cluster
(so that e.g. &M, = 10 Mycluster can contain only stars at most as massive,as
= 10 Mg). Otherwise, clusters of a predetermined mass may end Upanstar
that is more massive than the cluster itself. However, we tied it without this
constraint, in which case we add ‘unlimited’ to the name. eNtbiat lowering the
maximum possible stellar mass heightens the probabilitgfawing lower mass
stars (per unit mass), as the integral of the probabilitysderiunction of stellar
masses should still be one.

5.3.4 The recovered cluster mass function

One consistency test for the sampling methods is to see ethetiot the mass
function of the clusters after populating them with stacfrithe IMF recovers the
input CMF. For some of the methods mentioned it is obvious i total mass
will always be over- or underestimated (e.g. stopping thepiag always right
after or right before you passed the cluster mass, where #ss mill be over- or
underestimated by on average half an average stellar magsafdMF). For the
high cluster mass end thesdtdirence are negligible, but that is not necessarily
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Salpeter T
| ———— Stop before <4
—————————— - Stop nearest = default
rl —-—-=-= Stop after

Figure 5.2: The IGIMF for randomly sampled stars in clustamsl (1) the next
star would overshoot the cluster mass (dashed), (2) a massshdo the cluster
mass is reached (dotted), or (3) one star crosses the aassr (dot-dashed). The
solid line is the input Salpeter IMF. The value on the vettaas is the fraction of
all the stars that are in that particular mass bin.

clear for very low cluster masses, where the recovered CMidee steeper or
shallower than the input CMF.

In Fig. 5.1 we compare the input CMF (solid black line, shifts/ an arbitrary
vertical dfset), to several recovered CMFs after populating the dlsistéh stars.
The default sampling method is shown in red (dashed), angréferred method of
WKO06, sorted sampling, is shown in dash-dotted blue. Therhaedels for which
discrepancy is expected are shown in the dotted green [iffes expected under-
or overestimate of the total mass+s0.3 My, which is more than an order of
magnitude less than the very lowest cluster mass. It turnéthat even for these
models the discrepancy is marginal. Therefore we cannetaut one or another
sampling methods based on the recovered CMF.

5.4 Integrated galactic initial mass functions

We drew samples of YOclusters from a cluster mass function with &M o
M~22, We tested several sample sizes and foundt@e both computationally
feasible and showing only tiny statistical fluctuationsifgse.g. 16 clusters re-

150




5.4. INTEGRATED GALACTIC INITIAL MASS FUNCTIONS

sults in IGIMF scatter nearly as big as thdfeience between some models we
tested). We constructed the IGIMF by sampling the starsdrchisters in dterent
ways, as described in the previous section, and summed gfaedlfrom the indi-
vidual clusters. In Fig. 5.2 we show three IGIMFs from randsampling, together
with the Salpeter IMF.

5.4.1 Sampling methods

Figure 5.2 clearly indicates that the IGIMF steepens fohlsiggllar masses, due to
the lack of high-mass stars in low-mass clusters. Also, rifqgact of using either
of the three methods is comprehensible: stopping the sagplne star before
the cluster mass filled up biases maost against high stellasesaas the chance of
going over the cluster mass is higher for a higher-massatarjoing slightly over
the cluster mass biases least against high mass stars. SRettaudiferences are
small, from now on we plot the fraction of all stars in a mass blivided by the
fraction predicted from the input stellar IMF (i.e., Sake{1955)). The same data
as in Fig. 5.2 are used for Fig. 5.3, where th@atences become clearer.

In Fig. 5.3 we also compare the analytic method of samplingxg$ained in
Sect. 5.3.2 to the random sampling methods. Both have tharsteasses limited
to be at most the cluster mass, but in the random samplingnitpet sometimes
a relatively high-mass star does occur in a low-mass clusteis is not the case
for the analytic sampling, which results in the sharp dowmtat masses close
to the upper limit. As noted by WKO6, the ‘sorted sampling’thaal resembles
the shape of analytic sampling, although less severe. Tatoreis even steeper
(approaching an IGIMF power-law index of -3) for> My nin.

Sampling a number of stars equal to the cluster mass divigietidbaverage
stellar mass for the IMF under consideration is also showfign5.3. If the aver-
age mass is calculated with the upper mass limit in a clusteteld to the cluster
mass, the method gives results rather similar to the defaeihod. When the av-
erage mass is always calculated for a well sampled IMF betWwekand 10M,,
the resultant IGIMF is indistinguishable from the input IM¥ote that the cluster
mass function is still intact.

Using a Kroupa (2001) IMF results in the green dot-dot-cedtoed line in
Fig. 5.3. The bend again is found at roughly the same stellssnas for the
Salpeter IMF. Deviations from this at lower mass are strartheugh, as the mean
mass of a star in the Kroupa IMF is bigger than in a Salpeter. IBtranging the
upper stellar mass limit does not influence any of the resilisr than that the
lines extend to higher stellar masses.

Comparing the calculations to the light grey dotted lines-ig. 5.3 shows
that all random sampling techniques give high-mass-enceptaw indices of the
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Figure 5.3: The same as Fig. 5.2, but for every mass bin divijethe expected
value for the input IMF. The IGIMFs presented in Fig. 5.2 agpresented by the
solid lines in various colours. The ‘stop /50’ model is included as well. We
also include the ‘analytic sampling’ case (dotted lineg #ampling of a specific
numberof stars based on the expected mean mass, limited by therclusiss

(black dashed) and unlimited (magenta dashed, going arthen@alpeter line).
The black dot-dashed line is the ‘sorted sampling’ metho@&i06. The realisa-

tion for a Kroupa (2001) IMF is shown in the green dot-dot-dashed line (almost
on top of the black solid (default) line). The light grey amttlines with numbers
are lines that would have the indicated power-law index elGIMF.

IGIMF very close to -2.60, whereas the analytic samplindghiégue is slightly
steeper~2.67 and turns completely down close to the physical upper firags
for stars (i.e. the mass of the cluster needs to become extiydrigh in order to
sample a star with a mass very close to the upper mass limit).

5.4.2 The cluster mass function

In all randomly sampled realizations, the steepening besowery prominent at
m= 10°>"M, = 5 M, the lower mass limit for clusters. The analytically sandple
case becomes steeper at lower masses, as there the moseratssiin these low-
mass clusters are well below the cluster mass. We investigaiw the steepening
depends on the imposed lower cluster mass limit and therstssmf the cluster
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Figure 5.4: The same as Fig. 5.3, but now for variations ofttbster mass func-
tion. We show our default (minimum masdVg,, power-law index -2.2) model and
four other models: slopes varied to -1.8 (dotted) and -3a3l{dd) and the mini-
mum cluster mass set to 1 (blue solid) and\Bg(red solid). The light grey dotted
lines give an indication of the slope of the lines when pbbidés an IGIMF with
power-law indices as indicated.

mass function.

In Fig. 5.4 we show the IGIMFs, as obtained with our defautd@m sampling
model, for three dferent lower cluster mass limits (1, 5 and B, for a CMF
slope of -2.2) and three filerent cluster mass function slopes (-1.8, -2.2 and -3.2
, for a lower cluster mass limit of My). The flattest CMF and highest minimum
cluster mass use samples of busters instead of Y@&lusters. The higher mass in
clusters makes the IGIMF less sensitive to errors from sgugsttatistics in stars.
It can be clearly seen that the deviations of the IGIMF fronmamdard Salpeter
IMF start at the minimum cluster mass. Results thereforsemsitively dependent
on the cluster mass functions at very low cluster masses. stdepness of the
IGIMF depends on the power-law slope of the cluster masgifamcChanging the
cluster mass function power-law index from -2.2 into -34£2Z; not shown in the
figure) makes the IGIMF slope steepen from -2.6 to -3.6 (-4L8 steepening still
occurs at the minimum allowed cluster mass. A flatter CMFeslofp-1.8 results in
a much shallower IGIMF compared to our standard case, il tieviations from
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Figure 5.5: The deviation at 10 and 1@@(stars and diamonds, respectively) of the
value of the IGIMF as compared to the IMF as a function of theFG\Nbpes in the
region aroung = 2. For the ‘sorted sampling’ method (dotted lines) we penked
the Monte Carlo simulations at intervalsg$ = 0.1 from 1.8 to 2.4 (including the
entire range of observationally determined values) usirgyraillion clusters. The
default, fully stochastic sampling (solid lines) simutais are performed using ten
million clusters withs varying steps of 0.05.

the input Salpeter (1955) IMF. We can also conclude thatreg & thdowermass
limit of the CMF is higher than theippermass limit of the IMF, IGIMF &ects
are negligible. We would like to emphasize that although waedua lower mass
limit of the CMF of 5 M, (i.e. considerably lower than the upper mass limit of the
IMF), this value as well as the shape of the CMF at masses keli@w hundreds
solar masses is very uncertain due to a lack of observatitatal even in the Milky
Way.

543 Thes =2CMF

In Elmegreen (2006) it was claimed that in the case where M€ S described

by a power-law ofs = 2, IGIMF effects vanish, making this a singular case in

between oupB = 1.8 andB = 2.2 cases. In order to validate this result, we ran sim-
ulations with values foB close to and including 2. To address the behaviour of the
deviation of the IGIMF from the IMF, we plotted the deviatiohthe IGIMF from

the underlying IMF at two dferent stellar masses as a functiorpah Fig. 5.5.

We used a minimum mass ok, for the cluster CMF, no upper mass limit and
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plotted the results fom, = 10 and 100M,, in bins of widthAlog(m,) = 0.2. We
performed the exercise for our default sampling method adiffd8rent values of
B (i.e., with A3 = 0.05), and for seven ferent values with the ‘sorted sampling’
technique from WKO6 (i.e., witih3 = 0.1).

We found the results fg8 = 2 to be non-singular and to follow the expected
behaviour from its surrounding points. The vanishifi@ets found by Elmegreen
(2006) were not reproduced in our simulations. In the Moraddsimulations de-
scribed in EImegreen (2006) a smalffdrence was already visible. In the intuitive
analytic section it is explained why there should be ndedénce. This conclu-
sion was based on the crucial statement that ‘the probabiliforming a star of
a particular mass is independent of cluster mass’. This lig tone for stars in
clusters with masses higher than the upper mass limit fos.stor clusters with
lower total masses, the situation is more complex: stans mgsses higher than
the total cluster mass get assigned zero probability (ardes does not impose a
limit to the stellar mass equal to the cluster mass), whaesstith lower masses
get higher probabilities to fulfil the IMF normalisation. Fany value ofB there
is some number of clusters which will lack high mass starsclvmakess = 2 a
normal case without singular features. The claim by EImagi@006) is correct
only if the lower limit of the CMF is higher than the maximunel&r mass, in
agreement with our own findings.

We learn from Fig. 5.5 that choosing a value for the power-lagiex of the
CMF of -2.2 instead of -2.0 produces a largdéieet, as does the choice of sam-
pling method made by WKO06 compared to our default method. oliservational
support ford = 2.4 justifies the use g8 = 2.2 in the rest of this work.

5.4.4 Star formation rate dependent upper cluster mass linti

On purely statistical grounds a relation between the standtion rate (SFR)
and the mass of the most massive cluster in a galaxy is expesselong as the
timescale to form a complete population of clusters is fixak(Maschberger &
Kroupa, 2007, they find a timescale of 10 Myr). This relatisrekpected to be
linear. However, Weidner et al. (2004) have found a relakietween the SFR of
a galaxy and the mass of its most massive cluster that istlslighallower than
linear:

log(Mgimay) = 0.75- log(SFR)+ 4.83.

In this section we will show Monte Carlo simulations with @ppluster mass limits
which correspond to SFRs of 170to 10* My, yr~! in steps of half a dex in SFR.
As galaxies with a very low SFR in general also have very lovgsea (dwarf
galaxies), we can expect to have more statistical (shosgrinilow SFR samplings.
In order to get a handle on the median IGIMF and the 68%l¢) confidence
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Figure 5.6: SFR dependent IGIMFs, in which the SFR sets arrugpster mass
limit, given by Eq. 5.6. We ran the lowest SFR modelsfisiently long to get

converged confidence intervals which are shown by the cetbuegions around
the solid line medians. For the higher SFR simulations, éselts are very close
and the confidence intervals extremely narrow. Therefoeepmly plot the result
of one simulation. The order is in a way that the higher thefstanation rate (and
hence the upper cluster mass limit), the shallower the IGIN&i e that the highest
SFRrunis 16 Mg yr1.

intervals we assumed that the galaxies have formed stal®fGyr, together with
the SFR this gives a total stellar mass. The CMF (with a lonasscut-& of 5SMg
and a power-law index of -2.2) then sets the number of clsistewn. For the very
low SFR runs, there were not so many clusters to be drawr (¥Q yr~- 10 Gyr
= 10° M, total stellar mass). We ran 500 realizations of the lowefSgradually
reducing this number, as the 68% confidence intervals agenarow already for
relatively low SFRs. The corresponding upper cluster miastsirange from 18°8
=12 M,, to 10’83 M, so extending from extremely (maybe even unphysically) low
star formation rates and corresponding upper cluster rirags to extremely high
SFR limits. Both limits are far beyond the range in which te&ation between
SFR and maximum cluster mass has been observed. We samplddRtwith the
method which samples up to a total mass and removes the &shditar if that
brings the total mass of stars closer to the predeterminesterl mass described
before (i.e., “stop nearest”). In Fig. 5.6 we show the IGIMéisthe 19 diterent
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SFRs (solid lines). For simulations with a series of runs Wwews medians (in
black) and 68% confidence intervals in colour. It appears fthraa given CMF
and sampling method the statistical variation around thdiamelGIMF is very
small. Also, the high mass end of the IGIMF is steeper for I08€Rs, due to the
lower upper cluster mass limit. With a lower upper clusteissimit relatively
more clusters form with a low mass. As the upper cluster mass increases,
the variation in the IGIMF becomes smaller. This indicates bur simulations,
without an upper limit, are good representatives for higiR ®bjects (galaxies),
whereas for galaxies with a low SFR the IGIMFs are steepefoSgalaxies with
a low SFRthe gfect will in reality be stronger than we indicate

In Bastian (2008) it was claimed that to reproduce the @tabietween SFR
and the maximum cluster luminosity, it is preferred to ha&chechter-like CMF
(i.e. a power-law with an exponential cuff@bove some mass) instead of a pure
power-law. The typical mass at which the CMF turns down erpdtial is a few
times 16M,. As this mass is much higher than the highest stellar masgrétise
shape of the cutfdis not expected to be important. An exponential turn-down at
that mass has a similaffect on the IGIMF to truncating the CMF at that mass. For
the lower limit to the cut-ff mass found by Bastian (2008) the SFR corresponding
to their cut-a¢f mass, according to Eq. 5.6, would be"8M,, yr~1. In Fig. 5.6 it
can be seen that such IGIMFs are hardly distinguishable @Mfs without upper
cluster mass limits.

5.4.5 Constructing IGIMFs from clustered and non-clusteral star
formation

The results described above are only valid if all stars are looclusters. The frac-
tion of stars formed in clusters is a strongly debated gtyantwadays. Cfferent
authors constrain the fraction of stars formed in clusterdifierent and not nec-
essarily comparable ways. The main hindrance here is theitilafi of ‘a cluster’.
Young clusters often get disrupted (sometimes called rinfaortality’) on time
scales of about 17Q/rs (Tutukov, 1978; Kroupa et al., 2001; Lamers et al., 2005)
These young clusters may or may not have a stellar massbdisbrn similar to
clusters which survive their childhood. Also, stars mayrfarithout ever being
part of a “cluster”. Numbers for the estimate of the fractidistars born in clusters
vary from~ 5-10% (Miller & Scalo, 1978; Bastian, 2008, and referenceseting
up to 40% or higher as found in the comparison of cluster mesgugtion for a
particular CMF power-law index by Piskunov et al. (2006){f&ient authors used
different definitions of what a clusfassociation is and found veryfiirent values
for the fraction of stars that is a born in a cluster-like eomiment (see e.g. also
Carpenter, 2000; Lada & Lada, 2003; Porras et al., 2003; kteget al., 2005;
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Piskunov et al., 2008).

The ‘real IGIMF’ (i.e. the true distribution of stellar ma&ssat birth for a whole
galaxy) can be straightforwardly estimated from the IGIMé&nf clustered star
formation (i.e. the results given above), and the IMF froarsborn in isolation.
If we denote the distribution of initial masses in the fieldd§& g, the IGIMF from
clustered star formation (i.e. the results obtained abasd{cIMFR- and the total
IGIMF (the pdf of initial masses of all stars in a galaxy) asME 1, we can simply
write at any given stellar mass

IGIMF1(m,) = f - IGIMFc(m,) + (1 - f) - IMFg(m.),

where f is the fraction of the stellar mass that is born in clustessuming that
this fractionf is independent of stellar mass and that the mass distriigitiothe
right-hand side of the equation refer to distributions vahéce both well sampled.
In practice, this means that the total IGIMFs will end up invieen the IGIMFs
described above and the underlying IMF, weighed by theifraaif clustered star
formation (so lines in Figs. 5.3 and 5.4 will end up in betwéss horizontal line
and the shown IGIMFs).

Note that if the second term in the right-hand side of Eq. §.Jaige, IGIMF
effects may well become negligible, or at least far less sigmifithan indicated in
the rest of this paper.

5.5 The number of O-stars in the Milky Way

One way to judge between the several IGIMFs (or judging onirtiportance of
the IGIMF dfect) would be high mass star counts by upcoming surveys IK&G
(e.g. Perryman et al., 2001).

In order to estimate how many O-stars will be observed by GAlAwill here
undertake the following exercise, in which we keep thingsiagple as possible.
We assume that the IGIMFs described earlier are perfecthpkad (i.e. there are
no sampling issues apart from those that make up the IGIMRa),the SFR of
the Milky Way has been constant for the last 10 Myr, which wk agsume to be
the lifetime of O-stars. Furthermore, we assume that thetifna of all O-stars in
the Milky Way, observed by GAIA, is the same as the fractiomlb&tars together
(i.e. ~10%). This last number is very uncertain. O-stars are vaghband would
therefore be visible to larger distances (the GAIA survelf @ magnitude lim-
ited). If, however, all O-stars form in the disc, the extionttowards them will be
typically higher than for stars above and below the disk. &fiion of the O-stars
may be runaway stars, launched by multiple body interastinryoung star clus-
ters, which can bring them from the disk into less dusty negi(D-stars formed
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Table 5.1: The factoAgvr from Eq. 5.8 for Salpeter and all our IGIMFs.

IGIMF AIGIMF, Salpeter _AIGIMF, Kroupa _fatio
Underlying IMF 2610 4090 1.9
Stop nearest 1650 2670 1.62
Stop before 1490

Stop after 1830

Stop 5050 1710

Analytic 1050

Number 1810

Number unlimited 2610

Sorted sampling 1200 2050 1.71
CMF slope -1.8 2530

CMF slope -3.2 280 450 1.61
CMF slope -4.2 60

Min. cluster mass W, 1210

Min. cluster mass S0 2570

in isolation will typically not get far out of the disk, as \wita random velocity of
a few times 10 kifs, they will not get much further than a few parsecs away from
the disc plane they were formed in). The observed number @ is then given

by

SFR \, At \/f
No = Aveiur (1M@/yr)(10Myr) (61):

in which the SFR is that of the Milky Way, averaged ovdr which is the life-
time of O-stars, andps is the fraction of O-stars in the Milky Way that will be
observed Aigimr is the number of O-stars under the given assumptions, edoll
by dividing the total mass formed by the average stellar réa#se IGIMF, mul-
tiplied with the fraction of all stars that are more massivant 17M, in which
all the IGIMF information is absorbed. In Table 5.1 we give factorAg e for
the Salpeter IMF and all our IGIMFs with underlying SalpdtdfF in the second
column. We rounded the number§ to multiples of ten.

It is now well established that the real IMF in star formingjioas is not
Salpeter-like, but bends over towards lower masses (eaupé, 2001; Chabrier,
2003). The dierence here mainly lies in the number of very low mass stars, f
which our IGIMFs are all indistinguishable from the undarty IMF. The fraction
of O-stars in IGIMFs with other underlying IMFs will befti&rent though, as the
fraction of very low mass stars is lower than in Salpeter, in@khe fraction of
high mass stars higher. For example, the numbers in a Krou@dabrier IMF
will be about 1.6 times higher (the exact values of the raépethds on the sam-
pling methods and cluster mass functions, but do not varyhndo illustrate this,
we ran a selection of our sampling methods also for an unidgriroupa (2001)
IMF, as displayed in the third column of Table 5.1. The lagtiom gives the ratio
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between the results for an underlying Kroupa IMF and an uyiter Salpeter IMF.
From the ratios (for rather ‘extreme’ sampling methodsgit be seen that they do
not vary much from one sampling method to the other.

From the numbers in Table 5.1 it is clear that in principleesa/IGIMFs may
be ruled out by the GAIA survey. Thefticulty in judging between several IMFs
will be in the other numbers quoted in Eq. 5.8. Some of theeextr IGIMFs
can most probably be ruled out with less exact knowledge ebther important
parameters. We stress here that the given numbers are @mythib number of
O-stars observed by GAIA, if the underlying IMF is Salpetedaf the cluster
mass functions assumed are the true mass distributionsirofpsl of forming stars
(as here they are heavily extrapolated from the observed maeges of young
clusters).

5.5.1 Clusters consisting of one (O-) star

Using our sampling methods we could form clusters that ebrdionly one star.
The question whether this is important or not was raised b\Wiest al. (2004,
2005). We track here a) the fraction of clusters that comdiatsingle star, b) the
fraction of clusters that consist of a single O-star ¥ 17My, see de Wit et al.
(2005)) and c) the fraction of clusters for which the most snasstar is an O-star,
which contains more than half the total cluster mass (wetbhae “O-star domi-
nated” clusters). The results are shown in Fig. 5.7. We plabability distribution
functions (PDFs) for the fraction of clusters that have tihdidated properties in
a cluster population. We ran ten thousand realisationsustet populations and
counted for example how many clusters were actually singkta@s and divide
that number by the total number of clusters. The distrilbutid these fractions
is what is plotted. So, the peak of blue dot-dashed line shibaisout of all ten
thousand cluster populations about 0.5-0.6% of their elgsdre O-star dominated.
PDFs that do not add up to 1, like the fraction of clusters tuasist of exactly
one O-star, indicate that the rest of the cluster populatiwad zero single O-stars
in them.

For the default sampling method, there are very few clustertsconsist of only
one star, only one ir 10*. The number of clusters in which this one single star is
an O-star is again an order of magnitude smaller, with a meafi&.6 - 10-3. This
factor ten in between is less than the ratio of the number efa®s to the number
of all other stars, because it is more likely that one is ctogbe mass of the cluster
if the star is an O-star than when it is less massive. Theidmradf clusters that
is dominated by an O-star (i.e. containing an O-star witreast half the cluster
mass) shows a sharply peaked distribution function arouseRe.

In the sorted sampling method of WKO6, the fraction of cltstontaining a
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Figure 5.7: Distribution functions of clusters consistifgsingle stars (black solid
line), single O-stars (red dashed line), and clusters datathby O-stars (i.e. con-
sisting of an O-star that has more than half of the clustersimalse dash-dotted
line) in the default sampling method, in a cluster populatiwith a power-law
CMF with index -2.2 and a lower cluster mass limit df15. In the sorted sam-
pling method of WKO6, the first two fractions are zero for dlister samples. The
O-star dominated fraction is ten times lower than in the défaethod, as shown
by the green dash-dotted line.

single (O-) star is zero by construction: the first numberlo$ters to be drawn is
calculated by dividing the total cluster mass aimed foridg#id by the mean stellar
mass in that cluster according to the appropriate IMF. Thesmmass is more
than one order of magnitude smaller than the assumed lowstecimass limit.

Therefore, of the order of ten stars or more are always drdfithe cluster mass
is exceeded already with the first drawing of stars (for imsta if there is a really
massive O-star drawn, it has on its own as much mass as thefrdws stars or

more), then at most one star is removed, resulting in a clugth at least of the

order of ten stars. The number of O-star dominated clusargeiefore also much
lower: the chance of having an O-star with half the mass ofcthster or more

while not going far over the cluster mass (far enough to ket @+star be removed)
is small. Ten stars will mostly have an average mass thabsedo the average
mass of stars according to the IMF. The one dominating Otiséaris several solar
masses too massive, making it very likely to be removed. Thdiam fraction of

O-star dominated clusters is 207°.
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5.5.2 The number of single O-stars

In their paper, de Wit et al. (2005) specifically looked at fifaestion of all O-stars
which are single, i.e. not part of a detected cluster. Thayr@d very low mass
clusters can be detected, so that these are really O-stdrsutvia surrounding
cluster. Nevertheless they are only sensitive to very lovesmdusters if these
clusters are very concentrated (i.e. small). Clusters of il@v mass are very
easily disrupted, and extrapolating the results of LamefSié&les (2006) to lower
mass clusters (by about an order of magnitude), the typicabltiition time of
clusters is given byy = 1.7 - (M/10*M)%87 Gyr, resulting in O-star lifetimes for
~ 10Mg, clusters. Therefore it is very likely that if O-stars livevlry low mass
clusters, the clusters are in the process of being comypldis$olved at the time
of observation of the cluster. If not completely disrupted, yhe cluster will have
dispersed already significantly, making it harder to detieetunderlying cluster
than assumed by de Wit et al. (2005).

We use this argument to claim that our “O-star dominatedstelts would also
probably be observed as single O-stars. Together with thlgsia of the previous
section, we can now investigate which fraction of all Osta&ould be observed to
live outside star clusters (without taking runaway OB stats account). For the
default sampling mechanism 11% of the O-stars would be veddo live outside
clusters (if all O-star dominated clusters are detectedragesO-stars). For the
sorted sampling method this is 0.24%. Thé&etience of course is mainly caused
by the diterent fraction of O-star dominated clusters.

de Wit et al. (2005) found that#2% of the O-stars in the Galaxy cannot be
traced back to a formation in a cluster or OB-associatiorth@lgh this number
is smaller than what we found, taking into consideration tha did include very
low mass (and probably) dispersed clusters it is legitin@airrect our result by
a factor of a few, bringing the results into nice agreememtrdasing the number
of single O-stars in the “sorted sampling” method is mucldiato justify, so we
conclude that this method significantly underproduceslsi@gstars by a factor of
10-20.

5.6 Galaxy evolution models

ThecaLev models (Bicker et al., 2004; Kotulla et al., 2009) are evohary synthe-
sis models for galaxies and star clusters. Essentialljuggoary synthesis models
take a set of isochrones, assign a suitable stellar spedttreach isochrone entry,
weigh each entry according to a stellar mass function andrd@imation history
(SFH), and sum up all contributions for a given isochrone ageevs “chemically
consistent” modelling follows the steady chemical enriehinof the interstellar
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Figure 5.8: The impact of various IGIMFs on the time evolataf integrated Sd
galaxy colours. Top row: U-B colour, bottom row: B-V colouteft column:
IGIMFs for various sampling methods, right column: IGIMFKs various CMF
parameters. Shown are thdéfdrences between models withfdrent IGIMFs and
the corresponding model with a Salpeter (1955) IMF. At tlghbst ages, average
colours (and their standard deviation) for Sd galaxies floeHyperLeda database
are shown.

medium caused by stellar winds and supernovae, and formssagténe metallicity
available in the gas phase at this time. Nebular emissicakentinto account for
actively star-forming galaxies. We used models with theofeing input physics:

e isochrones: from the Padova group (Bertelli et al. (1994hwiubsequent
updates concerning the TP-AGB phase)

e spectral library: BaSeL 2.2 (Lejeune et al., 1997, 1998)

e SFH as a function of Hubble type: following Sandage (1986 warame-
ters adjusted to simultaneously reproduce a range of cdtsemg for galax-
ies of diferent Hubble types (for details see Kotulla et al. (2009))

— an Sd galaxy is modelled with a constant SFR

163




CHAPTER 5. VARIATIONS IN IGIMFS

— an E galaxy with an exponentially declining SFR with /& Hecline
time of 1 Gyr

— Sa-Sc galaxies are modelled with SFRs depending on thebletas
mass at a given time (similar to the Kennicutt-Schmidt laa® Kenni-
cutt (1998b)), resulting in approximately exponentialgctining SFR
with 1/e decline times of 3.5 Gyr (Sa galaxy), 6 Gyr (Sb galaxy) and
10.5 Gyr (Sc galaxy)

— the gas mass-dependence of the Sa-Sc galaxies’ SFR resalight
changes between models with Salpeter (1955) IMF and theusri
IGIMFs, with the IGIMF models having slightly lower SFRs by u
to 5% for our standard IGIMF model (“stop nearest”) and up @80l
for extreme cases

stellar yields: explosive nucleosynthesis yields areriadkem Woosley &

Weaver (1995) for high-mass stars (M10 M) and from van den Hoek &
Groenewegen (1997) for stars with lower masses. In addiSdhla yields

from Nomoto et al. (1997) are included (only total metatids traced, not
individual elements)

stellar MF: we use the various IGIMFs determined in this work

Underlying assumptions for this approach include

the IGIMF does not change with time or SFR (taking into ac¢dboe SFR-
dependent fects discussed in Sect. 5.4.4 would only strengthen theadevi
tions, so our results are lower limits for the impact of théMIE effect)

the IGIMF does not change with metallicity (no such dependean known
or expected for Population | or Population Il stars and dizsters)

no infall or outflow of material is used (but also not neededejaroduce a
range of galaxy properties correctly, see Kotulla et alO@) likewise we
neglect galaxy interactions

we assume instantaneous mixing and cooling of ejected ialateth the
entire available gas reservoir (however, the SFH parameter adjusted to
reproduce available gas metallicities as a function of tlevges’ Hubble
type at the present day)

we aim at modelling E galaxies of the respective Hubble type, hence neglect
any magnitude-metallicity relation.

For more details see Kotulla et al. (2009).
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5.6.1 Integrated photometry of galaxies

In Fig. 5.8 we compare our Sd galaxy models using various IRMith the stan-
dard model using the input Salpeter (1955) IMF (models fbepHubble types
show very similar behaviour). On the right side (i.e. pldt& old ages) we show
average colours and their standard deviation from datdrmutgrom the Hyper-
Ledd database (Paturel et al., 2003), subdivided accordingeio ttorphological
type. In each of these plots, the intrinsic scatter withartiorphological type class
well exceeds the deviations introduced by thedlent IGIMFs. Therefore we do
not expect that IGIMF variations can be constrained froragrated photometry of
galaxies.

5.6.2 Chemical enrichment in galaxies from dferent IGIMFs

A more promising way might be the study of the gas propertigglaxies. In Fig.
5.9 we show the relation between gas fraction (i.e. the kmtween gas mass and
gas+ stellar mass) and gas metallicity (we give all metallicities [F¢H], assuming
solar abundance ratios and neglecting alpha-enhancerfieotsg¢ Since the ma-
jority of chemical enrichment originates in massive stdeficiencies of such stars
due to IGIMF dtects reflect directly in the gas metallicity. The red hashed &
the region covered using various individual metalliciiestead of the “chemically
consistent” modelling, and represents a worst-case wogrtrange. Consistent
with this “uncertainty region” are four sets of models: theut Salpeter (1955)
IMF models, the equivalent “Number (unlimited)” modelsdahe models “CMF
slope=-1.8" and “Mg min = 50 My". This agrees with the little deviations between
the input Salpeter (1955) IMF and the IGIMFs already seereirt.$%.4. The other
models using dferent IGIMFs are clearly distinct from this “uncertaintygien”,
with differences in gas metallicity up to 1 dex, with various modéised by 0.2 —
0.4 dex (corresponding to factors 1.5 — 2.5).

To our best knowledge, there is no study which determinels gas fractions
and gas metallicities for a large sample of galaxies in aisterd way. We there-
fore gathered data on galactic gas masses from Huchtm®&i@9)and Karachent-
sev et al. (1999), while for the gas metallicities we consdethe catalogues by
Kewley et al. (2005), Nagao et al. (2006), and Izotov et &00{@). These cata-
logues were not only chosen for their (comparably) large@arsizes, but also
for their diversity in the galaxy populations they addreEsch of these samples
has its own intrinsic biases and limitations. Huchtmei&8d) and Nagao et al.
(2006) are more literature compilation papers. The sampledwley et al. (2005)
intentionally contains galaxies of all Hubble types with alevrange of proper-

Ihttpy/leda.univ-lyon1.f
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Table 5.2: Average gas properties and integrated galaxgucefor various liter-
ature galaxy samples. The first three columns are: (1) Saangm, (2) galaxy
type, (3) number of galaxies in the sample, the others asaiwti

(1) (2) 3) gas fraction error gas fraction
Huchtmeier (1989) E 46 0.36 0.16
Huchtmeier (1989) Sa 154 0.49 0.17
Huchtmeier (1989) Sh 635 0.53 0.16
Huchtmeier (1989) Sc 1284 0.59 0.18
Huchtmeier (1989) Sd 730 0.67 0.21
Karachentsev et al. (1999) E 7 0.007 0.008
Karachentsev et al. (1999) Sa 1 0.0003 -
Karachentsev et al. (1999) Sb 6 0.015 0.015
Karachentsev et al. (1999) Sc 21 0.078 0.092
Karachentsev et al. (1999) Sd 45 0.19 0.14
combined E 53 0.33 0.18
combined Sa 155 0.48 0.17
combined Sb 641 0.52 0.16
combined Sc 1305 0.59 0.18
combined Sd 775 0.67 0.26
@) 2 [€)] [FgH](gas) __error [FéH](gas)
Kewley et al. (2005) E 9 -0.09 0.18
Kewley et al. (2005) Sa 6 -0.08 0.27
Kewley et al. (2005) Sh 18 -0.09 0.27
Kewley et al. (2005) Sc 34 -0.13 0.16
Kewley et al. (2005) Sd 18 -0.42 0.32
Nagao et al. (2006) E 3 -0.74 0.22
Nagao et al. (2006) Sa 1 -1.05 -
Nagao et al. (2006) Sb 3 -0.71 0.19
Nagao et al. (2006) Sc 5 -1.07 0.34
Nagao et al. (2006) Sd 47 -0.92 0.24
1zotov et al. (2007) E 2 -0.85 0.1
1zotov et al. (2007) Sa 1 -1.04 -
I1zotov et al. (2007) Sh 2 -0.66 0.24
Izotov et al. (2007) Sc 8 -0.84 0.30
Izotov et al. (2007) Sd 23 -0.95 0.31
combined E 14 -0.34 0.39
combined Sa 8 -0.32 0.50
combined Sh 23 -0.22 0.36
combined Sc 47 -0.35 0.42
combined Sd 88 -0.83 0.34
(1) (2) 3) U-B error U-B B-V error B-V
HyperLeda database E 547 0.36 0.21 0.83 0.13
HyperLeda database Sa 166 0.14 0.23 0.68 0.17
HyperLeda database Sb 329 0.02 0.19 0.61 0.16
HyperLeda database Sc 397 -0.10 0.15 0.50 0.13
HyperLeda database Sd 173 -0.23 0.20 0.39 0.17

ties, the Karachentsev et al. (1999) sample is volumedidnitand Izotov et al.
(2007) considers specifically low-metallicitynHegions in nearby dwarf galax-
ies. We supplemented the catalogue information with data fihe HyperLeda
database (Paturel et al., 2003), to have an as uniform aghl@setermination
of Hubble type and absolute luminosity for the sample galaxiFrom these data
we estimate the average gas fractions and gas metallifitiése galaxy samples.
Where multiple observations for a given galaxy were avélalve included all of
them individually, to access the uncertainties more reedity and to average out
metallicity gradients in a single galaxy. In Table 5.2 weser the derived average
values for the individual and the combined samples for fivkedent galaxy types.
From Table 5.2 one can easily see the non-homogeneity ofatnglss. The
multitude of biases and selectioffexts hampers a straightforward comparison of
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these observational data with our models. A dedicated gwf@a large number
of L* galaxies ¢aLev attempts to model Lgalaxies, and therefore neglects galaxy
mass-dependenttects!) for the diferent Hubble types, both in terms of gas frac-
tion and in terms of gas metallicity, with a reliable estimaf the galaxies’ Hubble
types, will be needed to provide direct calibration valuegsor (and others) galaxy
evolution models.

In Fig. 5.9 we present gas properties &arev models of Sd galaxies, based
on the various IGIMFs (equivalent plots for galaxies of otHebble types appear
very similar). We included the data point correspondinghea¢ombined data sets
in Table 5.2. As uncertainties we plotted either the scdtiea given property
within the combined sample of Sd galaxies, or the distandbeganost deviating
mean of any subsample, whichever was larger.

Based on the large spread in the observed gas fractionsardstb constrain
IGIMF models with these data. Future and more homogeneauglsa will be
helpful, as the spread in observed metallicities is sméil@n or at most compara-
ble to the diference arising from éierent IGIMFs.

5.7 Conclusions

We have conducted a suite of numerical experiments to iigagsthow the steep-
ening of the IGIMF depends on the sampling method and theresggluster mass
function. Hereby we extended the variations already stubieWKO06. We found
that, unless the maximum occurring stellar mass is notdidhiity the cluster mass,
or the minimum cluster mass is higher than the maximum stelkss, the IGIMF
is always steeper at the high-mass end than the input IM&pasg that stars all
form in clusters and that these clusters follow a power-laviFGvhich extends
down to masses well below the upper mass limit for stars.dfeltare many stars
formed in a non-clustered environment (see Eq. 5.7) or thd-@bks extend to
these low masses (or turns over and peaks at higher masséslf- leffects are
much smaller and possibly even become negligible. The atafsteepening and
the mass where deviations set in depend on the sampling thatitbthe adopted
cluster mass function:

e The numerical method of sampling is important. While allcdam tech-
nigues result in the same high-mass slope (for constant Abfiek the
onset of deviations occurs affidirent stellar masses, showing a slight steep-
ening already at stellar masses below the lower cluster lmaiss

e The slope of the cluster mass function as well as its lowetit lare very
important. The index of the cluster mass function sets tkepstess of

167




CHAPTER 5. VARIATIONS IN IGIMFS

0.4
-0.6 |
08 F

1 [
1.2
14+
16
1.8

gas metallicity [Fe/H]

05 055 06 065 07 075 08 085 0.9
gas fraction Mgas/Mgaststars

yield range S\ Analytic
Salpeter Number -------
Stop before Number (unlimited) -
Stop nearest Sorted (WK06) ------
Stop after data ——

-0.4
06 [
-0.8 k

-1 b
12k
L4
-1.6 h
-1.8 - | |
2t \\
2.2 |

gas metallicity [Fe/H]

05 055 06 065 07 075 08 08 09
gas fraction Mgas/Mgassstars

yieldrange =~~~%  CMF slople 32
Salpeter 1)
Stop nearest Mcfmriz%o Mzﬂz
CMF slope -1.8 --eee data e

Figure 5.9: The impact of various IGIMFs on the relation begw available gas
mass and gas metallicity (e.g. chemical enrichment) for &axies. Top panel:
IGIMFs for various sampling methods. Bottom panel: IGIMBs ¥arious CMF

parameters. The points mark estimates from observatiergegt for details. The
red hashed area is the region covered using various individetallicities instead
of the “chemically consistent” modelling and a Salpeter5S@RIMF. It represents
a worst-case uncertainty range.
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the IGIMF at the high mass end: a steeper cluster mass funcge
sults in a steeper IGIMF. Varying the CMF power-law index lie trange
[-1.8,-2.2,-3.2] results in IGIMF slopes at the high mass end of approxi-
mately [-2.4, -2.6, -3.6]. The observationally ill-constrainedwer cluster
mass limit sets the mass at which the steepening sets irthee GIMF be-
comes much steeper from = M min. At slightly lower masses there is a
very small deficiency of stars as compared to the input IMIe agnitude

of this discrepancy depends on the sampling method. Cgritsaesults by
Elmegreen (2006), we do not find tie= 2 CMF to be singular.

All sampling methods reproduce the input cluster mass fonstwell. Even
though some seem to steepen or shallow the CMF by constnuctie éfects are
marginal and unobservable. The number of isolated statstwald be formed
according to our method is very small (of the order of one ¢@i00000 clusters in
our sample consists of one star). The fraction of clustensisting of only one O-
star is even one order of magnitude smaller. We also teseeftabtion of clusters
which are O-star dominated (clusters which contain an ©stach represents
at least half of the total cluster mass) to simulate obsknvalk incompleteness,
since a small underlying cluster might stay unnoticed ctosebright O-star. This
measure is rather sensitive to the sampling method. For efauli method we
found about 0.56% of such clusters, while for the “sorted garg” by WKO06
this fraction was more than one order of magnitude lower. defitciently large
samples of O-stars the O-star count could be a suitablertoidbe IGIMF if the
observed fraction of O-stars, delivered by surveys like &A$ well understood.

Our default sampling results indicate thatl1% of the O-stars in the Galaxy
will be observed to be separate from any cluster environpientice agreement
with results of de Wit et al. (2005). The sorted sampling radtbf WKO06 strongly
underproduces this number.

However, current knowledge, both observationally and rigzally, of the
very formation processes of (especially massive) stargan dusters (see e.g.
high-mass star formation from high-mass cloud cores (Kmimbt al., 2005) vs
competitive accretion (Bonnell et al., 2004)) preventsrasfthe conclusion as to
which sampling method is favoured by nature.

We conducted numerical experiments using ¢hesv evolutionary synthesis
package, which self-consistently follows the photomedinc chemical history of
various idealised isolated galaxy models. The conclusiemsgraw on photometry
and chemical enrichment resulting from our IGIMFs as comagdo the standard
IMFs can be summarised as follows:

1. Integrated photometry is likely not a good tracer of IGINMH#fiations, since
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differences are smaller than the intrinsic galaxy-to-galaajtecfor a given
morphological type.

2. Chemical enrichment is a better tracer, as it is direatlyeld to the number
of massive stars, however, observations are rare and colyesmall sample
sizes. Once the (systematic and random) uncertaintiesterrdiming gas
mass fractions and metallicities are well understood glggsntities may be
able to be the deciding factor between several samplingadstfat least the
ones with the most extreme deviations from the underlying)M

Future studies of galaxy evolution and chemical enrichniment to take into ac-
count that the IGIMF is steeper than the normal IMF, as wellh@samount of
uncertainty in the amount of steepening, as the details efstimpling method
nature chooses are poorly understood. Additional unceigai are introduced as
the shape of the cluster mass function is not well constdaaierery low masses
(i.e. cluster masses comparable to individual stellar gssvhereas the low mass
end of the CMF is the most important quantity in shaping theMie These dif-
ferences between the IMF and the IGIMF have pronounced @aipdins for mod-
elling galaxy properties.
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