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1 INTRODUCTION

ABSTRACT

The luminosity distribution of the brightest star clusters in a population of galaxies encodes
critical pieces of information about how clusters form, evolve and disperse, and whether and
how these processes depend on the large-scale galactic environment. However, extracting
constraints on models from these data is challenging, in part because comparisons between
theory and observation have traditionally required computationally intensive Monte Carlo
methods to generate mock data that can be compared to observations. We introduce a new
method that circumvents this limitation by allowing analytic computation of cluster order
statistics, i.e. the luminosity distribution of the Nth most luminous cluster in a population.
Our method is flexible and requires few assumptions, allowing for parametrized variations in
the initial cluster mass function and its upper and lower cutoffs, variations in the cluster age
distribution, stellar evolution and dust extinction, as well as observational uncertainties in both
the properties of star clusters and their underlying host galaxies. The method is fast enough
to make it feasible for the first time to use Markov chain Monte Carlo methods to search
parameter space to find best-fitting values for the parameters describing cluster formation and
disruption, and to obtain rigorous confidence intervals on the inferred values. We implement
our method in a software package called the Cluster Luminosity Order-Statistic Code, which
we have made publicly available.

Key words: methods: data analysis — methods: numerical — methods: statistical —techniques:
photometric — galaxies: star clusters: general.

dissolve into the field stellar population, we would learn a great deal
about how stars form.

Stars do not generally form in isolation, in either space or time.
Instead, they form in a spatially and temporally clustered fashion
(e.g.Lada & Lada 2003; Bressert et al. 2010; Gutermuth et al. 2011),
at a density far above the background field stellar density in their
host galaxy. This clustering has profound effects on the observable
properties of galaxies (Fumagalli, da Silva & Krumholz 2011b;
da Silva, Fumagalli & Krumholz 2012), and it also provides an
important clue to the physical mechanisms that govern the process
of star formation. If we could confidently measure the fraction of
stars that form in star clusters, the mass distribution of those clusters
(including its upper and lower limits), and the rate at which clusters

* E-mail: rdasilva.astro@gmail.com (RLd); mkrumhol@ucsc.edu (MRK);
fumagalli.astro@gmail.com (MF); fall@stsci.edu (SMF)

1 NSF Graduate Research Fellow.

1 Hubble Fellow.

© 2014 The Authors

Unfortunately, extracting all of these quantities from observations
is far from trivial. When high spatial resolution multicolor photom-
etry is available, the standard approach is to use stellar population
synthesis models to assign masses and ages to each cluster, then
measure the distributions of these or other quantities of interest.
These observations generally indicate that the mass distribution can
be approximated as a (possibly truncated) power law dN/dM
MP with B ~ —2 over a wide mass range (e.g. Zhang & Fall
1999; Bik et al. 2003; Boutloukos & Lamers 2003; Fall 2006; Fall,
Chandar & Whitmore 2009; Chandar, Fall & Whitmore 2010;
Bastian et al. 2012a,b; Fall & Chandar 2012). There is more contro-
versy over the age distribution, mostly arising from issues of how the
samples are selected. More inclusive cluster catalogues constructed
to include all objects above a surface brightness threshold tend
to show power-law age distributions dN /dt o ¢t with y =~ —0.9
(Fall, Chandar & Whitmore 2005; Fall et al. 2009; Chandar et al.
2010; Fall & Chandar 2012). If one imposes additional selection

Published by Oxford University Press on behalf of the Royal Astronomical Society

102 ‘T Yol N uo Aopxieg eiuloieD jo AiseAlun e /610'seulnolploixoseluw//:dny wol) papeo jumoq


mailto:rdasilva.astro@gmail.com
http://mnras.oxfordjournals.org/
http://mnras.oxfordjournals.org/

2356 R.L.da Silva et al.

criteria based on morphology or crowding, this removes many
young clusters from the sample, yielding a distribution that can still
be approximated by a power law, but with a significantly shallower
index, y ~ 0 (Gieles, Lamers & Portegies Zwart 2007; Bastian et al.
2011, 2012a,b). While measuring the mass and age distribution by
assigning masses and ages to all clusters has the virtue of being con-
ceptually direct, the data required to use this approach are available
only for a relatively modest number of galaxies. Single-band pho-
tometry capable of resolving the brightest few clusters is available
for a much larger sample of galaxies (e.g. Larsen & Richtler 1999;
Larsen 2002; Bastian 2008), and exploiting such large but lower
quality data sets is the only feasible means to detect whether cluster
mass or age distributions deviate from power-law behaviour at the
very high mass end, where the number of clusters in an individual
galaxy is necessarily very small, and data from many galaxies must
therefore be combined to yield a statistically meaningful result.

The primary method of using these data to study the tip of the
cluster mass function has traditionally been to use Monte Carlo
methods to compute the luminosity distribution that would be ex-
pected from a given theoretical model, and compare that to the ob-
servations (e.g. Bastian 2008; Larsen 2009; Fouesneau et al. 2012).
This has the advantage that it allows one to handle observational
errors properly, and to include ‘nuisance’ parameters such as dust
extinction that limit the information that can be extracted from data.
Unfortunately, Monte Carlo methods can be forbiddingly expen-
sive to employ. The Lada & Lada (2003) compilation of clusters
just within 2 kpc of the Sun includes ~100 entries, and this survey
covers only ~1-3 per cent of the Milky Way’s star-forming disc,
and a significantly smaller fraction of the Milky Way’s total star
formation budget. Thus, a single Monte Carlo realization of the
star clusters in a Milky Way-like galaxy, including the effects of
cluster disruption, might require that ~10° clusters be drawn, and
determining the order statistics of this distribution (i.e. the distri-
butions of luminosities of the most luminous cluster, second most
luminous cluster, etc.) might then require ~103 realizations, for a
total of ~10° total draws from the cluster luminosity distribution.
The problem is far worse if one considers more rapidly star-forming
galaxies like the Antennae, which have larger cluster populations.
Since our knowledge of the various processes that influence cluster
luminosity distributions is limited, and the set of parameters de-
scribing them is therefore relatively large, ideally one would like to
be able to search the parameter space for models that fit observa-
tions using standard Markov chain Monte Carlo (MCMC) methods.
However, this is not feasible if one requires ~10° draws from the
cluster luminosity distribution at every point in this parameter space.
As a result, many authors have resorted to fixing many of the pa-
rameters that describe cluster formation, and varying only a single
one (e.g. the upper mass cutoff — Bastian 2008) in an attempt to fit
observations. Clearly, this approach is not ideal.

In this paper, we introduce a method to solve this problem. We
show that it is possible to calculate the cluster luminosity distribu-
tion and its order statistics analytically, even including parametrized
treatments of processes such as cluster disruption, stellar evolu-
tion and dust extinction. While our method is not quite as general
in the types of distributions that one can handle as a full Monte
Carlo method, it retains the vast majority of Monte Carlo’s flexi-
bility and requires only a tiny fraction of the computational time.
Moreover, using our method the computational time is close to in-
dependent of the number of clusters present and it is much more
expensive to compute order statistics than it is to compute the lumi-
nosity function itself. This makes our method particularly advanta-
geous for calculations involving large galaxies, and those seeking to
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explore the tip of the luminosity distribution. In a companion paper
(da Silva et al., in preparation), we use this method to revisit the
question of whether the observed relationship between star forma-
tion rate (SFR) of luminosity of the most luminous cluster provides
strong constraints on the upper limit to the cluster mass function.
We have developed a software tool called the Cluster Luminosity
Order-Statistic Code (cLoc) to perform these analytic calculations,
and made it publicly available under the terms of the GNU General
Public License.

The remainder of this paper is organized as follows. Section 2
describes our model and its derivation. In Section 3, we describe
the publicly available code that implements this model, and present
comparisons between it and a full Monte Carlo method. In Section 4,
we use our formalism to explore how the various parameters that go
into the cluster luminosity function affects its shape in order to gain
insight about what sorts of observations can be used to constrain
star cluster formation.

2 THE MODEL

2.1 Cluster order statistics

Our overall goal is to derive an analytic expression for the proba-
bility distribution function (PDF) and cumulative distribution func-
tion (CDF) of the kth order statistic of star cluster luminosities, or
any other property. Formally, we define ¢,(L) as the PDF of the
kth most luminous cluster in a region of interest, either a galaxy
or some specified subgalactic volume.! We normalize this and all
other PDFs in this paper to unity, i.e. [¢(L)dL = 1. We define
O (L) = fol‘ ¢r(L")dL' as the corresponding CDF. Thus, ®,(L) is
the probability that the kth most luminous cluster in a population
has a luminosity of L or less, while ¢,(L) dL is the probability that
the kth most luminous cluster has a luminosity in the infinitesimal
range L to L 4 dL.

We will perform this calculation in several steps. In this section,
we will derive ¢,(L) and (L) under the assumption that we know
both the PDF ¢(L) for the luminosity of a single cluster and the ex-
pected number of clusters (N) in the region of interest. In subsequent
sections, we will derive these two quantities from parametrized ver-
sions of the cluster mass and age distributions. Deriving ¢,(L) and
@ (L) from ¢(L) and (N) is most straightforward if we assume that
cluster formation is a Poisson process, so that clusters are created
fully independently of one another, and the number of clusters in a
given region is Poisson distributed. We note that this cannot be pre-
cisely true, simply due to mass conservation: for a purely Poisson
distribution, there is a finite, non-zero probability for any number
or total mass of clusters, whereas in reality the probability that the
total mass of star clusters in a given region exceeds the total baryonic
mass of the region is identically zero. Nonetheless, when the total
mass of star clusters is large compared to the mass of any individual
cluster (as is often the case in practice), then the Poisson assump-
tion should be reasonable, and so we will adopt it. In Appendix A,

! Note that our convention in defining the first order statistic as describing
the distribution of the most massive or luminous cluster, while sensible
for astronomy (where samples are usually mass- or luminosity-limited and
thus the least luminous cluster is generally not observed), is the opposite of
the standard statistics convention whereby the first order statistic describes
the distribution of the smallest member of a sample, not the largest. The
usual convention may be recovered by replacing k by N + 1 — £ in all the
expressions below, where N is the size of the sample.
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we provide a more detailed derivation of the PDF and CDF that
shows how to generalize to the non-Poisson case.

There is one more subtlety with which we must reckon before
proceeding to calculate. For any Poisson process, and for most non-
Poisson ones, there is a finite probability that a region of interest will
contain a number of clusters N that is smaller than the order statistic
k in which we are interested. For example, we might be interested
in the luminosity distribution of the second most luminous cluster
(k = 2), but some of the regions we are examining will contain only
0 or 1 clusters. We must therefore decide between two possible
ways of handling this case: we could either say that the kth most
luminous cluster has a luminosity of O if there are fewer than k
clusters present, or we could restrict our calculation of the PDF of
the kth most luminous cluster to the case where k or more clusters
are present. We argue in Appendix A that the former approach is
preferable, and we will therefore say that, if the number of clusters
N is smaller than the order statistic £ we are computing, then the
luminosity of the kth most luminous cluster is 0.

With this choice, we are now prepared to derive ¢,(L) and ®,(L).
For a Poisson process, the expected number of clusters with lumi-
nosity >L is

(N(>L)) = (N)(1 — &(L)), ey

where ®(L) = fOL ¢(L')dL’ is the CDF of luminosity for a sin-
gle cluster. The probability that there are exactly m clusters with
luminosity >L is given by the Poisson formula

P,(>L) = %(N(>L)>me—<N(>L>> @

—(N)

= ——(N)"[1 — (L))", 3)
m:

When the number of clusters present, N, is larger than the order
k, the PDF ¢;(L) should be proportional to the probability that a
single cluster is in the luminosity range L to L + dL, multiplied by
the probability that exactly k—1 clusters are more luminous than
L, i.e. we should have ¢ (L) o< ¢(L)Pr_1( > L). When N < k,
the luminosity of the kth most luminous cluster is zero. Combining
these two terms, the complete PDF is

oi(L) = MS(L) + (N)P_1(>L)$(L) 4
k F(k) k—1
_ T
T(k)
(N)'[1 = (L)
+(N) T o(L), 5)

where I'(x) is the usual (complete) I function and I'(x, s) is the
incomplete I' function. The coefficient of the § function is the
probability that, for a Poisson process, the number of clusters
is smaller than k, while the second term represents the product
¢ (L)Pr — 1(>L). The coefficient on this term is chosen to ensure that
f ¢r(L)dL = 1. We derive both coefficients by alternative means
in Appendix A. Note that the coefficient of the § function, I'(k,
(N))/T (k), goes to zero extremely rapidly as k/(N) — 0. Thus, this
term is significant only when (N) < k. There term would vanish
entirely if we adopted the alternative approach to defining order
statistics by excluding the case N < k, but in that case the other term
would have to modified as well.

The CDF ®,(L) is the probability that the kth most luminous
cluster has a luminosity <L, but this must be equal to the probability
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that at most k — 1 clusters have luminosities >L. For example, the
probability that the second brightest cluster has a luminosity <L,
which is ®,(L), must be equal to the probability that there are either
0 or 1 clusters brighter than L, which is Po(>L) + P;(>L). Thus, in
general we have

k—1

(L) = Y Pu(>L) 6)

m=0

<1>(L)Z (N) ’”[1 - <I>(L)]"' 7

Note that ®,(L) remains finite in the limit L — 0, even if ®(L)
is identically zero below some finite minimum L. This behaviour
occurs because, even if there is zero probability that any individual
cluster has a luminosity L = 0, we can still find a luminosity of
exactly O for the kth most luminous cluster if there are fewer than k
clusters present in the region of interest, and the probability of this
occurring is finite.

2.2 Calculation of the expected number of clusters

The second step in our derivation is to calculate the expected number
of clusters (N). This is a function of the SFR in the region under
study M*, the star cluster mass function ¥ (M), the cluster age
distribution y (¢) defined over the full range of cluster masses,” the
minimum and maximum cluster ages #,;, and f,x used to define
the sample, and the fraction of stars in clusters at birth, which we
denote f..> We normalize the mass and age distributions such that
J¥M)dM = [ x(r)dt = 1, where the integrals are taken over all
possible masses and ages, respectively.

Given these definitions, the expected number of clusters formed
during the time interval of interest is

M, At

(Nform> - (M> .fcv (8)
where (M) = [My(M)dM is the expectation value of the cluster
mass and At = f;,x —tmin 1 the age range in the observed sample. If
the cluster age distribution is not flat, indicating that not all clusters
that form survive to indefinite ages, the expected number of clusters

2 There are two subtle points to be made here. First, the age distribution x (f)
must be that for all clusters, not, as is sometimes reported in the literature,
the age distribution for a luminosity-limited sample. Secondly, in principle
the mass and age distributions might not be independent, in which case we
would need to consider the joint distribution g(M, ). There is a dispute
on this point in the observational literature — e.g. see Bastian et al. (2011,
2012a,b) versus Fall et al. (2009), Chandar et al. (2010) and Fall & Chandar
(2012). Fortunately, even in those papers where the authors do report that the
mass and age distributions are not independent, the covariance is very weak,
at least at the large masses with which we will be concerned. Similarly,
some theoretical models also predict that cluster disruption will be mass
dependent (e.g. Kruijssen et al. 2012), but the predicted dependence is again
weak. For these reasons, we will assume that the mass and age distributions
are independent.

3 Note that the quantity f. is subtly different from the cluster formation
efficiency I" defined by some authors (e.g. Bastian 2008), because I" refers
to the fraction of stars formed as part of gravitationally bound clusters. In
contrast, f. depends only on the observational criteria used to define clusters
when selecting them in an observed galaxy. Thus, f. and I' are identical
only if the observational selection criteria pick out all gravitationally bound
structures, and only such structures.
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that survive long enough to be observed will be reduced. Let Py, (7)
be the probability that a cluster survives to age ¢, in which case

oy MAC L N A .
( >_ch (E/t surv(t) t) = <M> c ()

is the expected number of surviving clusters within the age interval
of interest. The quantity in parentheses is the time-averaged fraction
of surviving clusters, and the quantity . that we have defined is the
fraction of all stars in clusters, averaged over the stellar age range
under consideration. For a constant SFR, the survival probability is
proportional to the cluster age distribution, renormalized so that the
survival probability is unity at time ¢ = 0, i.e. Py (t) = x()/ x(0).
Thus,

Fe= X(£At /m x(@)de. (10)

‘min

Note that although for simplicity we have assumed constant M,,
our results in the end depend only on the cluster age distribution
x () and the expected number of clusters (N). Thus, the formulae
throughout this paper are equally valid for other combinations of
P (7) and M, (¢) that give the same x(7) and (N).

To proceed further we must specify functional forms for ¥ (M)
and x(¢). To render the problem analytically tractable, we will as-
sume that both of these can be described by truncated power laws.
Specifically, we adopt

AMﬂ’ Mmiu <M < Mmax
Y(M) = . (11)
0, otherwise
and
B, 1<k
x(®) =4 Bt/t))’, tw=<t<n (12)
0, t>1.

Here 7, may be understood as the age at which clusters begin to
disappear and ¢, is the maximum possible age of any cluster. The
normalization factors appearing in these equations are

1 Mmax
- = / MPdM
A Mmin

_ {(Mf;ix‘ —MED/BHD, B# -1 )
In(Mmax/ Miin), B=-1.
and
L =to+/“ (5>y dr
B W \1o
_ {(t(“ — T+, y# - .
In(t, /1), y =—1

The functional forms for both the mass and age distributions are
well motivated by observations. As discussed in Section 1, there is
an observational consensus that the mass function is well fitted by a
(possibly truncated) power law with index § &~ —2. There is dispute
in the observational community about the age distribution, but all
groups agree that a power law is a good fit to the data. The dispute is
whether the index y =~ —0.9 or ~0, with most of the disagreement
stemming from how the cluster sample is selected.
With these definitions, we can write out (M) explicitly as
(M2 = M) /(B +2D), B+ -2

(M) =A x { (15)
ln(Mmax/Mmin)a /3 = -2.
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We can similarly write out J. explicitly. For simplicity, we will
assume that #,;, > #p and f,x < #;, so that the age distribution x (¢)
over the observed age range can be represented by a pure power law.
Given that all observed open cluster samples satisfy this condition,
this is not a significant limitation. With this assumption, we have

fo
Fe=fe—
fAt

{ [(tmax/IO)VJrl - (tmin/tO)VJrl] /(V + 1), Y ?é -1
X (16)

ln([max/[min)7 Y = —1.

We could substitute this into equation (9) to obtain an explicit form
for (N), but this would simply replace F. with f. and ¢y as the
variables that must be specified to compute cluster luminosity order
statistics. Since these two quantities enter the problem only through
the combination F., we will use F. as the variable of interest
through the rest of this work, keeping in mind that it is related to
the physical quantities f. and fy via equation (16).

2.3 The cluster luminosity function: dust and stellar evolution

The final step in our calculation is to derive the PDF ¢(L) for
the luminosity of a single cluster. This quantity depends on three
factors. The first is the cluster mass distribution (M), since more
massive clusters are more luminous, all other things being equal.
The second is the cluster age distribution y (¢), since at fixed mass
there will be a range of cluster ages, and the mass-to-light ratio
depends on the cluster age. The third factor is the distribution of
dust optical depths, which we denote 1(t). The amount of extinction
may vary from cluster to cluster, and this will create a scatter in the
observed luminosity even at fixed mass and age. A fourth possible
factor, which we will not include in our formalism, is stochastic
variation in luminosity from cluster to cluster at fixed mass, age
and extinction due to the effects of incomplete initial mass function
(IMF) sampling. While this is significant for clusters with masses
below ~10°° Mg (Cervifio & Luridiana 2004; Fouesneau et al.
2012), we focus in this work on the PDF of luminous and massive
clusters, and in particular on the PDF of the most luminous cluster,
which minimizes the importance of this effect. Below, we verify
via Monte Carlo calculation that this effect is indeed negligible for
¢1(L) except at the very lowest SFRs. Thus, we are left with age-
dependent mass-to-light ratio and dust extinction as the two effects
we must include.

To handle the age dependence, we define Y(¢) as the mass-to-
light ratio for a cluster of age ¢, so that the luminosity L = M/Y (¢);
note that Y () must be defined relative to a particular waveband.
For ages ¢ in the range 10 Myr to 1 Gyr, and many wavebands in
the visible part of the spectrum, it is approximately the case that
Y (¢) o £, where both the index ¢ and the constant of proportionality
depend on the choice of waveband. In Appendix B we fit for Y'(¢)
in V band, and obtain

/ ¢
) ; a7

Tt) =Y | ———
® (IOMyr

with ¢ =0.688 and Y, = 8.3 x 107%! Mg (ergs"Hz" L.

Since Y'(¢) is a deterministic one-to-one function of z, the distribu-
tion of mass-to-light ratios for a cluster population can be computed
from the distribution of cluster ages via

—1

dr
O(T) o< x (1)

’ry (18)
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The intrinsic luminosity of a cluster (i.e. before dust extinction is ap-
plied) is Li, = M/, and so the distribution of intrinsic luminosities
is (Fall 2006)

¢in(Lin) = /OC V(Y Lin)0 (V)Y dT. 19)
0

For the purposes of algebraic evaluation, it is most convenient to
transform to logarithmic variables, which allows us to write the
integral as a convolution. We define £([1/Y]) = Y26(Y) as the
distribution of light-to-mass (instead of mass-to-light) ratios, and
compute the PDF ¢, (log Li,) = Lin¢in(Lin) via

$in(log Lin) oc Y(log M) + §(—log 1)

= /OO Y(log Li, —log T)é(—log Y)dlog Y, (20)

where * denotes convolution. We defer actual calculation of this
convolution to Appendix C, since it is conceptually straightforward
but algebraically tedious. The result for ¢y, (log Ly, ) is given by equa-
tion (C14), and the corresponding CDF ®;,(log L;,) by equations
(C15) and (C20).

We model dust as providing a distribution of optical depths n(t)
(in the appropriate waveband) that is uniform in the range from 7 to
71, such that the luminosity of a given cluster is reduced by a factor
of e~". Our choice of distribution is motivated by a compromise
between realism and analytic tractability. The simplest approach
would be to adopt a single dust optical depth for all clusters, which
corresponds to decreasing the luminosity of each cluster by a con-
stant factor. This is trivial to include, but would miss the potentially
important effect that differential extinction can broaden the lumi-
nosity distribution. In order to capture this effect while still retaining
a distribution that can be calculated analytically, we adopt the next
most complicated approach, which is a step function distribution.
Should it be desirable, it is straightforward to mix distributions with
different step functions to create essentially arbitrary dust distribu-
tions. From this distribution of dust extinctions, and the distribution
of intrinsic luminosities computed above, the distribution of ob-
served luminosities can again be obtained via convolution,

¢(log L) = ¢in(log L) * n(—71)

o0
= / ¢in(log Lin)n(log Li, — log L) dlog Liy, 21
—00

where L = Lij,e™". As with the computation required to compute the
PDF of intrinsic luminosities, the convolution is straightforward but
algebraically tedious to compute. We give the result in Appendix
D; the final expressions for ¢(logL) and ®(logL) are given by
equations (D11) and (D14), respectively.

With this step complete, we now have a full analytic description
of the order statistics of cluster luminosities, including the effects of
age-dependent mass-to-light ratios and a range of dust extinctions.
Specifically, we can compute the PDF and CDF of an arbitrary order
statistic from equations (5) and (7), using the expected number
of clusters (N) given by equation (9) and the PDF and CDF of
luminosity for individual clusters given by equations (D11) and
(D14).

2.4 Observational uncertainties

We now add one final element to our model, which is that neither
SFRs nor cluster luminosities can be measured perfectly. There
are several options for how to treat this issue, depending on the
application one has in mind. One might choose simply to use the
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formalism above to generate theoretical distributions of cluster lu-
minosity, and then compare these to observations using a statistical
technique that accounts for the observational errors. In this case,
one can simply use the formalism as we have described it thus far,
without accounting for observational error. However, an alternative
and often preferable approach is to fold reasonable estimates of the
errors into the theoretical model, and then to compare the model
including these error estimates with the observed data. This makes it
possible to use non-parametric tests (e.g. the Kolmogorov—Smirnov
test) that do not naturally handle observational errors.

To fold observational errors into our model, we define g and €, as
the uncertainties on the SFR and cluster luminosities, respectively.
Both of these errors are dominated by systematic effects that are
highly uncertain. For cluster luminosities, the dominant errors arise
from the need to extrapolate the cluster profile to large radii in order
to assign a total luminosity (Larsen & Richtler 1999). These can lead
to an approximately half magnitude of error. Similarly, depending
on the choice of star formation tracer, observational estimates of
the SFR are subject to uncertainties arising from dust extinction,
ionizing photon escape, the choice of stellar IMF and ambiguities
in the choice of time-scale over which the SFR is averaged, among
others — see Kennicutt & Evans (2012) for a recent review. Typical
errors are again ~0.5 dex.

Despite the fact that these errors are systematic and non-Gaussian,
we make a simplistic assumption that they can nevertheless be at
least roughly approximated as a simple Gaussian blur applied to both
the log cluster luminosities and log SFRs. Under this assumption,
we can write the distribution of observed luminosities L, in a
galaxy with observed SFR M*ﬁobs as simply

. 1 .
d)k,obs(log Lobs | 10g M*,obs) = //d’k(logL | 10g Mx)
2Tes€r

{ [log(M., /M., o)1 [1og<L/Lobs>]2}
X exp{ — —

2 2
2¢e; 2ef

x dlog M, dlog L,
(22)

where ¢;(log L | log M.,) is computed as described in the preceding
sections. The expression for @ ops(log Loys) is analogous.

2.5 The importance of variable mass-to-light ratios

To demonstrate the effects of variable mass-to-light ratios, dust
extinction, and observational uncertainties, and to understand why
it is crucial to include these effects in any realistic model, it is
helpful to compare the results of our formalism that includes them
to simplified formalisms in which these complications are ignored.
To this end, we use three different approaches to compute the PDF
and CDF of the first order statistics of cluster luminosity, ®,(L)
and ¢ (L), as a function of SFR M*. The first calculation uses the
full formalism we have just derived. The second uses a simplified
formalism in which we adopt a fixed mass-to-light ratio g, and
set the luminosity distribution to

H(L) = (M /Y5)Thi (23)

before using equations (5) and (7) to compute ¢ (L) and ®,(L).
We determine the value of Y, by performing a least-squares fit to
minimize the difference between the median values of L and M*
as computed via the two formalisms. This approach amounts to
ignoring the scatter in the relationship between cluster luminosity
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statistics and SFR induced by the presence of a range of cluster
ages, dust and observational uncertainties. The third approach we
use is even simpler, but is common in the literature. This is to assert
that the expected mass of the most massive cluster (M) is such that
the expectation value of the mass being in the interval M| — M,y is
unity, i.e.

Mmax

1=N AMP dM. (24)

(M)

In this case, we have

(M)—<M5+1_ ! )W“” 25)
1= max (N)A ’

and the expected luminosity of the most massive cluster is then
(L) = (M1)/ T

We show the results we obtain from these three methods for
two example sets of parameters in Fig. 1; the parameters used for
the model in the lower panel are those given in Table 1, while the
upper panel is identical except for the value of M,,.«. There are sev-
eral noteworthy points about this figure. First, the 5-95 percentile
confidence interval we obtain from the full formalism completely
encompasses the confidence interval we obtain by assuming a fixed
mass-to-light ratio. This is expected, as the full formalism has other
degrees of freedom to explore in the mass-to-light ratio, thus al-
lowing more scatter. On the other hand, the median luminosities
we obtain in all three models are very similar except at the highest
SFRs. At these large SFRs, models with a fixed mass-to-light ra-
tio predict a stark flattening, while the full model produces a more
gradual tapering. This is due to the additional variability from the
scatter in mass-to-light ratios that allows a continually increasing
range of luminosities. This effect is particularly important for ef-
forts to constrain M, using the observed relationship between M,
and the luminosity of the most luminous cluster (Weidner, Kroupa
& Larsen 2004; Bastian 2008), and it shows that any such attempt
is likely to fail if it does not properly account for variations in mass-
to-light ratio. Our conclusion on this point is consistent with that
of Bastian (2008), who found using Monte Carlo simulations that
adopting a fixed mass-to-light ratio is a poor approximation.

3 SOFTWARE IMPLEMENTATION
AND VALIDATION

We have implemented the analytic formalism for computing cluster
luminosity statistics in a software package called Cluster Luminos-
ity Order-Statistic Code (cLoc), which we have released under the
GNU General Public License. The code is available for download
at https://code.google.com/p/cluster-cloc/. cLoc takes as inputs the
parameters required to compute the cluster luminosity function and
its order statistics. To remind the reader, these are the overall SFR
M, (which may be given as a single value or, more commonly, a
range with the computation to be performed on a grid of M, values),
the minimum and maximum cluster ages (¢, and fn,y), the param-
eters of the initial cluster mass function (ICMF; M i, Max, and
B), the minimum and maximum amounts of dust extinction to use
(7o and 7), the parameters describing the cluster age distribution
(F. and y), the parameters describing the observational error (eg
and € ) and the parameters describing the time evolution of the light
to mass ratio (Y= and ¢). The last two of these depend only on the
choice of observational filter and stellar evolution, and so should
not be regarded as free parameters. Given these inputs, the code
uses the algorithm described in this paper to produce a set of default
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Figure 1. Comparison of the first order statistic ¢;(L) as a function of
SFR M, for differing levels of model complexity. The black lines (‘incom-
plete mass-based formalism’) represent the expectation value of the most
luminous cluster determined by computing the maximum mass from equa-
tion (25) and then applying a fixed mass-to-light ratio Y. The red lines
(‘complete mass-based formalism’) show the median, and red bands the 5—
95 percentile range, for the first order statistic computed using equations (5)
and (7) for ¢1(L) and @ (L), but using a fixed mass-to-light ratio to com-
pute the luminosity distribution for individual clusters (equation 23). The
blue lines and bands (‘full luminosity formalism”) show the median and 5—
95 percentile range, for ¢1(L) and ® (L) computed from the full formalism,
using equations (5), (7) and (D11). The parameters used for the computa-
tion are given in Table 1 for the lower panel; the upper panel is identical
except that it uses Mmax = 107 M@ rather than 10° M@. The best-fitting
mass-to-light ratio Y, is shown in each panel.

outputs described in Table 2. The code is implemented in C++,
with pyTHON wrappers to call the program and parse the output files.
In the remainder of this section, we verify the accuracy of cLoc via
comparison to two different Monte Carlo methods, making slightly
different assumptions.

3.1 Monte Carlo verification

Our first comparison is to a Monte Carlo calculation that, like cLoc,
assumes that cluster formation is a Poisson process, and also com-
putes the mass-to-light ratios of clusters using the same approximate
relationship (equation 17). This allows us to verify the accuracy of
our analytically calculated PDFs, and our software implementation
thereof. Luckily, the Monte Carlo implementation of the model is
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Table 1. Fiducial parameter values.

Cluster luminosity statistics 2361

Parameter Description Fiducial value
M hax Maximum cluster mass 10° MO
M nin Minimum cluster mass 100 Mg
B ICMF power law index -2
y Cluster age distribution power law index —0.9
tmin Minimum age of sample 107 yr
I'max Maximum age of sample 10° yr
70 Minimum dust optical depth 0
7] Maximum dust optical depth 1
Fe Fraction of stars in clusters at time of observation 0.01
Table 2. Description of software outputs.
Variable Name  Description
X the x-array for luminosity arrays in units of In (ergs~' Hz~!)
pdf_1 the PDF of the luminosity of a single cluster ¢(L) before observational uncertainty convolution
pdf_1_obs the PDF of a single cluster ¢(L) after observational uncertainty convolution
sfr_x the x-axis for the M,— L relation in M@ yr_1
g5, 950, q95 the 5th, 50th and 95th percentile of the & (L) distribution corresponding to sfr_x in the same units as x

Note that the full distributions at each SFR are output and easily obtainable, but these are the only numbers output to this

summary data structure.

simple compared with the analytic derivation of its results (although
of course much slower to run). The process is as follows: we adopt
a set of parameters M, = 500 M@, My = 10° Mp, B = -2,
tmin = 107 Y1, tpax = 10% yr, F. =0.01,y = -09,70 =071, =1
and M, = 0.1 Mo yr~!. From these parameters, we compute the
mean cluster mass (M) = 7254 M) and the expected number of
clusters (N) = 136.5 from equations (9) and (15). We then create a
sample of clusters via the following algorithm.

(i) Draw an actual number of clusters N from a Poisson distribu-
tion with expectation value (V).

(ii) For each cluster, draw a mass M from the ICMF (M), a
light-to-mass ratio from the distribution £([1/7Y]), and a dust optical
depth t from n(t). Each of these distributions is determined fully
from the input parameters.

(iii) From the drawn values, compute the observed luminosity
L=M/Y)e".

We repeat this process 10° times, to create 10° independent cluster
samples. From each sample, we record the luminosity L of the most
luminous cluster. The code that performs these tasks is included for
download with cLoc.

We then run cLoc with the same input parameters, using €5 =
€. = 0, i.e. assuming that there is no observational uncertainty on
either the SFR or cluster luminosities. We compare the analytically
predicted PDF ¢, (L) of the most luminous cluster as computed by
cLoc with the results of the Monte Carlo code in Fig. 2. We see
that cLoc exactly predicts the PDF of the Monte Carlo realizations,
performing as desired, and with a run time that is far smaller than
that of the Monte Carlo code.

3.2 Comparison to SLUG

We next compare cLoc to the Monte Carlo code sLuG (Fumagalli
et al. 2011a; da Silva, Fumagalli & Krumholz 2012). This test is
interesting because sLUG and cLoc treat star cluster formation in
somewhat different ways, and this difference allows us to check the
sensitivity of our predictions to some of the assumptions we made

—8 -10 -12 —-14 —-16 -—18
My

Figure 2. Comparison of the analytic prediction of the PDF of the most
luminous cluster as computed by cLoc (blue curve) and the result of 10°
Monte Carlo realizations of a cluster population (grey histogram). The input
parameters for this test are Mmin = 500 M), Mmax = 10° Mp. B = -2,
tmin = 107y, tmax = 10°yr, Fe =001, y = =09, 79 = 0 7; = | and
M, =0.1Mgyr .

along the way. sLUG is like cLoc in that it produces a population of
clusters with a specified ICMF and following a cluster disruption
law that produces a specified cluster age distribution, but it differs in
two ways. First, sLuG does not assign clusters a fixed, deterministic
mass-to-light ratio. Instead, it populates the clusters with individual
stars, each of which has an individual mass-to-light ratio determined
by stellar evolution models. Thus, sLuG uses the full numerical
evolution of the mean mass-to-light ratio as computed from stellar
evolution codes, rather than our power-law approximation to it, and
also correctly handles the case where the IMF is not fully sampled.
The comparison to SLUG enables us to determine where we can
no longer safely assume that stochastic variations in mass-to-light
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ratio due to imperfect sampling of the IMF is negligible for order
statistics at the bright end of the cluster luminosity function.

The second difference between cLoc and SLUG is that SLUG uses
a mass-constrained method to sample the cluster mass function,
and this method is not precisely described by Poisson statistics.
Specifically, when given a time interval Afs;yg, an SFR M* and
an ICMF, sLuc draws clusters from the ICMF until the total mass
of clusters drawn exceeds the target mass M, Afg yg; it keeps the
last cluster drawn if the result of doing so is closer to the tar-
get mass than the result of omitting this cluster. When the ex-
pected mass of stars M*AISLUG is much larger than the maximum
cluster mass M., the distribution of number of clusters should
converge to the Poisson distribution we have assumed. At the other
extreme, M*AISLUG & (M), the SFR ceases to be a well-defined
concept. Since stars form in (approximately) discrete events of fi-
nite mass, one can only define a meaningful SFR by averaging
over time-scales that are long compared to the mean time be-
tween events. The behaviour in the intermediate regime, where
(M) & M,AtgyG < My is more complex, and the distribution
of number of clusters, and of star formation history, begin to de-
pend on how one samples from the ICMF. The different assumptions
made by sLUG and cLoc in this case will produce somewhat different
results. We emphasize that neither code’s prescription is necessarily
physically correct in the intermediate regime, as the results depend
on the real physical details of how galaxies form clusters. Both
mass-limited sampling and Poisson sampling are at best reasonable
guesses at the right answer. The differences between these two ap-
proaches can therefore provide some measure of how accurate any
method of producing synthetic cluster catalogues can hope to be in
the regime where the ICMF is not well sampled.

With this discussion in mind, our procedure for comparing SLUG
to cLoc is as follows. As in our previous test, we consider clusters
in the age range #,,i, = 10 Myr and #,,,x = 1 Gyr. We use the default
SLUG prescription for cluster formation disruption, which amounts to
fe =1,tp =1 Myrand y = —1, and from these values, we compute
F. = 0.0047 using equation (16). We then run both cLoc and sLUG
for six cases: we use SFRs M, = 1073, 1072 and 10~' Mg yr',
and maximum cluster masses M, = 10° and 10° M@ . We do not
use any dust extinction for this test, as SLUG does not include any. All
other parameters are as specified in Table 1. For the sLuG runs, we
perform 103 realizations of the cluster population for each case. We
output the cluster population at an age of 100 Myr for the runs with
M = 10° M, and at an age of 1 Gyr for the My = 10° M
runs. Note that we do not consider SFRs higher than 10~ Mg yr!
due to issues of computational cost: performing even 1000 SLUG runs
at M, = 107! Mg yr~! requires of the order of a CPU day, and the
computational cost is linear in both the number of realizations and
the SFR. However, the vast majority of the observational sample
is at higher SFRs, illustrating the difficulty of using Monte Carlo
methods to analyse the observations.

We show the results of a comparison between cLoc and SLUG
in Fig. 3. We see that the agreement between the two codes is
generally quite good, but that there are some important differences.
First focus in the left-hand column, showing the models with M, =
1.05 M@ and Ats yc = 1 Gyr. These runs are in the regime where
M, Ats1 yG > My, S0 our assumption that N is Poisson distributed
should be safe. Thus, differences between cLoc and sLUG in this
column are entirely due to the treatment of mass-to-light ratio in
cLoc. At M* =10"" and 1072 Mg yr~!, the difference between
the two codes is minimal. However, at M, = 107> M yr~! we see
that the distribution produced by SLUG is noticeably broader than the
one computed by cLoc. This difference occurs because cLoc’s value

MNRAS 438, 2355-2370 (2014)

for the mass-to-light ratio assumes that each cluster fully samples
the IMF, but at very low SFRs the maximum cluster mass is likely
to be well below the ~10*> M value required for full sampling
(Cervifio & Luridiana 2004; Fouesneau et al. 2012). This induces an
additional scatter in mass-to-light ratio that is not included in cLoc,
and that broadens the distribution. This indicates that cLocC’s results
for the luminosity distribution of the brightest cluster should not
be considered reliable at SFRs below ~107*—102 M yr~!, due
to its incomplete treatment of IMF sampling effects. Fortunately,
at such low SFRs, codes like sLuG are fairly fast to run, since the
number of stars involved is small.

Now consider the right-hand column, which uses M.« =
10° Mg and Atspug = 100Myr. These runs are in the regime
where M*AISLUG > M., and so differences in how the ICMF
is sampled begin to be important, on top of IMF sampling ef-
fects within clusters. In particular, note that, because the sampling
is mass constrained, even though we have set M, = 10° Mg,
no cluster of that mass can ever be created in the SLUG runs, be-
cause M, Atsiyc = 10°—10° M. Thus, even if sLuc does draw
a cluster close to 10° Mg from the ICMF, it will reject it on the
grounds that a mass of 0 is closer to the target mass than a mass of
10° M@ . We have chosen this extreme case intentionally, to show
the importance of ICMF sampling effects. At M, = 1073 Mg, we
find that the sLuG distribution is not only broader than the cLoc one,
it is systematically shifted to higher luminosity. The broadening is
almost certainly a result of the same effect as in the upper-left panel,
i.e. extra scatter in the mass-to-light ratio in sLUG due to incomplete
IMF sampling. At M, = 1072 M yr™', the broadening effect has
vanished, but the sLuG distribution remains shifted to higher lumi-
nosity than the one predicted by cLoc by ~1—2mag. Only once
the SFR reaches M, = 10! M yr~' do cLoc and sLuG agree well.
Clearly, at low SFRs, cLocC’s assumption that the number of clusters
is Poisson distributed produces fewer massive, luminous clusters
than sLUG’s mass-limited sampling method, leading to a systematic
offset in the first order statistic PDF.

The most important point to take from this comparison exercise
is that, as long as one avoids the regime M, AtsiuG & My oOr
M* < 1072 Mo yr" , differences between cLoc and sLUG (and pre-
sumably between cLoc and other Monte Carlo codes that behave
similarly to sLUG) are negligible. At SFRs below ~107> Mg yr™',
cLoc systematically underestimates the breadth of the cluster lu-
minosity distribution due to its omission of IMF sampling effects.
If one wishes to consider models with M*AISLUG & M. the sit-
uation is considerably more complicated. In this case, differing
choices of exactly how to handle the incompletely sampled ICMF
can result in an SFR-dependent offset of ~1—2 mag level in the pre-
dicted luminosity PDF. The correct physical answer in this regime
is unclear.

4 DISCUSSION OF PARAMETER EFFECTS

Having presented the basic outline of the derivation and the param-
eters that determine cluster luminosities, we now turn to a study of
the effects of varying these parameters, with particular attention to
the first order statistic. Our goal is both to demonstrate the power of
the analytic formalism, and also to build some intuition to help us
interpret observations of the relationship between SFR and brightest
cluster luminosity, which we refer to for simplicity as the ‘SFR-L,’
relation. This has traditionally been used in an attempt to deduce
parameters describing star cluster formation (e.g. Bastian 2008).
To that end, we consider a fiducial model whose parameters are
given in Table 1, and we then systematically vary the parameters.
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Figure 3. Comparison of the PDFs of the most luminous cluster as computed analytically by cLoc (blue curve) and via Monte Carlo sampling by sLUG (grey
histogram), following the procedure outlined in the main text. The left-hand column uses Mx = 10° M, and arun time of 1 Gyr in sLUG, while the right-hand
column uses Mgy = 10° Mg and arun time of 100 Myr. The SFRs used are 103,102 and 107! Mg yr‘1 , in the top, middle and bottom rows, respectively.

The results of this experiment are shown in Figs 4 and 5 which we
discuss below. Although we focus on the first order statistic here,
we note that many of the phenomena we identify are generic, and
will affect higher order statistics as well.

4.1 Clustering parameters

Ignoring essentially random effects of dust and light-to-mass ratio,
the dominant input shaping the SFR—L, diagram is the cluster mass

function, which in turn is set by the fraction of stars in clusters
F., and the ICMF parameters M, Myax and B. The effects of the
first factor, F., are simple. (We remind the reader again that F. is
not the same as the mass fraction of stars that form in clusters or
in other gravitationally bound structures; it is the fraction of stars
in the observationally selected age range that are in observationally
identified clusters today.) Varying F. simply translates the observed
relation left or right, such that . = 0.1 with a given SFR M, is
fully equivalent to having . = 1 and an SFR of 0.1M,. This can
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Figure 4. (Left) the PDF of the luminosity of a single cluster before observational error is applied. The filled region corresponds to the fiducial model, while
the solid red line denotes the PDF for that result when the change for each corresponding row is applied. The black line corresponds to the model before
observational errors are included. (Middle) PDFs of the most luminous cluster for SFRs log;, M, = —2.75 (blue) and 2.75 (green). The filled regions are
for the fiducial values and solid lines are for when the change for each corresponding row is applied. (Right) The 5-95 percentile confidence range for the
luminosity of the brightest cluster as a function of M,. The red region is for the fiducial model and blue is the altered model.

be seen in the first row of Fig. 4. The value of F. also has another
effect. In the upper panel of Fig. 4, notice that 5 per cent confidence
contour in the low 7. model extends all the way to the bottom of the
plot (and in fact all the way to —oo) at the lowest SFRs. This occurs
because, when M » and F_ are both very low, (N) is low as well, and
there is a reasonable chance that there will be no clusters present
at the time of the observation. Thus, for these models the PDF has
a significant component at zero luminosity, corresponding to the
8 function term in equation (5). When the prefactor on this term,
I'(1, (N))/T(1), exceeds 0.05, the 5 per cent confidence contour
must encompass zero luminosity. The value of F, to which (N) is
proportional, determines at what SFR this happens.
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Behaviour as a result of changing the upper and lower limits on
the ICMF is less trivial than the simple translation that results from
modifying F., and is illustrated in the bottom four panels of Fig. 4.
For qualitative trends, when all other variables are held constant
it is reasonable to treat the M*—Ll relation as behaving like the
M* — M, relation, i.e. the relationship between SFR and the mass of
the most massive cluster. This only is reasonable when applied over
arelatively small time window Af where any clusters older than this
age are likely to have faded too dramatically to be candidates to be
the most luminous. Thus, changing the upper mass cutoff M, has
little to no effect until there is a sufficiently high cluster formation
rate to make the probability of a cluster near the maximal mass
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Figure 5. Same as Fig. 4 but with different parameters varied.

forming over a time At relatively high. Thus, the effect of changing
the maximum cluster mass from My, to a value M), < My
is to first order to leave the distribution unchanged until the SFR
reaches a critical value M*.lim- We can find this limiting SFR by
first noting that we need to expect to find at least one cluster in
the range M, —Mmax with an age <Af for the change to have a
large effect. This condition can be roughly estimated using equation
(25) to compute the expected mass of the most massive cluster and
equation (9) to compute the expected number of clusters. Combining
these two results gives the SFR at which we expect to produce a
cluster with a mass of at least CM .« This is roughly

. A+l _
M*’lim (M) |:(Mm1n/Mmax) + 1 }

T FRAB 1) (M, /M )P — 1

oM (Mmm)ﬁ“ 26)
T RAB+ D\ M)

where in the second step we have assumed that (M i, /Mmax)‘g s
1 and (M],./ M )P*! > 1, as is the case for any realistic values
of Miin/Mmax and B. Above M*,Hm, the relation between M* and
the luminosity of the brightest cluster is dramatically flattened. One
can see an example of this by comparing the second and fourth rows
of Fig. 4, which differ only in their values of M y,y.

The effect of the lower mass cutoff M ,;, is twofold (see equation
25). Consider the use of a higher minimum mass M/, compared
to a fiducial case with a lower limit of M,,,. First, note that the
observed maximum mass cannot be less than M/, and thus in any
regime where M is in the range of My,—M,;, will have its value
set to a floor of approximately M, . This is of course assuming that
there is at least one cluster. The other effect of raising M., is to raise
the mean cluster mass (M). This both decreases the allowed range
of cluster masses and thus increases M, and L, but also decreases
the expected number of clusters (N), making N = 0 a more likely
outcome. The net effect is that, at higher SFRs, increasing M,y;, very
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slightly increases the expected luminosity of the brightest cluster,
but it also raises the SFR at which the 5 per cent confidence contour
extends all the way down to zero.

Changing the value of the slope 8 will affect the observed rela-
tion in several ways. The dominant effects are on the overall slope
and dispersion of the relation (see the first two rows of Fig. 5).
A flatter mass function corresponds to a broader distribution of
cluster masses at fixed number of clusters N. As a result, 8 closer
to O results in the most massive cluster spanning a wider range of
luminosities at fixed SFR. A steeper mass function will result in a
less dispersed distribution. The ICMF slope also directly controls
how the most luminous cluster varies with N and thus will affect
the overall slope of the relation.

Finally, we have already seen that the cluster age distribution
plays a key role in setting the total number of extant clusters at the
time of observation. However, this role is entirely encoded in the
parameter F., which provides the mapping between the mass frac-
tion of stars observed to be in clusters at the time of the observation
(F.) and the mass fraction of stars formed in clusters ( f;). At fixed
At and f,, changing the cluster age distribution slope y changes
the value of F., and thus the expected number of clusters. However,
changes in y are degenerate with changes in f, that leave the overall
value of F, the same.

4.2 Dust extinction and observational uncertainties

In addition to the parameters discussed above that characterize the
physical way clusters form and evolve, there are additional ‘nui-
sance’ parameters that affect the observed luminosity function, and
that must be accounted for if we are to have confidence in any
deductions we make about the physical parameters. Dust is one
such nuisance parameter, though one that is often ignored. As illus-
trated in the bottom panel of Fig. 5, higher mean dust extinctions
lower the median luminosity expected at fixed SFR. Equally im-
portantly, dispersion in the dust optical depth distribution broadens
the distribution. In the extreme case of a highly extinct galaxy, the
most luminous cluster might well be the one with the lower extinc-
tion, rather than the one with the highest intrinsic luminosity. More
generally, variations in the mean or width of this distribution can
mimic the effects of many other parameters, and the problem is even
worse if the amount of dust extinction is systematically correlated
with the SFR. Should this be the case, there is little that one can
do short of attempting to estimate the extinction of each cluster
individually.

A final, also commonly neglected nuisance effect is the uncertain-
ties in the measurements of SFR and cluster luminosity themselves.
While the photometric errors are often quite small, significant er-
rors can arise from uncertainties in how to extrapolate the cluster
surface brightness distribution to large radii. These effects can in-
troduce scatter of 0.5—1.5 magnitudes (Larsen & Richtler 1999).
The SFR also remains significantly uncertain due to scatter in the
SFR calibration and even stochastic variations in the SFR indicators
[see Kennicutt & Evans (2012) for a recent review]. Robust SFR
measurements are best achieved by combining two SFR indicators
to capture both obscured and unobscured populations (e.g. UV and
IR, or He and IR), and in this case the error is likely 0.5 dex or
less, but many studies of cluster statistics are based on less accurate
SFR measurements. These uncertainties have the effect of broad-
ening the distribution along both the M, and L, axes, and must be
correctly accounted for when interpreting observations. The effect
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of varying the assumed uncertainty can be dramatic, as evidenced
by rows 3 and 4 of Fig. 5.

5 CONCLUSIONS

In this paper, we present a new analytic method to compute lu-
minosity order statistics of star clusters from theoretical models
of the cluster formation process, including realistic parametrized
treatments of cluster aging, cluster disruption, dust extinction and
observational uncertainties in the determination of both cluster lu-
minosities and galaxy SFRs. We have implemented this analytic
method in a new software package, the cLoccode, which is re-
leased under the terms of the GNU General Public License, and we
have verified that this package produces results consistent with the
full Monte Carlo stellar and cluster population synthesis code sLUG
(da Silva et al. 2012) in the regime where the SFR is large enough
that the initial stellar and cluster mass functions are well sampled.

The primary advantage of our method compared to previous work
is its speed. Monte Carlo methods of computing order statistics of
cluster luminosity (i.e. the probability distribution of the most lu-
minous cluster in a population, second most luminous, third most
luminous, etc.) are extremely expensive, requiring vast numbers of
trials to produce converged distributions. In contrast, because our
method is analytic, we are able to obtain the same results in a tiny
fraction of the time — for some of the examples we present, the
difference in computation time is a matter of days versus millisec-
onds. The reduction in computational cost that we achieve is such
that we can, for the first time, use MCMC methods to explore the
full, multidimensional parameter space characterizing the way star
clusters form, fade and disrupt, as well the a variety of observational
uncertainties that affect measurements of star cluster luminosities
and galaxy SFRs. We can therefore conduct statistically rigorous
analyses of what can be inferred about the properties of star cluster
formation and evolution from observed cluster luminosity distribu-
tions, the order statistics thereof, and the dependence of both of
these quantities on the large-scale properties of galaxies. The free-
dom to explore the ways in which nuisance variables confound our
attempts to constrain the relevant cluster parameters opens the door
for an unprecedented analysis of the relationship between galaxy
SFRs and brightest cluster luminosities, which is the subject of the
companion paper (da Silva et al., in preparation).

ACKNOWLEDGEMENTS

RLdS and MRK acknowledge support from NASA through Hub-
ble Award Number 13256 issued by the Space Telescope Science
Institute, which is operated by the Association of Universities for
Research in Astronomy, Inc., under NASA contract NAS 5-26555.
The Work of RLdS was supported by the National Science Foun-
dation Graduate Research Fellowship. Support for MF was pro-
vided by NASA through Hubble Fellowship grant HF-51305.01-A
awarded by the Space Telescope Science Institute, which is oper-
ated by the Association of Universities for Research in Astronomy,
Inc., for NASA, under contract NAS 5-26555. MRK acknowledges
support from an Alfred P. Sloan Fellowship, from NSF grant AST-
0955300 and from NASA ATP grant NNX13AB84G. MRK and
SMF acknowledge the hospitality of the Aspen Center for Physics,
which is supported by NSF grant PHY-1066293. This research has
made use of the NASA/IPAC Extragalactic Database (NED) which
is operated by the Jet Propulsion Laboratory, California Institute

¥T0Z ‘T2 Yo\ Uo Ao pyiieg ‘elulojie) 1o AsieAlun e /B1o'seuinolpioxo selu;/:dny woij pepeoumod


http://mnras.oxfordjournals.org/
http://mnras.oxfordjournals.org/

of Technology, under contract with the National Aeronautics and
Space Administration.

REFERENCES

Bastian N., 2008, MNRAS, 390, 759

Bastian N. et al., 2011, MNRAS, 417, L6

Bastian N. et al., 2012a, MNRAS, 419, 2606

Bastian N., Konstantopoulos I. S., Trancho G., Weisz D. R., Larsen S. S.,
Fouesneau M., Kaschinski C. B., Gieles M., 2012b, A&A, 541, A25

Bik A., Lamers H. J. G. L. M., Bastian N., Panagia N., Romaniello M.,
2003, A&A, 397,473

Boutloukos S. G., Lamers H. J. G. L. M., 2003, MNRAS, 338, 717

Bressert E. et al., 2010, MNRAS, 409, L.54

Cervifio M., Luridiana V., 2004, A&A, 413, 145

Chandar R., Fall S. M., Whitmore B. C., 2010, ApJ, 711, 1263

da Silva R. L., Fumagalli M., Krumholz M., 2012, ApJ, 745, 145

Fall S. M., 2006, ApJ, 652, 1129

Fall S. M., Chandar R., 2012, ApJ, 752, 96

Fall S. M., Chandar R., Whitmore B. C., 2005, ApJ, 631, L133

Fall S. M., Chandar R., Whitmore B. C., 2009, ApJ, 704, 453

Fouesneau M., Langon A., Chandar R., Whitmore B. C., 2012, ApJ, 750, 60

Fumagalli M., da Silva R., Krumholz M., Bigiel F, 2011a, in Treyer M.,
Wyder T., Neill J., Seibert M., Lee J., eds, ASP Conf. Ser. Vol. 440,
UP2010: Have Observations Revealed a Variable Upper End of the
Initial Mass Function? Astron. Soc. Pac., San Francisco, p. 155

Fumagalli M., da Silva R. L., Krumholz M. R., 2011b, ApJ, 741, L26

Gieles M., Lamers H. J. G. L. M., Portegies Zwart S. F., 2007, ApJ, 668,
268

Gutermuth R. A., Pipher J. L., Megeath S. T., Myers P. C., Allen L. E., Allen
T.S., 2011, ApJ, 739, 84

Haas M. R., Anders P, 2010, A&A, 512, A79

Kennicutt R. C., Evans N. J., 2012, ARA&A, 50, 531

Kruijssen J. M. D., Pelupessy F. 1., Lamers H. J. G. L. M., Portegies Zwart
S. F, Bastian N., Icke V., 2012, MNRAS, 421, 1927

Lada C.J., Lada E. A., 2003, ARA&A, 41, 57

Larsen S. S., 2002, AJ, 124, 1393

Larsen S. S., 2009, A&A, 494, 539

Larsen S. S., Richtler T., 1999, A&A, 345, 59

Rose C., Smith M. D., 2002, Mathematical Statistics with Mathematica.
Springer-Verlag, New York

Weidner C., Kroupa P, Larsen S. S., 2004, MNRAS, 350, 1503

Zhang Q., Fall S. M., 1999, AplJ, 527, L81

APPENDIX A: GENERAL DERIVATION OF
CLUSTER ORDER STATISTICS

Here we derive the order statistics for clusters using a more general
method that can be extended to the case where cluster luminosities
are independent of one another, but where the full cluster formation
process does not obey Poisson statistics. Let ¢(L) be the luminosity
PDF of a single cluster and ®(L) = fOL ¢(L")dL’ be the corre-
sponding CDF. Note that, although we use L as the variable, our
derivation applies equally well to any other quantity that is defined
for a star cluster, for example mass. First consider a region of study
containing exactly N clusters. For independently drawn cluster lu-
minosities, the probability that any single cluster has a luminosity
>Lis 1 — ®(L), and for m < N, the probability that exactly m clusters
have luminosities >L is simply given by the binomial distribution.
Thus, we have

i = @SN, m < N

Pu(> L) = { (AD)

0, m > N.

To obtain the CDF ®,(L), recall that ®,(L) is the probability that
the kth most luminous cluster has a luminosity <L. If N > k, this
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probability must be equal to the probability that there are between
0 and k — 1 clusters that have luminosities >L, and therefore

k—1
(L | N)=_ Pu(> L) (A2)
m=0

Note that for N < £, this evaluates to ®,(L|N) = 1 for any luminosity
where ®(L) # 0. This amounts to asserting that, in a region with
N < k clusters, the CDF of the kth most luminous cluster is 1 for
any non-zero value of L. For N > k, the corresponding PDF is

d
BULIN) = o | N) (A3)
_ M eyt — e L) (Ad)
(N —k)!'(k—1)! ’

Note that the second equality is not immediately obvious, but is
a standard result in statistics that can be proven by a variety of
arguments (e.g. Rose & Smith 2002, section 9.4).

The case N < k is more subtle, since this amounts to asking what
we mean by the PDF ¢ (L|N) when N < k. To put the question in
words: what is the probability that the kth most luminous cluster
has a luminosity in the range L to L + dL, if we are considering
a region where there are fewer than & clusters present? We must
answer this question if we are to define a meaningful PDF, because
in any sample of galaxies or subgalactic regions, there are likely to
be regions that contain no or only a small number of clusters. There
are two possible approaches. One could simply exclude cases where
N < k, and compute statistics in the remaining cases. This would
amount to changing the summations below (equations A6 and A7)
to run from N = k to oo rather than N = 0 to co. The other option
is to assign a luminosity of O to the kth most luminous cluster in
regions where N < k.

While both options are equally valid from the standpoint of statis-
tics, from a practical standpoint the second one is preferable. The
difficulty with excluding the case N < £ is that, in order to com-
pare a model of this form to observations, we would be required to
construct an observational sample in which we exclude regions that
contain too few clusters. However, finite observational sensitivity
means that we can never count clusters with certainty. In particular,
we cannot easily distinguish between the possibilities that there are
no clusters present and that there are clusters present, but below our
detection limit. For this reason, we could never be certain of suc-
cessfully constructing an observational sample that is appropriately
cleaned of cluster-free regions. In contrast, if we simply assign a
luminosity of zero in our formalism when N < k, we avoid this
complication. In this case, we need make no effort to sort our ob-
servational sample into galaxies with and without a large enough
number of clusters, and can instead handle cases of non-detections
by folding the observational upper limits into our analysis. For this
reason, we choose to formally extend the definition of ¢;(N) to

&(L | N)

_ [ ot @Y eI, k< N
S§(L), k>N

(A5)

This choice is also consistent with the CDF for the case N < k.
As noted above, ®;(L) evaluates to unity for N < k and ®(L) # 0,
so (d/dL)®,(L | N) = 0 for any L such that ®(L) # 0. However,
for ¢, (L|N) to be properly normalized, it must have an integral of
unity overall L. The definition given by equation (AS5) meets these
requirements, as for any N < k it gives a zero derivative for any
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luminosity L that it is possible for a cluster to have, but also has unit
integral over all luminosities.

We are now in a position to compute the PDF ¢, (L) and CDF
®,(L) for a population of regions with varying numbers of clusters.
This is given by the sum of ¢;(L|N) and ®,(L|N) weighted by the
probability P(N) that a given region contains exactly N clusters:

Dp(L) = P(N)D(L | N) (A6)
N=0

¢(L) =Y P(N)gu(L | N). (A7)
N=0

To proceed further one requires the discrete probability distribution
P(N) for the number of clusters. One might guess that P(N) is
Poisson distributed, but, as noted in the main text, this cannot be
strictly true due to mass conservation. As has been discussed in
the context of sampling from the IMF (e.g. Haas & Anders 2010),
many other choices are possible that enforce mass conservation to
varying degrees. For example, the sLuG code to which we compare
in Section 3.2 uses a ‘stop-nearest’ approach in which clusters are
drawn from the cluster mass function until the total mass exceeds the
specified mass budget, and then one keeps or does not keep the last
cluster drawn based on which choice puts the total mass closest to
the target value. Alternately, one could always or never keep the last
cluster, which corresponds to ensuring that one always overshoots or
undershoots the mass budget, one could produce a list of clusters but
then sort them by mass, or any number of other approaches. Clearly,
each of these approaches will generate a different distribution of
P(N) values. To calculate the order statistics for a given method
of sampling the cluster mass function, one must derive P(N) for
that approach (either analytically or numerically) and then use that
distribution in equations (A6) and (A7).*

Without a real physical theory of star cluster formation there is
no obvious reason to favour one method of mass-limited sampling
over another. However, in the limit where the mean cluster mass
is much less than the total gas mass, it is probably reasonable to
approximate that clusters form independently of one another, in
which case P(N) will be Poisson distributed. In this case, the PDF
and CDF of cluster luminosities are

0 (NN = (V)

(L) = ZO ()Te!CDkG | V) (A8)
N=I
> NN = (V)

¢l = ()T@(L | V), (A9)

N=0
where (N) is the expected number of clusters in the region under
consideration.

Evaluating equation (A8), we have

00 )N—

Oy (L) = Z

N=0

Z P,(>L) (A10)

4 The stop-nearest method and some others like it present a further compli-
cation. For this method, the masses and luminosities of individual clusters
are not independent, because the last cluster drawn is much more likely to be
kept if its mass is smaller than if it is large. Thus, clusters drawn late in the
selection process are not independent of those drawn early. The formalism
given here cannot be used in this case.
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k=1 o0 N —(N)
m=0 N=0
k—1 m _ m,—(N) N—m N—m
_ (NY"[1 = d(L)]"e (N (L) (A12)
m=0 m! N=m (N - m)'

_ NyD(L) Z N1 — ‘D(L)]}m (A13)

Note that in the second line we exchanged the order of summation,
which is possible because the sums involved are absolutely conver-
gent. The third line is simply a substitution using equation (Al),
and the fourth line follows from the definition of the exponential
function. The final line is equation (7) of the main text.

Similarly, evaluating equation (A9) gives

k-1 (N)Ne_ Ne— N)
o =3 M e
x®(L)V 1 — (L)' p(L) (A14)
T(k, (N)) (N)re~ 1
= S(L 1—®(L L
T D (k_)[ (L 'p(L)
0 <N>N7kq)(L)N7k
x NZ:k o (A15)
_ DN gy UIA = 0] | Y
I'(k) (k—1)!

(A16)

The first line follows from substituting equation (AS5) into
equation (A9), the second is just an algebraic re-arrangement, and
the final line uses the definition of the exponential function. This is
equation (5) of the main text.

APPENDIX B: FIT FOR Y

In this appendix, we compute an approximate power-law fit to the
age-dependent cluster mass-to-light ratio Y'(7) for V band. We run a
STARBURST99 simulation of a simple stellar population with a Kroupa
IMF, Padova+AGB stellar tracks, Lej+SMI stellar atmospheres
and solar metallicity. From this simulation, we find that at ages
t = 10 Myr—1 Gyr, the light-to-mass ratio in V bands is well ap-
proximated by Y(r) = Y,(¢/10Myr)¢, with best-fitting parameters

¢ = 0.688 (B1)

Y. =83x10' Mg (ergs™' Hz ™')™ (B2)

Fig. B1 shows both the STARBURST99 result and our best-fitting func-
tion. The maximum deviation between the fit and the numerical
result is 0.07 dex.

APPENDIX C: THE LUMINOSITY FUNCTION
FOR VARIABLE AGES

Here, we evaluate the convolution

@in(log Lin) o< Y (log M) * &(—log 1) (&)
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Figure B1. Fit of a simple power-law approximation (1/Y oc r~¢, red) for
the light to mass ratio 1/7Y'(¢), compared to the results of a STARBURST99
calculation of Y with a Kroupa IMF, Padova+AGB stellar tracks, Lej+SMI
stellar atmospheres and solar metallicity (black). The greyed out region
corresponds to populations younger than 10 Myr, for which the fit is poor.

for the PDF of intrinsic luminosities including age-dependent mass-
to-light ratios, where L, = M /Y. First we evaluate £([1/Y]) using
equation (18), which gives

Yr=I=0/ 0 1/ <1/ < 1/
EQ1/ T (€2)

R otherwise,

where for convenience we have defined Yo = Y, (fyin/10Myr)¢ and
Y| = Yi(tmax/10Myr)¢. The calculation can be done most easily
by transforming to logarithmic variables. Given the above equation
for £([1/7]), the PDF of —log Y is given by

YO=DE 1Yy < 1/T < 1/7
fi(=log 1) o , (C3)
0, otherwise.
We can similarly transform the ICMF /(M) to a logarithmic variable
as
Mmin <M < Mmax

M/ﬁJrl ,
Sfr(log M) x . (&)
0 otherwise.

Since the intrinsic luminosity L;, obeys log Ly, = logM — log Y,
we can now find the PDF of log L;, via the substitution z = —log Y,
giving

$in(log Lip) o / J1(2) f2d0g Linin — 2)dz (C5)

= / " lexp(a) ¢ [exp (log Li, — )] dz (C6)

Mmax
0, Lm > %
21 My My
0’8 fm G(z)dz, = < Lin < (ChH
Mo
0, Lin < =2,

where for convenience we have defined

20 = 10g maX[l/Tls Lin/Mmax] (C8)

21 = 10g min[l/TO: Lin/Mmin] (C9)
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B+1

G(z) = [exp(2)]” "¢ [exp (log Lin — 2)] (C10)
= LI exp(wz), (C11)

where

w:y—_l—ﬂ—l, (C12)

¢

The integral [G(z)dz therefore trivially evaluates to
(L8 Jw) exp(wz), up to the constant of integration.

We now limit ourselves to considering the case 10g (M max /M min)
> log (Y'1/Yy), which amounts to saying that the mass distribution
is broad enough that a cluster with the minimum possible mass
at the youngest possible age is still dimmer than a cluster at the
maximum possible mass and the oldest possible age. Using our fit
to V band, i, = 10 Myr and #,,,x = 1 Gyr, this is true as long as
10g10(Mmax/Mmin) > 1.38, which s a fairly unrestrictive requirement
given the observations imply a far broader range of cluster masses
exists. With this assumption ¢(log L;,) reduces to

O’ Lin > M,Y\L:J'x
ot Gz, Mo < [, < Mo
glog L) o § [y G@dz, Mg < L < M (C13)
flLOgglmemm G(z)dz, M%lm <L < MY'iT)'"
O’ Lin < MTL‘I‘"
0, L;, > M%;x
T(;w_%’ MTLT“<Lin<M+7“L;"‘
o LT M@ = e, Man <y, < Mo i
%_Trw’ M‘%inlin<Lin<M+7'g"
0, Ly, < M_Yv_in]m

The corresponding CDF for y # 1 is

M m;
1/B, [ Y“;oo)
1 1 1
BTy
Lin—Mpax /XY
v Mfnax
Mmax  Mmax
+ B| + B», [T]a To)
To—wiafl—w «
p+1
@in(log Lin) = B . (€15
B+l __ p+1
(Lin Mmin /TO )
Mmin  Mmax
+ By, [ T’ >
Lin—Myin/ Y} _
v Midin
+1 p+1 B+l
w Mpin  Mpin
B+DHYY ’ T Yo
Mpin
0, [0, ),

where the interval in each case specifies the range in L;, over which
it applies, and we have defined
M2/ — MYy MEEY YT — M !

Bl _ min _ min 0 min

vMe B+ DTy

(C16)
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LR
B, = (%) (Mgt = mpalyxl™) 1y

1 1
LB = B, + By + M/ X0 — MLL/TYT
B+ DYy

My /Yy~ My c1s)
vM®

max

y—1
= —. C19
v c (C19)

For y = 1, we instead have a CDF
Mina
1/B', [, o)
L;f‘f‘ﬂ 7M‘;]‘fw+xl/,Y.fi+]
BTDYY
_ log(y Lin/Mmax)
M&:ax

+ B| + B,

To—inl—w o«
B+l

(L{Sn+1 M,B+1/ /3+1>

min

Mmax  Mmax
Ty’ Yo

q)in(log Liy) =B

’ Mmin ~ Mmax
+ B [T] T)
1 in
Mf(ﬁln Mmm/
_ ! ’Mﬁrl”ﬁ“ Minin M.
BTy T Yo
Mmm
0, [0, e ),
(C20)
where
B - 1 gﬁ 3 { ML } [T—q}ﬂ) B Tf(fm)]
1 Mro;;m Tl (,3 + 1)T10) 1 0 )
(C21)
Ty =
B, = O/ST <M51;<1/T{;+1 M.ﬁl/“ffﬂ) (C22)

MEF] - -
1/B = B +B§+{ max } [To B+D _ s (ﬁ+1)]

B+ DYy
L g Lo (C23)
oz L0
TMe B

max

APPENDIX D: THE LUMINOSITY FUNCTION
FOR VARIABLE AGES AND DUST

In this appendix, we derive the PDF and CDF for clusters includ-
ing the effects of both variable ages and dust, by evaluating the
convolution

¢(log L) o pin(log Lin) * 1(—1), (D1)

where ¢;,(Liy) is the distribution of intrinsic luminosities given by
equation (C14),

1

1., (T T W <T<T

n(r) = (w0.7)(T) _ ) um - (D2)
11— 0 otherwise
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is the distribution of dust optical depths and L = Li,e™*. Here 1y, )
is the indicator function, which is unity on the interval (xy, x;) and
zero elsewhere.

As in Appendix C, we evaluate the PDF of the sum by transform-
ing to logarithmic variables. To simplify the analysis, first note that
equation (C14) for ¢i,(log Li,) can be rewritten as a sum of power
laws multiplied by indicator functions:

5

$in(log Lin) Z CiLi (Lo Liny ) (Lin)s (D3)
i=1
with
C = (" =My, T — Y77 M, —=T7) (D4)
=PB+,8+14+w,8+1,6+14w,8+1) (D5)

Lino _ Mmax i Mmax’ Mmin’ Mmin i Mmin (D6)
T T Yo T T
Mmax Mmax Mmzlx Mmin Mmin
L, = , ; , , . D7)
T() To Tl TO TO

The intrinsic and observed Iluminosities are related by
logL = logLi, — 7, and we let z = logLi,, so the convolution
may be written as

$llog L) o / (o — log L) dz (D8)

[ 0
= Z Gi / emzl(Lm‘o,i‘Lm‘u)(ez)l(fo,n)(Z —logL)dz

=T o —00
(D9)
12 o0
= > € / € Log Ly 0,.10g Lin1.)(2)-
T — 7 i=1 —0o0
1(r0+log L,r|+logL)(Z) dz (D10)
Ll 1 L;D’Z
= Z C; max 0], (D11)
1 — % pi
where
Ly; = max (log Lino.i, To + log L) (D12)
Ly; = min (log Li 1, 71 4+ log L) . (D13)
The corresponding CDF is
logL
®(log L) = / ¢(log L')dlog L'. (D14)
—00

We refrain from writing out the full result of this integration, be-
cause, although each term is trivial to evaluate, there are a very
large number of them thanks to the multiple min and max opera-
tors involved. The full expression is included in the cLoc software
package.

This paper has been typeset from a TEX/IATEX file prepared by the author.
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