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ABSTRACT

Aims. We look for a simple analytic model to distinguish betweesllat clusters undergoing a bimodal hydrodynamic solutiom
those able to drive only a stationary wind. Clusters in tmedalal regime undergo strong radiative cooling within thiginsest inner
regions, which results in the accumulation of the mattexdtgd by supernovae and stellar winds and eventually inafmeation of
further stellar generations, while their outer regiongansa stationary wind.

Methods. The analytic formulae are derived from the basic hydrodyinaquations. Our main assumption, that the density at the
star cluster surface scales almost linearly with that asthgnation radius, is based on results from semi-analgtidal numerical
calculations.

Results. The analytic formulation allows for the determination of threshold mechanical luminosity that separates clusteising

in either of the two solutions. Itis possible to fix the stapraradius by simple analytic expressions and thus to deterthe fractions

of the deposited matter that clusters evolving in the birhcegime blow out as a wind or recycle into further stellar giations.
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1. Introduction (Tenorio-Tagle et al. 2005). On the other hand, the matter in
. . jected in the outer layers, between the stagnation radidishen
The discovery of young massive stellar clusters or supér stgy e surface, composes a stationary wind. In the adéabat
lar clqsters (hereafter SSCs) V.V'th typical masses b_eftween ution and for Io,w mass and extended clusters, the stagnedio
eral times 10M to several times M, and radii in the ;s always found at the star cluster center. Howeveadfa-
range 1- 10 pc has unveiled the dominant mode of star fofo ¢ooling is taken into consideration, it progressivelgves

mation in starburst and |r_lteract|ng galaxies (see, for eptam_t wards the star cluster surface as one considers morevaassi
McCrady et al! 2003; Whitmare 2006 and references therei d compact clusters

SSCs dominate the structure of the ISM in their host galaxies In this work, as in_Chevalier & Clegd (1985), the density.
via their large UV photon output and their high velocity outgeheratyre and velocity are functions of the radial cowtéi
flows or star cluster winds. Furthermore, the interactiothef only. Such an approach does not take into account fiegte
winds from nearby SSC may lead to the inner structure of the f, 1 ;rhylence generated by individual stellar winds and
large-scale galactic outflows, or super galactic windsewhon- - o006 within the cluster volume. By changing the density
nect s'garburst events with the intergalactic medium as i2 M€elocity and temperature distributions, it is thought topde
(Ter|1|or|o-TagIe et ‘tll' 2003). tteni the hvdrod . ag additional transport of energy towards the smallest ensa-
" er?t, we cen terdourtha'l et?] 'ogsog Ie yadro {Uaflnaﬁs fbns. However it cannot prevent catastrophic cooling inithe

€ matler reinserted within he Volume, particulany lyepgest parts of the flow because it results from the net gnerg
the case of massive and compact SSCs. The latter have bﬁ&%nce inside the cluster
;hlp"xn ttol ggoixﬁ?sﬁd ij tthe bs_tror:jg | rr]a(cjjlatgle cooling (S€€ the properties of such clusters are described here by an ap-
_Il'c & ql_' I 2,|a28873 'CI)'I‘? |mho aihyaro ynammlmb U proximate analytical formulation, in agreement with ourmfier
(Tenorio-Tagle et a . )‘. IS phenomenon occurs malé%mi-analytic and numerical calculations (see sectionsdZ3a
the cluster mechanical luminosity and the injected gasitense gisplay our results in a series of universal diagramsiafi

are nearly linear functions of the cluster mass, while th#ing ' 45sjve and compact SSCs. Section 4 deals with the impact
rate is proportional to the square of the density, and teedf of different heating iciencies

one considers very massive and compact clusters, radaatdle
ing would always dominate (see Silich etlal. 2003 for defails
Radiative cooling depletes the energy in the densest ireter p. Adiabatic vs radiative solutions

gions enclosed within the so-callsthgnation radius. The gas o )
velocity at the stagnation radius is zero knt.sThus the mat- The original framework to study the fate of the matter defeassi

ter reinserted through stellar winds and supernovae withen by supernovae and strong stellar winds within a star clugter
central volume is accumulated to become thermallyargtav- ume was developed by Chevalier & Clegg (1985). In their adia-

itationally unstable leading to further episodes of stamfation Patic model the kinetic energy released by individual sesiis
completely thermalized in situ via direct collisions of thigh
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in a high central temperature (10" - 108K) and pressure that any more and remains equal to the value that corresponds to th
exceeds the pressure of the surrounding interstellar medibe highest possible pressure there (see seCiidn 3.1 belows.thie
velocity of the injected matter then acquires a particulatrid second term in EqLI3) remains fixed and the density at the stag
bution, increasing from zero kntsat the star cluster center tonation radiuspg, grows as the square root of the star cluster
the speed of sound4c) at the star cluster surface, approachinmass, whereas the mass deposition rate continues to grew lin
rapidly a supersonic valu&/f.,) as it moves outside the clusterearly with the mass of the considered cluster. This imphes t
volume.csc is defined ascsc = [(y — 1)/(y + 1)]1Y?Vaw; Where above the threshold line, the stationary condition ELj. éhnot
Vawo = [2Lsc/Msc]¥? is the adiabatic wind terminal velocity, be fulfilled unless the stagnation radius moves towards tdre s
Lsc is the star cluster mechanical luminosity, alldc is the cluster surface. Tenorio-Tagle ef al. (2007) showed howxto e
rate of mass injection provided by supernovae and stelladsvi tend the semi-analytic approach proposed in Silich let 8042

The condition for a stationary flow is then: for this case. The authors also found the semi-analytictisolu
_ for the outflow beyond the stagnation radius, and compared it
Msc = 47TR§CpscCsc, (1) with full numerical calculations performed with the finité-d

ference hydrodynamic code ZEUS for which the cooling rou-
whereRsc is the radius of the cluster apgc is the density of the tine was modified to make it suitable for the modeling of ex-
outflow at the star cluster surface. The relation holds whene tremely fast cooling regions. In particular, they inclutle tool-
psc reaches the proper value, which is in direct proportion o tling rate in the computation of the time-step assuming that th
density at the stagnation radiuse( in the center)pg: psc = amount of energy that can be radiated away from a given cell
[(y + 1)/(6y + 2)]®* D Gr+Dpg, wherepg is (Cantd et al. 2000) during one time-step must be smaller than 10% of its internal
- energy. The time-step is decreased to meet this coolingoate
v+1 12 6y + 2\¥ gmRsc dition. However, since this could lead to extremely smatleti

Pst = (), _ 1) ( y+1 ) 3Vaw (2) steps, which would substantially degrade the overall cagte p

_ formance, they do not allow thglobal time-step to decrease
Hereqm = (3Msc)/(47TR§C) is the mass deposition rate per unibelow 0.1 times the "hydrodynamic” time-step determined by
volume which for a givelRsc scales linearly with the star clusterthe Courant-Friedrich-Levi criterion. If a certain cellgudres
mass,Msc, andy is the ratio of specific heats. Note that in thén even smaller time-step due to the cooling rate conditien,
adiabatic solution, if one fixes the radius of the clugReg, and time-step was subdivided even further and then was used to
the adiabatic terminal velocity/s.., the central density and thenumerically integrate the energy equation only in tifkected
density at the star cluster surface grow linearly with thessnaf ~ cell(s). This "time refinement” was applied orligcally, so the
the considered cluster, since the stagnation radius isddet CPU time is not wasted in cells where the high time resolution
the star cluster center and thus the density profiles renadfin sis not required (see Tenorio-Tagle etial. 2007 for more tgtai
similar.

It has recently been shown, however, that the adiabatic mode
is inadequate for very massive and compact star clusters,_a
in these cases radiative cooling becomes a dominant facto
(Silich et al| 2004). The authors demonstrated that in td&éra
tive case the wind density at the stagnation radius changes t

12 Eqg. [3) allows one to determine the pressure at the stagnatio
3) radiusPg = pgkT«/u wherek is the Boltzmann constant, and

u = 14/23my is the mean mass per particle. Tenorio-Tagle et al.
_ ) ) (2007) showed that in the bimodal regime the pressure at the
wherey; = 14/11my is the mean mass per iomy is the proton  stagnation radius always attains the maximum value alldwyed
mass) A(Tg, Z) is the cooling function (the cooling rate@ = the shape of the cooling function, and thus one can find the cor
neniA(Ts, Z)), T« andcy are the temperature and speed of soundsponding temperature numericallyif., and the shape of the
at the stagnation radigs, adis the metallicity of the_ plasma. cooling function A(T, Z), are known.
The parameten describes how much of the deposited energy g 17 gisplaysTy for different values of the adiabatic wind
is transformed into energy of the outflow (spefor a detailed g yjng speed (or tlierent ratios of energy to mass deposition

discussion). We assume= 1 everywhere i§2 ands3. . rates) and dierent metallicities of the thermalized plasma. The
g For clugtersll ofa g'Ve.:‘hSt'ﬁe’ the de?tsrllty allt trt\e slta%:latlgn t@mperature at the stagnation radius grows approximagely a
gus ove il ke e e e ot o0 T o e v emars ey o 2

o ; o -/ abatic value (dotted line in Figl 1). For practical purposas
the mass deposition rate per unit volurgg, is a linear function .5 g gqest that it does not depend on the plasma abundance
of Msc(~ Msc). ii) the temperature at the stagnation radilis, (see Fig[ll). Note that for these calculations and througtieu
decreases with increasing cluster mbkg makingcy smaller naher e have used the Raymond, Cox. & Smiith (1976) equilib-

and thus the term in brackets in the rhs of EG. (3) larger. Thiy, cooling function tabulated and updated by Plewa (1995)
combined action of these two factors then causes that the-rad

tive solution proposed hy Silich etlal. (2004) is almost iitead
to the adiabatic solution of Chevalier & Clegg (1985). 3.2. The threshold mechanical luminosity
However, if one considers more massive clusters (or clsister
with a higher mechanical luminositlysc) one would soon reach In the case of a homogeneous stellar mass distributiongiie-e
a critical value for which strong radiative cooling would seat tion of mass conservation
the star cluster center, drastically changing the innedwinuc-
ture (see Tenorio-Tagle et/al. 2007). For clusters aboegdithit, 1 ¢ 5
the temperatur&y at the stagnation radilRy does not change 2ar (Pwuwr ) = Om, (4)

fl'he catastrophic cooling regime

3.1. The temperature at the stagnation radius

R, ) UVZOO/Z—Cé/(V—l)
pSt - lulqm A(Tsty Z) >
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100 , , — the adiabatic solution, thakc = ap«, Wherea is a fiducial co-
ol ] efficient, one can combine EqEl (5) ah#l (3) to derive:
80 " Rgt I—crit vz
—=1- , (6)
70 R Lsc
o 00 whereL i is
= 50
E 6(y — Vmna’u®RscVa., (V2. c2
= 40 crit = : - @)
(y+DAg 2 v-1

30

In Egs. [6) and[{[7)A« andcy are the cooling function value
and speed of sound at the stagnation radius, respectietieT
rive these equations we have used the adiabatic relaticinéor
0 : : : sound speed at the star cluster surfagg:= (y—1)VA_/(y+1).

1000 1500 2000 4 2500 3000 \When the mechanical luminosity of the cluster excdegls the

Vae lkms ] stagnation radius detaches from the star cluster centétirh-

Fig. 1. The temperature at the stagnation radius as a functipkes thatlL i is the threshold luminosity which separates clus-
of the adiabatic wind terminal speed,., = 2Lsc/Msc. Solid ters evolving in the catastrophic cooling (bimodal) regifinoen
and dashed lines represent the temperature at the stagnatiothose evolving either in the quasi-adiabatic or in the riagka
dius for solar and 10 times solar metallicities, respebtivEne regimes, with their stagnation radius located at the stastef
adiabatic wind stagnation (central) temperature is shoyine center. Note that for the latter cases Kdj. (6) is not valid.
dotted line.

20 -----.---..-......

10

3.3. The analytic formulation
0.5 ; ; ; ;

The analytic values for the threshold luminosity and thgsta
nation radius have been compared with our semi-analytic re-
045 ] sults and full numerical calculations (see Fig. 2 ddd 3 in
Tenorio-Tagle et al. 2007). For that we have used first[Big 1 t
obtain the temperature at the stagnation radius for a giakrev

of the adiabatic wind terminal speéds.,. We then use this tem-
perature to calculate the sound sperd,and the corresponding
cooling function valueA«, and then use these values to cal-
culate the threshold luminosity and the stagnation radiom f
Egs. [T) and[{6). The agreement between the approximate ana-
lytic expressions and semi-analytic results is good if ttedial

0.25 ] codficienta = 0.28 (see Fig.B).
Using Eq. [(6) one can also estimate the fraction of the de-
0.2 : t t t posited matter that clusters evolving in the bimodal regime
0 20 40 60 80 100 turn to the ISM of their host galaxy:
Lsc/Lerit
. ) i ' R, - RS L. \l2

Fig.2. The ratio of the density at the star cluster surface tMOtﬂ _sc_ ¢ =( Cr't) (8)
that at the stagnation radius in the catastrophic cooliggme. Msc Rgc Lsc ’

Solid, dotted and dashed lines present semi-analytictee@de ) ) ) )
Silich et al[2004) fola. = 1000km s, Va, = 1500km st This quantity decreases monotonically with the star cluste

andVa. = 2000km s?, respectively. mechanical luminosity (see Figl 3) as was also found in the
1D hydrodynamic simulations performedby Tenorio-Taglalet
(2007).

The analytic expressiohl(8) reproduces the numericaltsesul
with an accuracy better than25%. Minor diferences between
can be easily integrated. At the star cluster edge thistesul  the analytic and the numerical outputs indicate fhat/py de-
viates from the assumed constant value.

_ OmRsc (1 B ﬁ)
pPsc 3Cac Réc
Here we follow thel Chevalier & Cleggl (1985) formulation

As mentioned above, in the adiabatic case the density at theported by full numerical calculations (see, for example
star cluster surface scales linearly with that at the céstagna- [Canto et all 2000; Rockefeller et al. 2004) and assume ltigat t
tion radius. This is not exactly the case in the radiativethoh.  injected matter is thermalized in situ via random encouwnbér
Neverthelessypsc/p« remains restricted into a very narrow in-high velocity stellar winds and supernovae ejecta. Theiency
terval, 028 < psc/p« < 0.42, (see Fid.]2), which allows one toof this process is an important, but poorly known parameter
propose a simple analytic expression for the stagnationsaa (Stevens & Hartwell 2003). This parameter has been disdusse
reasonable agreement with the results found in semi-acalydl by different groups (see, for example, Bradamantelet al.| 1998;
full numerical calculations. Indeed, assuming by analogth wMelioli & de Gouveia Dal Pinol 2004 and references therein)

() 4. Heating efficiency
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45 : : : : ; ; ; ; ; density of the sources may cause an important fraction of the
a) star cluster mechanical luminosity to be immediately restia
a4 | ] away. This would happen locally at the sites where the ejecta

= 2000 km/s

...... from nearby stellar winds and supernovae would interagt, in
hibiting in this way the possibility of having such energealy
spread throughout the cluster volume. Turbulence may diso a
sorb some fraction of the deposited energy. The immediate co
sequence of such a sudden depletion of energy is to reduce the
thermal pressure gradient responsible for the accelerafithe
injected matter and thus the magnitude of the resultant végh
locity outflow. We have incorporated all uncertainties retato
this process into a parametgrthat represents the fraction of
39 : : : : : : : : : the deposited mechanical energy per unit time which is fmnall
evenly spread throughout the cluster volume and partiegiat
the thermal acceleration of the injected matter. The hgatiin
! ' ' = mamaamas=sc . ciency then &ectively reduces the value of the deposited energy,
by Lsc, but does notfiect the mass deposition ratdsc.
0.8 | T i Fig.[4 shows the impact of a reduced heatifiigg&ncy on the
plasma temperature and how it drastically decreases thsithr
old luminosity. What the most reasonable value of the hgatin
efficiency in super star clusters is, remains an open question in
need of both detailed full hydrodynamical calculations eae-
0.4 ¢ 1 ful analysis of the available observational data. Nevdetts the
threshold mechanical luminosities calculated for a reabtm
02 ] range of heatingféiciencies, QL < < 1 (shown in Fig[#b),
' suggest that many SSCs may be found well above the threshold
line, as in the case of the M82-A1 supercluster.|See Smith et a
o, o5 1 15 5 Py 3 (2006), who, based on the size of its associated Hll regien, e
loglLeg/Ler] timated a heatingfciencyn < 0.1. A critical revision of the
available super star cluster data will be the subject of thfor
coming communication.

VA w©

log[L; (erg s'l)]

Rsi/Rsc

. c)
08 \ ™ 1
* 5. Conclusions

0.6 a 1 We have provided a simple analytic formulation that alloms f
an easy determination in the energy deposition rate vsezlust
04l T ] size diagram, of the location of the threshold mechaniaaidu
nosity that separates clusters evolving in either of the pos-
&= sible hydrodynamic solutions: the normally assumed negati
0.2 i feedback solution in which all mass supplied by SNe and indi-
............................. vidual stellar winds leaves the cluster as a cluster witid% 0)
0 . . . . . ' and the bimodal solution (& Ry < Rsc) in which the reinserted
0 05 1 15 2 25 s matter accumulates within the volume definedRy. Simple
1ogltsc/Lerl analytic expressions, accounting also for a reduced heeftin
Fig. 3. The comparison of analytic results with semi-analytic ariency, allow one to calculate the position of the stagmeta
full numerical calculations. Panel a) displays the criticani- dius and the fraction of the deposited matter that clustestve
nosity calculated for three fierent values of the adiabatic winding in the bimodal regime return to the ISM of their host gglax
terminal speedVa., = 1000 km s, Va, = 1500 km s* and Our results_are in good agreement with our former semi-gicaly
Vae = 2000 km si. Panel b) displays how the stagnation ra@nd numerical results.
dius shifts from the center when the mechanical luminosity e
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