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Super star clusters

o Observed in variety of starburst
galaxies at all redshifts (Ho, 1997)

e masses: Msc ~ 10°—107 Mg

o radii: Rgc ~3 — 5 pcC
— very compact

e age: < 500 Myr
o Lioch ~ 1040 — 102 erg/s

M82 - the nearby starburst galaxy
Credit: NASA, ESA, The Hubble Heritage Team

 inonizing UV radiation flux:

first 3 Myr . . . Lyy ~ 10°° photons-s~
then . . . decrease as t >

o stellar winds and SN return ~ 40%Mgc back into ISM

1
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30"~ 500 pc

HST + ACS/WFC F814W image of M82 (Smith et al, 2005)

Richard Wiinsch, Astronomical Institute, CAS, Prague 3/17



2D & 3D numerical models

adiabatic models== .4 \yind, wind-ISM interaction

(Canto et al., 2000)

(Raga et al., 2001)
analytical

spherically symmetric
adiabatic model

(Chevalier & Clegg, 1985) 2D numerical radiative solution

(Silich et al., 2003)
models with cooling

catastrophic cooling invented
(Silich et al., 2004)

evolution scenario catastrophic cooling
(Tenorio-Tagle et al., 2004) numerical & semi—analytical mod

(Tenorio—Tagle et al., 2006)
(Wunsch et al., 2007)
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Steady state wind

« energy and mass inserted at rates Fsc and Msc, respectively;
homogeneously into a sphere of radius Rsc

1 d

- (pu,r,2> — q for r < RSC:
r2 dr i qm = (SMSC)/(47T§gC)
P e = (3Esc)/(4mRgc)
dr dr elsewhere: ¢, = q,, = 0
1 d 5 u? v P
s (55055)) =0 e L amwams

o stationary solution exists only if Ryonic = Rsc
du 1 (v=1)rQ+2yuP

outside of cluster: @ — g Hai—c2)
—1)(ge— 1)/2)u®—2c2/3
r P Cs—U
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Adiabatic wind
Chevalier & Clegg (1985)

e () = 0 = analytical formulas for the central quantities

Do = Msc P. — 1—1 Mscveo T — =1l i ge
¢ TWBR%C’UOO ) ¢ 27y TWBR%C ) ¢ v kpam

B = [(v = 1)/(y + DI'Y2[(v + 1)/ (67 + 2) 3D/ v ]
o numerical integration of previous ODEs

L=10* ergrs, Vint = 1000 km/s, Rgc = 10 pc

° 1000 for r — oo:
7 E 1 900 _9
6 1 800 pr~T
c 5| 700 T ~ 7“_4/3
7 o §
- . 5 — o
= o3l o L 2EgC
o 1400 © U — Vay = o
2 2y 1300 ° > Msc
1r { 200 .
o} —_— | 100 very extended high temper-
- 0 io éo 3|o zio éo éo 7lo éo 9|0 100O ature (X' ray emitting) re-
r [pc] gion
T[K] — v [km/s
nfem® —— Cq km/s]
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Radiative solution
(Silich et al.. 2004)

» no explicit formulas for p., T, but relation:

n de — chg,c (v—1)
- A(Te)

o iterative search for 7. such that Ry .,ic = Rsc — pe, P —
numerical integration of HD eqs.

o for hlgher ESC tem-
perature drops to 10* K
at some radius

log T [K]

e X-ray emitting region
is much smaller than in
adiabatic case 3 0 20 40 60 80 100
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Catastrophic cooling

» adiabatic case: p., 1. independent
— always can be stabilised so that Rsonic = Rsc

o radiative case: e
N —1 de 10° ﬂ |
TC—>Tm_77 k'L;qm.meC—)O -
T.< T, : P. increases for de- s
creasing 1., but there is a maxi-
mum Of PC 10 0 0‘.2 o‘.4 o‘.esT[l((J;.E;K]‘l 1‘.2 1‘.4Tn:1L.6
N o Roonic ~ P. = Ryonic Cannot be
z | | arbitrary large — cannot equal
/ to Rsc for some parameters =
e | stationary solution does not alway
o 10 20 :o [5c]) 60 70 8 90 eX]St
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Observed clusters

le+44
e most massive observed SSCs Le+a3 | Vin = 1500 ks
have luminosities close to le+a2 | Vi = 1000 ks

- NGC5253-
Lcrit curve Foteraby 4 *sBs0335-51
. le+40 | + M82-Al
e uncertainty because of un- Vi = 500 kil
o . 1e+39 |

known v, and metalicity

ey ) 4 6 s 10 12

30"~ 500 pc

o M82-A1 associated with HIl re-
gion:
Rygrr=4.5 pC
ngrr = 1800 cm—3
FWHMH]] = 62 km/s
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Numerical model

o based on ZEUS3D v.3.4.2

o grid-based Eulerian 2nd order hydrodynamic code, van Leer
advection

o advantage of radially scaled grid (in 2D regular cells in spher-
ical coords)

e new cooling implemented:

-19
> more up-to-date cooling function 10 A

Plewa, 1995 102} /A *
( ) 1021 [ ¥\// ,
> equation for energy solved
by Brendt algorithm (origi- N \
nal Newton-Raphson method had i R
problems with convergence and 1024} /

was too slow) - * 2=02g,,
/ z=0.1zgy,
j - 26 | z=12g,n
> time-step controlled by cooling 10 21033
/ LT Syn

rate 1027 Ui
10" 10% 10% 10* 10° 10° 10”7 10® 10° 10'

T[K]

1 0—22 L _—

Alerg cm™ 5'1]
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Implementation of cooling

e cooling time-step (limit on the relative amount of internal
energy which can be radiated away during 1 time-step)
(e.g. Suttner et al., 1997)

dtcool = CCN x pQAFT,z)

e CCN - "Cooling Courant Number” (typically 0.1)

o dtcoo1 t00 small in some places (dtcoor ~ 10~ 3dtap)
= local sub-steps dt,,, < dtcool

( dt = dtHD for dtcool Z dtHD
dt = < dt = dtcool for dtyp > At ool = d X dtup
dt = 0 X dtgp for o X dtyp > dtcool; — dtsub < dtcool

\

o § - safety factor (typically 0.1)
o code publically available http://richard.wunsch.matfyz.cz
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Supercritical clusters - 1D

o Cluster divided into two regions by so called
"stagnation radius” Ry (u(Rs) = 0)

e 1 > R quasi-stationary wind with v = ¢, at Rgc

e r < Rg: non-stationary region

instability

Thermal instability

e drop in temperature leads
to the more efficient cooling
— positive feedback
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Supercritical clusters - 1D

Lower Esc (10%2 erg/s)

e inner cluster region oscil-
lates between 2 states with
higher (107 K) and lower
(10* K) temperature

e periodic shifts of R, and
temperature drop region
outside the cluster

Time = 0.396 Myr
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Higher Esc (10*3 erg/s)

e dense
shells are formed through
collisions of shocks

cold

standing
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Supercritical clusters - 2D

Time = 0.00000 Myr Time = 0.07922 Myr Time = 0.39611 Myr
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Mass outflow

e although Ry — Rgg for FEsc — oo, the amount of mass
outflowing from the cluster grows with Egc
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Conclusions

» the radiative cooling may substantially change the radial tem-
perature profile of the SSC wind, making the high-temperature
(X-ray emitting) region smaller

o winds in very massive and compact SSCs (above L. curve)
may become thermally unstable in the central region

o the thermally unstable material collapses into dense cold

clumps and part of it may eventually feed the subsequent
star-formation there

o the outer region of the cluster is still able to produce the
quasi-stationary wind, though less powerful than predicted by
the adiabatic model
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