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Dynamicsversusstructure: breaking the density degeneracy in star

formation

Richard J. Parkér

1 INTRODUCTION

arXiv:1410.0004v1 [astro-ph.GA] 30 Sep 2014

Characterising the formation environment of stars is on¢hef
outstanding challenges in astrophysics. If stars are pnaddely
born in dense ‘clustered’ environments (e.g. Lada & | ada3200
Ladal 2010) then dynamical interactions and the radiatidd<fie
from massive stars may significantlffect the formation and evolu- .

tion of planetary systems (elg. Armitdge 2000; Bonnell 22@01; Goodwin 2010).

Scally & Clarké [ 2001;] Adams etlal. 2006; Olczak €t al. 2008; Unfortunately, this problem is severely complicated by un-
Parker & Quariz 2012; Rosotti eflal. 2014) and the properfies o certainty in determining the maximum density attained tar-st
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ABSTRACT
The initial density of individual star-forming regions @by extension the birth environment
of planetary systems) is fiiicult to constrain due to the “density degeneracy problem”: a
initially dense region expands faster than a more quiesegmin due to two-body relaxation
and so two regions with the same observed present-day denaijt have had very fierent
initial densities. We constrain the initial densities ofee nearby star-forming regions by
folding in information on their spatial structure from tdeparameter and comparing the
structure and present-day density to the resultdldfody simulations. This in turn places
strong constraints on the possibl@eets of dynamical interactions and radiation fields from
massive stars on multiple systems and protoplanetary.discs

We apply our method to constrain the initial binary popwlatin each of these seven
regions and show that the populations in only three — therOxiebula Clusterp Oph and
Corona Australis — are consistent with having evolved frberoupa universal initial period
distribution and a binary fraction of unity.

Key words: stars: formation — planetary systems — open clusters andiaions — methods:
numerical — binaries: general

because their properties in the Galactic field are well-raired
(Raghavan et al. 2010; Duchéne & Kraus 2013). In principie o
can compare binary populations between star-forming negimd
the Galactic field, in order to determine the type of starriog
region that produces the most ‘field-like’ binaries (and deeis
the dominant star-forming event that produces the Galditid;

nary and multiple systems (elg. Krollpa 1995a; Kroupale@@i91  forming regions. Observations of the present-day densitgtar-
Marks & Kroupa 2012; Parker & Goodwin 2012). forming regions provide very few constraints on the initi&n-

On the other hand, if most stars are born in relative isola- Sity (e.g.King et al. 2012a; Moeckel'et al. 201.2:.(.3ieles IEQQIZZ;
tion (e.g.[ Shu. Adams & Lizahb 1987), or rather in low-depsit Parker & Meyer 2012). The reason is that an initially denggore

environments where dynamical interactions are insignifi¢a.g. expands very quickly due to two-body relaxation, whereassa |
Bressert et al. 2010), then planetary and binary systemsfonay ~ dense region expands more slowly. Therefore, at a givenvage t
with little or no external perturbation. Either scenaris fraportant regions with the same present-day density may have had vfery d
implications for understanding the origin of stars in thela@tc ferent densities in the past. This is the so-called “dendégen-
field, and for placing our Solar System in the context of eanpt eracy problem” — not enough information is available to roig
tary systems (e.g. Adafns 2011; Alexander ¢t al. 2013; Datiab much more dense initial conditions (e.g. Marks & Kroupa 2012
2013, and references therein). Marks et al. 2014).

Ideally, we would like to compare the properties of observed In this paper, we attempt to address this issue by fold-
star-forming regions and young clusters to simulations ogg ing in extra information on the structure of star forming ices
the dfects of the star-forming environment on binary systems and (Cartwright & Whitworth 2004), and (where available) théateve
fledgling planetary systems. Binary systems are partiyuieseful density around massive stars with respect to the medidarsteh-

* E-mail: R.J.Parker@Ijmu.ac.uk
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sity in the region|[(Maschberger & Clarke 2011). We compare ob
servational data for seven nearby star-forming regionlsdadsults
of N-body simulations where we vary the initial density to deter
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mine the most likely initial conditions of each region. As ext
ample of the method, we then use these constraints to ruléheut
universal binary population hypothesis from Kraupa (168haNe
describe our simulation set-up in Sectidn 2, we presentesults
in Sectior B and we conclude in Sectidn 4.

2 METHOD
2.1 Star-forming region set-up

Both  observations (e.g. | Cartwright & Whitworth| 2004;
Sanchez & Alfaro| 2009;._Gouliermis etlal. 2014) and simula-
tions (Schmeja & Klessen 2006; Girichidis etlal. 2012; Ddlele
2013) of star-forming regions indicate that stars form wéth
hierarchical, or self-similar spatial distribution (ithey are sub-
structured). It is almost impossible to create substrectorough
dynamical interactions; rather it is usually completelgisad over

a few crossing times_(Parker ef al. 2014). Therefore, in rotde
reproduce the substructure observed in many of the regibns o
interest here, we must start the simulations with subsiract

We set up substructured star forming regions using fraéal d
tributions, following the method of Goodwin & Whitwolth (20).
This method is described in detail in that paper, and in Aflist al.
(2010) and Parker et al. (2014). Briefly, the fractal is biitcre-
ating a cube containing ‘parents’, which spawn a number luf-'c
dren’ depending on the desired fractal dimension. The ainaiun
substructure is then set by the number of children that doeadl
to mature. The lower the fractal dimension, the fewer chitdare
allowed to mature and the cube has more substructure. Fdacta
mensions in the rang® = 1.6 (highly substructured) t® = 3.0
(uniform distribution) are allowed. Finally, outlying pimles are
removed so that the cube from which the fractal was created be
comes a sphere; however, the distribution is only truly sphkif
D =3.0.

All of our simulated star-forming regions have a fractal di-
mensionD = 1.6; the Taurus association (Cartwright & Whitworth
2004) and Corona Australis (CrA, Neuhauser & Forbiich %008
both have fractal dimensions consistent with this valuetswhuse
dynamical interactions cannot make a region more subsieatt
we adopt this value. However, we note that hydrodynamiaat si
ulations of star formation can produce less substructuegtbns

1% M, pc®). In a third set of simulations, the regions contain 300
stars and have a radius of 5 pc (“low densityp ~ 10 M, pc3).

2.2 Binary population

All of our regions have an initial binary fraction of unity,
i.e. everything forms in a binary. When creating the binasguda-
tions we adopt the same initial conditions as in Marks e28114).
The primary masses are drawn from_a Kroupa (2002) IMF of the

form
dN ,
av & { @

wheremy = 0.1 M,, my = 0.5M,, andm, = 50 M,. clusters.
There are no brown dwarfs in the simulations. Secondary esass
are also drawn at random from the IMF; note this is incon-
sistent with recent observations (Metchev & Hillenbrend)0
Reggiani & Meyer 2013) which show a universal flat companion
mass ration distribution. However, subsequent pre-majnesgce
eigenevolution (see below) alters the mass ratios of closaibs
so that the CMRD approaches a flat distribution.

Binary periods are drawn from the Kroupa (1995b) period dis-
tribution (see also Kroupa & Petr-Gotz2ns 2011; Marks ¢2Gil4)
of the form

M—1.3
M—2.3

10910P — 10910Pmin
& + (10g10P — 10g10Pmin)*

f (logioP) =1 @
where logoPnmin is the logarithm of the minimum period in days
and logoPmin = 1.7 = 25 ands = 45 are the numerical con-
stants adopted by Kroupa (1995b). This period distributi@s
derived from a process of “reverse engineerimdybody simula-
tions (Kroupz 1995a/b,c); regions with low densities do lmeiak
up many hinaries and hence would have an excess of wide system
(100 — 10 au) compared to the Galactic field, as observed in Taurus
(Leinert et all 1993; Kohler & Leinert 1998), whereas moemsk
regions would destroy more wider binaries and the resutepa-
ration distribution is more “field-like” (Duquennoy & Maydr91;
Fischer & Marcy 1992; Raghavan etlal. 2010).

Eccentricities are drawn from a thermal distribution (Hegg
1975) of the form

f(e) = 2e 3)

(higherD values) and as we shall see, some observed regions mustWe note that the eccentricity distribution of binaries ire th

also have higher primordial fractal dimensions.

The velocities of stars in the fractals are also correlated
on local scales, in accordance with observations (Lars@#:19
André et al. 2010). The children in our fractals inheritithgar-
ents’ velocity, plus a small amount of noise which succedgide-
creases further down the fractal tree. This means that tadoge
stars have very similar velocities, whereas two stars waretdis-
tant can have very fierent velocities. Again, this is arffert to
mimic the observations of star formation, which indicatat tbtars
in filaments have very low velocity dispersions (André epal o).

In order to erase primordial substructure and to process pri
mordial binary systems adfiently as possible, we scale the ve-
locities of the whole fractal to be subviriak = 0.3, where the
virial ratio iy = T/IQ; T andQ are the total kinetic energy and
total potential energy of the stars, respectively).

We set up our star-forming regions with thredfelient den-
sities. In two sets of simulations, the regions have a raolidspc
and contain either 1500 stars (which we will refer to as “higim-

sity” — p ~ 10* M, pc®) or 150 stars (“medium density” g ~

field is more consistent with a flat distribution (Raghavaalst
2010;/ Duchéne & Kraus 2013); however, as with the masssatio
eigenevolution alters the distribution for close systems.

Finally, we apply the Kroupe (1995b) ‘eigenevolution’ algo
rithm, which accounts for tidal circularisatiorffects in close bi-
naries |(Mathigu 1994), and for early angular momentum feans
between the circumprimary disk and the secondary star.

We then place the binary systems at the centre of mass of
each position in the fractal and we evolve the star-formieg r
gions for 10 Myr using th&ira integrator in theStarlab package
(Portegies Zwart et al. 1999, 2001). We do not include stela-
lution in the simulations.

3 RESULTS

We first demonstrate the density degeneracy andfiston the bi-
nary properties in star-forming regions. In order to invakéniver-
sal model of star formation and to reconcil&éiences between the

© 2014 RAS, MNRASO00, [1H8
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Figure 1. Evolution of the separation distribution normalised to tiie
nary fraction as a function of initial density. The primaidistribution
(Kroupal 1995b) is shown by the dotted line and the distrinsti after
1Myr are shown by the open (low densityp-~ 10M, pc3), hashed
(medium density 0"~ 10° Mo pc ) and solid (high density p "~
10* Mo, pc3) histograms. The observed distributions for Taurus (tie ci
cles,| Kdhler & Leinert 1998) and the Orion Nebula Clustére(squares,
Reipurth et al. 2007) are also shown.

binary populations of Taurus (Leinert etlal. 1993) and thaG&
field (Duguennoy & Mayor 1991), Kroupa (1995a,b) postuladed
universal initial binary population where all stars formhimaries,
with an excess of systems with wide £1010* au) semimajor axes
with respect to the field population. In Fig. 1 we show theiahit
Kroupa (1995b) binary period distribution (Edu. 2), cortedrto a
separation distribution, by the dotted line. Dependingl@rhax-
imum density attained by the region, the binaries cdiesunone,
little, or much dynamical destruction and the separatictridiu-
tion is altered accordingly. We show the distribution (at yirfMn
the simulated low density regions by the open histogramdlitte-
bution in the medium density regions by the hashed histognaah
the distribution in the high density regions by the soliddgsam.
We also show the observational data points for Taurus (stergi
with little dynamical evolution of the proposed initial jped distri-
bution;|Kdhler & Leinert 1998) by the circles and the OrioetN
ula Cluster (ONC, consistent with significant dynamicalletion
of the proposed initial period distribution; Reipurth et2007), by
the squares.

3.1 Evolution of density

If a star-forming region is older, it has had more time to psxits
primordial binary population (Marks & Kroupa 2012). Theye,

a 3 Myr old region can have a much lower density than a 1 Myr old
region, even though they may have had the same initial detisé
difference is that two-body relaxation has caused the oldeorregi
to expand more over time. We show the evolution of density as a
function of time in Fig[2. In panel (a) we show the evolutidroar

high density 0"~ 10* M, pc®) regions, and in panel (b) we show
the medium initial densitys(~ 10? M, pc®) regions. In panel (c)
we show the evolution of the low-density regiops~10 M, pc®)

© 2014 RAS, MNRASD00, [1H8
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In all panels, the median density in each of our 20 simulagibns
is shown by the solid grey lines.

The regions evolve to form a bound stellar cluster, and stars
which are in the very centre of the cluster have higher diessihan
the region median (the grey lines). We show the evolutiohefiv-
eraged central density (the volume density within the hadfs ra-
dius) by the dot-dashed lines. Conversely, stars that actsg] from
the regions and become unbound have significantly loweiitiEens

In Fig.[2 we also show the current density of several nearby
regions of varying ages (see the final column of Table 1 forya ke
to the symbols). Marks & Kroupa (2012) and Marks et ial. (2014)
argue that given a universal primordial binary populatlonits can
be placed on the primordial density of a region by comparirg t
outcome ofN-body simulations with the currently observed visual
binary population. We indicate the best-fit initial dendity each
region studied in_Marks & Kroupa (2012) and Marks etlal. (2014
by the red symbols arourtd= 0 Myr (the same symbols are used
as for the present-day densities — for example, Cham | is sHoyw
thex). Outside of the error bails, Marks & Kroupa (2012) reject the
possibility of that density being consistent with the pissiag of a
common binary population with 90 per cent confidence.

Taking the density in isolation, Fi§l 2 shows that foOph
and the ONC (the filled diamonds and squares, respectively) b
a high-density region which evolves to far lower densitigangl
a) and a medium-density region that remains static withérfitist
Myr (panel b) are consistent with the observations. Howevben
their binary populations are considered, Marks & Kroupald0
show that under the assumption of a universal primordiadtyin
population, the initial densities must be more than a faofot0
different.

3.2 Evolution of structure

In order to break this density degeneracy, we compare
the evolution of the spatial structure in our simulations,
as measured by theQ—parameter | (Cartwright & Whitworth
2004;| Cartwright & Whitworth 2009; Cartwright 2009). Th@-
parameter compares the mean length of the minimum spameiaig t
(the shortest possible pathlength between all stars where tare
no closed loopay) to the mean separation between stars,
Q=—=. 4)
A region is substructured 2 < 0.8, and centrally concentrated
if @ > 0.8. We show the evolution af in our simulations com-
pared to the measured values in Hifj. 3 at various ages (see Ta-
ble[ for a key to the symbols). The determination of the
parameter requires only positional information; howeitaran be
affected by extinction and membership uncertainty (Bastia et
2009; Parker & Mever 2012). Where there is an uncertaintg-ass
ciated with the determination @, we show the likely direction
of the uncertainty. For example, Cartwright & Whitworth 20
determined? = 0.85 for p Oph; however, using an updated cen-
sus discussed in Alves de Oliveira et al. (2012), Parker/¢2@12)
find @ = 0.56. In our subsequent analysis, we consider any evo-
lutionary scenario that is consistent with either value ¢optau-
sible initial conditions for that star-forming region. Siarly, de-
pending on membership probabality, Upper Sco and CrA may
have lower@—parameters (once probable back- and foreground
stars are removed), whereas the ONC likely has a higher
parameter than that determined from ithe Hillenbrand & Hartin
(1998) data due to visual extinction and sample incompéeten

vl 3
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Table 1. A summary of the regions with which we compare dlibody simulations. From left to right, the columns show tbgion name, ag&—parameter,
an alternative determination where applicalilg; (see text for details), the pr ratio (if available), the references f@; Qai, bR, the observed present-day
density of each region as noted by Marks & Kraupa (2012) antii€it al. (2012b)pobs, the postulated initial densitypost, fromiMarks & Kroupal(2012)
and Marks et all (2014) for the binary population of thatoegb be consistent with the universal primordial binarygenties |(Kroupa 1995a), and the symbol

used in Figd. R ar{d 3.

(a) High initial density g™~ 10* Mo pc2)

(b) Medium initial density 4™~ 10° Mg, pc3)

Region Age Q Qait ZLDR Refs. Pobs Ppost symbol
ONC 1Myr 0.87 0.94 3.7 Hillenbrand & Hartmann 1998 409pt3 68000 M, pc3 u
p Oph 1Myr 0.85 056 0.58 Cartwright & Whitworth 2004; Parkeak 2012 200Mpc® 2300 M, pc3 .
Taurus 1Myr 0.48 - 0.28 Cartwright & Whitworth 2004; Parkeak 2011 8M pc3 350 My pc3 .
IC 348 3Myr 0.92 - - Cartwright & Whitworth 2004 1804\pc 3 9400 My pc3 O
Cham | 3Myr 0.66 0.71 - Cartwright & Whitworth 2004; Cartwhig& Whitworth 2009 1M, pc e 1600 M, pc3 *
CrA 1Myr 0.38 0.32 - Neuhauser & Forbrich 2008 3g b3 190 M, pc3 A
UpperSco 5Myt 0.88 0.75 - Kraus & Hillenbrand 2007 164\pc3 4200 My pc3 o
aNote that the age of Upper Sco may be as high as 11 Myr (Pecamai¢k & Bubar 2012).
108 108 10° 5
105—§ — 105—§ L 105—% L
10* 4 L 10* 4 L 10* 4 L
1000 4 f«'\_ L VE 1000 4 . L @ 1000 — L
A AN > - A SRV B A 0
100 4 ~_ L 2 100 594 N N A W SRR L
A S~ 2 TA 2 E A
10 3 . < s F o 103 . 2 F o 107 . Q 3
3 (=] [}
14 * - 14 * L I U K L
0.1 5 ; 0.1 5 E 0.1 é E
oot oo il oot Lo ] 001 L ‘ ]
0 5 10 0 5 10 0 5 10
Time (Myr) Time (Myr) Time (Myr)

(c) Low initial density "~ 10 Mg, pc3)

Figure 2. Evolution of the density in our simulated star-forming megs. In panel (a) the star-forming regions have high indiasities ™~ 10* Mg, pc3),
in panel (b) the regions have medium initial densitjes-(10%> M pc3) and in panel (c) the regions have much lower initial deesifi ~ 10 My, pc3). We

show the median stellar volume density in each simulatiotheyndividual grey (solid) lines, and the central densitttiin the half-mass radius) from twenty
averaged simulations. The lefthand red symbols ¢aD Myr, slightly offset from one another for clarity) are the required initiahslées for several nearby
star-forming regions if star formation is consistent withraversal initial binary populatiori (Marks & Kroupa 201.2:akks et all 2014). The corresponding

present-day stellar densities are shown by the black patrits3 and 5 Myr, depending on the age of the region. A key tsyhebols is provided in Tabld 1.

Finally, Cham | is slightly elongated, which means the t@e
parameter is slightly higher than measured (0.71 instedl G,
Cartwright & Whitworthi 2009). These ‘alternative’ measments
are shown in column 4 of Tablé Q).

As in Fig.[2, panel (a) shows the simulations with initially
high densities, panel (b) shows the medium density sinarlatand
panel (c) shows the low density simulations. The solid giegd
are the individual simulations, and the horizontal red ddslne
shows the boundary between substructured regi@ns (.8) and
centrally concentrated regionQ ¢ 0.8).

We exclude unbound stars from the determinatio® &r two
reasons. FirstlyR can appear artifically high when distant stars are
included in the analysis, and secondly, stars that are umtbimuthe
simulations are likely to travel far from the regions venryidy,
making the comparison with observations unfair.

As pointed out in_Parker & Meyel (2012) and Parker ¢t al.
(2014), the more dense a region is initially, the more rgaslilb-
structure is erased, and this is apparent in Hig. 3. The nersted
regions lose substructure within 1 Myr (panel a), the medilam-
sity regions lose substructure within 5Myr (panel b) and ltve

density regions retain substructure for the duration ofsihaula-
tions (panel c). Given the high initial densities in Hig. B(@nly
the ONC is consistent with very dense initial conditions.aNlthe
initial conditions are a factor 0100 less dense, the measutgd
parameters for every region apart from the ONC are congigfiém
more quiescent, medium density initial conditions for $tama-
tion.

33 TheQ- ZiDR p|0t

Finally, we present th& — X pr plot (Parker et al. 2014) for our
simulations in Fig[¥. This combines th@-parameter with the
ratio of the median surface density of the 10 most massivs sta
compared to the median surface density of the region as aewhol
(Maschberger & Clarke 2011);
ilO
YIpR = =
Za
In Fig.[4 we show the datapoints for Taurus (filled circje}Pph
(filled diamond) and the ONC (filled square). These are thg onl

©)
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Figure 3. Evolution of structure as measured by #eparameter in our simulated star-forming regions. In pdaglthe star-forming regions have high

initial densities ™~ 10* Mg pc3), in panel (b) the regions have medium initial densities-(10? M, pc23) and in panel (c) the regions have much lower
initial densities 6"~ 10 My pc3). We show the evolution of th@-parameter in each simulation by the individual grey (3diites. The boundary between

substructured regions and centrally concentrated regib@s= 0.8 is shown by the horizontal dashed line. T@garameters measured in the star-forming
regions of interest are shown by the points at 1, 3 and 5 Myredéing on the age of the region. Where there is an uncerasbciated with the measurement
of Q, we draw an arrow in the direction to indicate the possibldation from the measured value. A key to the symbols is prediin Tablé1L
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100 100
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Figure 4. Evolution of structure as measured by tigparameter in our simulated star-forming regions versagefative local density around massive stars
compared to the region’s mediaB Hr). We show values at O Myr (plus signs), 1 Myr (open circles) &Myr (crosses). We show the observed values
for Taurus (the filled circle)p Oph (the filled diamond) and the ONC (the filled square). Ingbda) the star-forming regions have high initial densities
(p ~ 10°M pc2), in panel (b) the regions have medium initial densities~(10? M, pc3) and in panel (c) the regions have much lower initial deesiti
(p ~ 10 Mg pc3). The boundary between substructured regions and cgntmticentrated regions & = 0.8 is shown by the horizontal dashed line, and
Y pr = 1 (where the median local density around massive stars & &mthe region median) is shown by the vertical dashed line.

regions in our sample for which we have a reliable census with 3.4 Discussion of individual regions

mass estimates for each individual star in order to deter®X)ipg.

Under the reasonable assumption that the velocities of star

are correlated on local scales (Laison 1982), Parkel e2@1.4(
showed that massive stars attain higher surface denditéesthe
median in the region, because they act as potential wellsaand
quire a retinue of low-mass stars. In the high density sitedlae-
gions (Fig[4(d)), all of the simulations develop hifibr values in
addition to erasing the primordial substructure. The ofigesved
region which is consistent with these initial conditionshie ONC,
and this appears to be marginal. The other observed regiansus
andp Oph) are more consistent with a much lower initial density,
as they hav&, pr < 1 andQ < 0.8.

© 2014 RAS, MNRASD00, [1H8

Recently| King et al..(2012b) claimed thaffdrences between the
binary separation distributions in nearby star-formirgjoas were
likely to be primordial, as the mainflierences between binary pop-
ulations in some regions and the corresponding separaioger
in the Galactic field were in the ‘*hard’ binary regime (00 au),
and thus unlikely to be the result of dynamical evolutionw-o
ever/ Marks et al! (2014) show that when the binary fractsosl$so
considered, all of the regions dicussed_ in King etlal. (20t

in fact consistent with the dynamical evolution of a commaén b
nary population and the observedidiences between regions are
likely due to those regions havingffirent initial densities. Here,
we combine the results shown in Fif$[2, 3 Bhd 4 to determime th
likely initial (or maximum) density of each region in Taljlithe
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star forming regions presented.in King etlal. 2012b), andtidre
this density is consistent with dynamical processing otitigersal
initial binary population, as suggested by Marks & Kraup@1(2)
and Marks et al. (2014). We summarise the results in Table 2.
ONC: The ONC has both a higR—parameter ang, pr ratio,
which suggests that its initial density was likgly~"10* M, pc3.
However, if its density were higher, tt@-parameter would also
be higher, so 1M, pc is very much an upper limit on the ini-
tial density. Marks & Kroupal (2012) suggest an initial dépsif
68 000 M, pc3, with values lower than 46 000Mpc3 or higher
than 90000 M pc® excluded with 90 per cent confidence. How-
ever, we note that the evolution of the universal binary p@pu

binary population, Marks et al. (2014) suggest an initialsity of
190 M, pc? (without providing limits). Our analysis suggests that
this region is consistent with the universal initial bin@gpulation,
assuming a similar magnitude in the confidence limit rang®as
the other regions.

Upper Sco: The @—parameter is 0.88 (Kraus & Hillenbrand
2007) and current density is 16\0c® (King et al.l 2012b); both
of which imply that Upper Sco is likely to have had moderately
dense initial conditionsp( ~ 107 — 10° M, pc®). IMarks et al.
(2014) suggest an initial density of 420Qic3 (again without
confidence limits). Our evolutionary models suggest thapesp
Sco s also inconsistent with the initial densities reqaibi@process

tion in our regions does appear to be consistent with the data the universal initial binary population.

from|Reipurth et al. (2007) — compare the solid histograni wie
squares in Fid.]1.

o Oph: If we take@Q = 0.56 (Alves de Oliveira et al. 2012;
Parker et al. 2012) fop Oph, withX pgr = 0.58 then this is con-
sistent with a moderate initial density €10 10° M, pc3), rather
than high initial (or maximum densities). Marks & Krolpa 12()
suggest an initial density of 2300J\pc3, with values lower than
1100 M, pc® or higher than 7400 Mpc3 excluded with 90 per
cent confidence. One of our medium density simulations riefl
reaches a density of 2000\dc3, suggesting that the evolution of
this region (and processing of binaries) could be condistih the
universal initial binary population.

Taurus: The low Q—parameter (0.48 -
Cartwright & Whitworth | 2004) and lowZ pr (0.28 using the
dataset from_Parker etlal. 2011) suggest that dynamicalgenl

has not been significant in this region. Taurus is consistent

with very quiescent initial conditionsp( ~ 10M,pc3 —
Figs.[2(c) and_3(¢))._Marks & Kroupa (2012) suggest an ihitia
density of 350 M pc3, with values lower than 140 Mpc™3 or
higher than 850 Mpc? excluded with 90 per cent confidence.
Given its current low density, lovQ—parameter and oV, pg,
Taurus is not consistent with the universal initial binaopplation.

I1C 348: Because of its age (3 Myr), if IC 348 had initially high
density, two-body relaxation would have reduced the dgtsival-
ues much lower than observed for this region (see[Big. 2),Thi
combined with theQ—parameter of 0.92_(Cartwright & Whitworth
2004) suggests a moderate initial density’(2A.0° M, pc — see
panel (b) of Figd.2 anld 3). Marks & Kroupa (2012) suggest &n in
tial density of 9400 M pc 3, with values lower than 2700 Mpc2
or higher than 53000 Mpc? excluded with 90 per cent confi-
dence. Such a high initial density is inconsistent with thsesved
structure and current density, and its binary populatiqorabably
not evolved from the Kroupa (1995b) universal binary popaia

Cham I: Chamaeleon | has an age of 3 Myr, and a low density,
but relatively highQ—parameter of 0.71 (Cartwright & Whitworth
2009). Figs[R and]3 show that none of our dynamical scenfitios
the observed values, and it is therefore likely that Chanrméal
with its current density and structure — and that dynamicalwe
tion has not altered its binary population. Marks & Krdup812)
suggest an initial density of 1600J\c3, with values lower than
230 M, pc2 or higher than 13 000 Mpc 3 excluded with 90 per
cent confidence. Given its current low density and lack ofaayn
ical evolution, Cham | is not consistent with the universiaaly
population.

CrA: CrA has Q = 0.38 but a moderate density of
30 M, pc® (Neuhauser & Forbrich 2008; King etlal. 2012b). Ac-
cording to our evolutionary models, CrA could have evolved
slightly from a highly substructured region with an inittinsity of
~ 10? M, pc 3. In order to be consistent with the initial universal

In summary, only Oph, CrA, and possibly the ONC, are con-
sistent with the dynamical processing of the universalahiiinary
population from_Kroupal (1996a,b), based on the consideraif
the regions’ structure and current density. We suggesttiieatb-
served dferences between these regions are likely to be a relic of
the star formation process, although we caution that asitfzeibs
observed in these regions are ‘intermediate’ they maytetile un-
dergone some degree of dynamical evolution (Parker & Goodwi
2012).

4 CONCLUSIONS

We have presented-body simulations of the dynamical evolution
of star-forming regions in which we follow the stellar dagsand
spatial structure and compare the results to seven obsergmuhs.
For each individual region, we determine the likely initinsity
(which is usually, but not always, the maximum) based onlits o
served current density and spatial structure, as detechiipehe
Q-parameter.

The spatial structure of a region is a strong constraint en th
amount of dynamical evolution that has taken place, as dense
gionsg > 10° M, pc2 erase structure almost immediately, inter-
mediate density regiong (< 107 — 10° M, pc %) remove structure
within 5 Myr but low-density regionso(% 10 M, pc3) retain struc-
ture beyond the age of all of the regions considered herélirgpl
in the measurement of structure largely removes the dedesggn-
eracy problem in star formation, where the initial densgwery
difficult to constrain due to the rapid expansion of initially sien
regions, and the slower expansion of more quiescent regiatis
of which can result in the same present-day density from déry
ferent initial conditions.

Our results can be used to infer the likely maximum den-
sity of observed star-forming regions, which for examplatdes
the importance of theffects of dynamical interactions and radi-
ation from massive stars on protoplanetary discs to be @éced
(e.g.Scally & Clarke 2001; Adams etlal. 2006; Rosotti &t @1.4).
Recently, de Juan Ovelar et al. (2012) showed an appareehdep
dence of the size of protoplanetary discs on the densityeo$thr-
forming environment, although their observations werdtéahto
nearby star-forming regions. Future ALMA observations rbay
able to probe discs in more distant regions (e.g. Mann|e0d4 R
and using th&—parameter in tandem with the present-day density
will be useful in determining whether any observed trenddige
size are due to the star-formation environment.

We also apply our method to determine which of seven
nearby star-forming regions are consistent with the ‘uisiakini-
tial binary population’ model for star formation (Kroupa98i,b),

© 2014 RAS, MNRASO00, [1H8
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Table 2. Comparison of the structure and density of seven star-faymrégions withN-body simulations to determine which are compatible withuhiversal
initial binary population from_Kroupe (199%a,b). From lé&dtright, the columns show the region name, a@eparameter (where two values are given due
to observational uncertainty, the arrow indicates the rlikety value), the observed present-day density of eacloregs noted by Marks & Kroupa (2012)
and King et al.|(2012b)ops, the postulated initial density with upper and lower linfitsm|Marks & Kroupa|(2012) and Marks et|&l. (2014) for the lbjna
population of that region to be consistent with the univigpsanordial binary properties (Kroupa 1995a,p)ost, the maximum possible initial density when
the Q—parameter is also considergghax, and whether or not this region is consistent withi the Kro(@®95&.b) universal initial binary population.

Region Age Q Pobs Ppost Pmax Universal population?
ONC 1Myr 0.87—0.94 400M,pc®  6800032350Mopc® 10000 M, pc3 no?
p Oph 1Myr 0.56—0.85 200M pc3 230077150M¢ pc3 2000 M, pc 3 yes
Taurus 1 Myr 0.48 8Mpc3 350'830M; pc® 10 My pc3 no
IC 348 3Myr 0.92 180Mpc?  940033%°M; pc3 1000 M, pc3 no
Cham | 3Myr 0.66-0.71  1M,pc3 1600'339%0M, pc3 1Mo pc3 no
CrA 1Myr 0.32<0.38 30M,pc? 190 M, pc3 100 M, pc™2 yes
Upper Sco 5Myr 0.75-0.88 16M,pc3 4200 My pc3 1000 M, pc3 no

aNote that an initial density of M pc 3 for the ONC appears to be consistent with the universal pipapulation in Fig[lL. However, this (relatively low)

density was ruled out at 90 per cent confidencie by Marks & Kao@012).

based on recent numerical simulations presented in theatlites
(Marks & Kroupa 2012; Marks et &l. 2014). We compare the den-
sity of our simulations which fit the observed regions’ stane
and determine whether the initial density of those simatetiis
high enough to process the initial binary population to nese

the binary properties observed in each region today, usiayal-
ues quoted in Marks & Kroupa (2012) and Marks etlal. (2014). We
find that of the seven regions observed, only thre®ph, CrA and
possibly the ONC — are consistent with the universal intiahry
population model for star formation.

Unfortunately, aside from discarding the universal ihiba
nary population hypothesis lin Kroupa (199%a,b), our residtnot
help much in assessing the type of star-forming region tbat c
tributes binaries to the Galactic field. We are still limitadthe ob-
served separation range in regions (10s — 1000s au) whichals s
compared to the field (18 — 10° au), and by the fact that these vi-
sual binaries are dynamically ‘intermediate’ systems (@i@975;
Hills 1975a.b) that could have evolved stochastically éesly
in dense regions like the ONC, Parker & Goodwin 2012). We also
have very little information on whether the regions consdeare
representative of those that do populate the field. Furtheem
vations of e.g. spectroscopic binaries which are fiatcéed by dy-
namical evolution are desperately required in order to fooktark
differences between the binary populations of the regions is-que
tion and the Galactic field.
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