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Star gas cycle in galaxies
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Star formation on galactic scales

@ stars are formed in clusters, most clusters disperse young (Lada&Lada03)
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Star formation on galactic scales

@ stars are formed in clusters, most clusters disperse young (Lada&Lada03)
@ star formation related to interstellar gas:
— all gas (atomic + molecular): Tspg ~ L4 (Schmidt59, Kennicuttos)

— molecular gas (clouds): SFR ~ Myense (Bigiel+08, Leroy+08, Schruba+11)
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Star formation on galactic scales

@ stars are formed in clusters, most clusters disperse young (Lada&Lada03)
@ star formation related to interstellar gas:

— all gas (atomic + molecular):  Tspr ~ Xi¢ (Schmidts9, Kennicutt9s)

— molecular gas (clouds): SFR ~ Myense (Bigiel+08, Leroy+08, Schruba+11)
@ star formation is inefficient (SFE~ 1 — 3%)

@ molecular gas depletion time: 1 — 2 Gyr

T T T T Gao & Solomon (2004)
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Star formation on galactic scales

@ stars are formed in clusters, most clusters disper: ;,,...sciark cor2)

@ star formation related to interstellar gas:
— all gas (atomic + molecular):  Tspr ~ XL (Sct
— molecular gas (clouds): SFR ~ Mjense (Bigie
@ star formation is inefficient (SFE~ 1 — 3%)
@ molecular gas depletion time: 1 — 2 Gyr
@ molecules not necessary for SF (glover&clark12)

molecules trace high p and low T gas, dust shielding important!)

T T T T Gao & Solomon (2004)
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Star formation on galactic scales: models

@ dynamical model of star formation (Larson69, Silc87, Elmegreen+97,
Krumholz&McKee05, Krumholz&Tan07, Krumholz+09, .. .)

YsER = €sFLgas/ lir, tr ~1/+/Gp
with constant gal. disc scale height: p = ¥4,,/2H:

15
YR ~ Lo
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Star formation on galactic scales: models

@ dynamical model of star formation (Larson69, Silc87, Elmegreen+97,
Krumholz&McKee05, Krumholz&Tan07, Krumholz+09, .. .)

Y.spR = €sFLgas/ fir, tr ~1/+/Gp
with constant gal. disc scale height: p = ¥4,,/2H:

15
YR ~ Lo

@ linear molecular SF law: Yspr ~ ol
— SF occurs in molecular clouds at fixed rate per molecule (Krumholz+09),

— alternatively, see Elmegreen15 based on life time of CO emitting phase

@ long mol. gas depletion times: fy, ~ 1 — 2 Gyr = low SFE (e = t/luep)
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Star formation on galactic scales: models

@ dynamical model of star formation (Larson69, Silc87, Elmegreen+97,
Krumholz&McKee05, Krumholz&Tan07, Krumholz+09, .. .)

Y.spR = €sFLgas/ fir, tr ~1/+/Gp
with constant gal. disc scale height: p = ¥4,,/2H:

15
YR ~ Lo

@ linear molecular SF law: Yspr ~ X mol
— SF occurs in molecular clouds at fixed rate per molecule (Krumholz+09),

— alternatively, see EImegreen15 based on life time of CO emitting phase
@ long mol. gas depletion times: fy, ~ 1 — 2 Gyr = low SFE (e = t/luep)

@ only small fraction of densest gas participates on SF
— mol. clouds turbulent = log-normal density distribution
(Vazquez-Semadeni+94, Federrath+11, Girichidis+14)

— or not (Lombardi+15, Alves+16), see also Ossenkopf-Okada+16
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Star formation on galactic scales: models

@ dynamical model of star formation (Larson69, Silc87, Elmegreen+97,
Krumholz&McKee05, Krumholz&Tan07, Krumholz+09, .. .)

Y.spR = €sFLgas/ fir, tr ~1/+/Gp
with constant gal. disc scale height: p = ¥4,,/2H:

15
Tspr ~ Ty
@ linear molecular SF law: Ygpr ~ X101
— SF occurs in molecular clouds at fixed rate per molecule (Krumholz+09),
— alternatively, see Elmegreen15 based on life time of CO emitting phase

@ long mol. gas depletion times: fy, ~ 1 — 2 Gyr = low SFE (e = t/luep)

@ only small fraction of densest gas participates on SF
— mol. clouds turbulent = log-normal density distribution
(Vazquez-Semadeni+94, Federrath+11, Girichidis+14)

— or not (Lombardi+15, Alves+16), see also Ossenkopf-Okada+16
@ SF in galaxies extensively studied numerically (Offner@S03,
Avillez&Breitschwerdt05, Ostriker+10, Dib+11, Hill+12, Hopkins+14, Kim&Ostriker+15,
Rey-raposo@S05, ...)
R. Wiinsch (ASU CAS) Formation of stars and star clusters EWASS 2017 4/13



Slmulating Life Cycle of Clouds (SILCC)

@ aim: simulate ISM in a part of a galactic disc

@ included phvSiCS: chem. network. ISRF. self-aravity. mac. fields. feedback: SNe. stellar winds. jonising rad.
Cooling & Collapse

Girichidis et al. (2011) ¢ = 48 kyr

proposed

/ simulation

volume

Stellar Feedback & Outflows
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Slmulating Life Cycle of Clouds (SILCC) &

@ aim: simulate ISM in a part of a galactic disc
@ included phvSiCS: chem. network. ISRF. self-aravity. mac. fields. feedback: SNe. stellar winds. ionising rad.
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SILCC: selected results

Peak Mixed Random

@ to get realistic vertical gas distribution,
SNe must explode in low density gas
(Walch+15, Girichidis+16)
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SILCC: selected results

@ to get realistic vertical gas distribution,
SNe must explode in low density gas

e 10"
(Walch+15., Girichidis+16) = }L(csrf?.v RGN 5\515&{3%93
@ stellar winds help to regulate SF w0 || & Nobte? p

(no delay in comparison with SNe)

Sser (Mo yr~! kpe™?)
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SILCC: selected results

@ to get realistic vertical gas distribution,
SNe must explode in low density gas
(Walch+15, Girichidis+16)

@ stellar winds help to regulate SF = 5
. . i 10 o S % o °
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SILCC: selected results

@ to get realistic vertical gas distribution,
SNe must explode in low density gas
(Walch+15, Girichidis+16)

@ stellar winds help to regulate SF
(no delay in comparison with SNe)

@ stellar winds: anticorrelation between
SC mass and their formation times; cnf.
(Dib+17,@S05: SFE - At plane)

@ combination of processes important:

e.g. self-gravity needed to get correct soft X-ray flux from halo gas

(Peters+16)
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SILCC: selected results

@ to get realistic vertical gas distribution,
SNe must explode in low density gas
(Walch+15, Girichidis+16)

@ stellar winds help to regulate SF
(no delay in comparison with SNe)

@ stellar winds: anticorrelation between
SC mass and their formation times; cnf.
(Dib+17,@S05: SFE - At plane)

@ combination of processes important:

e.g. self-gravity needed to get correct soft X-ray flux from halo gas
(Peters+16)

@ clustering of SNe leads to slightly higher
fraction of mol. gas due to formation of
supershells (Walch+15)

R. Wiinsch (ASU CAS) Formation of stars and star clusters EWASS 2017 6/13



Importance of feedback on formation of MC

@ Hl supershells may trigger formation Dawson+13
of CO clouds = ‘

— LMC (Dawson+13), MW (Ehlerovad&Palou$16)
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Importance of feedback on formation of MC

@ Hl supershells may trigger formation Dawson+13
of CO clouds = ‘

— LMC (Dawson+13), MW (Ehlerovad&Palou$16)
@ evidence for molecular clouds formed

by shell-shell collisions

— nearby galaxies (Dawson+15, Egorov@S05)

»

Declination (12000)
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Ehlerova & Palous (2016) 1
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Galactic Longitude Trel
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Importance of feedback on formation of MC

@ Hl supershells may trigger formation Dawson+13
of CO clouds ‘
— LMC (Dawson+13), MW (Ehlerovad&Palou$16)
@ evidence for molecular clouds formed
by shell-shell collisions
— nearby galaxies (Dawson+15, Egorov@S05)
@ cloud formation by shells
supported by models [
(Tenorio-Tagle&Rézyczka85,86, Whitworth+94, Hart- e N e
mann+01, ElImegreen+02, Ntormousi+11)
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Galactic fountain & superwinds

M82 (NASA/ESA)

@ supershells may break out of HI disc %
— galactic fountain
— super-galactic winds
(Tenorio-Tagle+03, Melioli+13)

(Melioli+13)
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Galactic fountain & superwinds

M82 (NASA/ESA)

@ supershells may break out of HI disc %
— galactic fountain
— super-galactic winds
(Tenorio-Tagle+03, Melioli+13)

@ dense wind may cool = more mas-
sive clusters may provide less feed-
back

(Tenorio-Tagle+07, Winsch+08, Palou$+13)

(Melioli+13)

Column Density
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Galactic fountain & superwinds

@ supershells may break out of HI disc sz

— galactic fountain
— super-galactic winds
(Tenorio-Tagle+03, Melioli+13)

@ dense wind may cool = more mas-
sive clusters may provide less feed-
back

(Tenorio-Tagle+07, Winsch+08, Palou$+13)

@ applied to starburst dwarfs (e.g.
Green Peas)
— question of LyC escape (Oey@S05,
Orlitova@$S05)

TTO3

M82 (NASA/ESA)

(Melioli+13)

Column Density

R. Wiinsch (ASU CAS) Formation of stars and star clusters EWASS 2017 8/13



Feedback on a scale of a single molecular cloud

@ mainly negative: cloud dispersed by:
— ionising radiation
— stellar winds
(but they may escape Harper-Collins&Murray08)
— radiation pressure
(e.g. Krumholz+05-10, Kuiper+11,12)
— supernovae (but they may come too late (Holly-
head+15))

Dale+13
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Feedback on a scale of a single molecular cloud

@ mainly negative: cloud dispersed by:
— ionising radiation
— stellar winds
(but they may escape Harper-Collins&Murray08)
— radiation pressure
(e.g. Krumholz+05-10, Kuiper+11,12)
— supernovae (but they may come too late (Holly-
head+15))

@ unless clouds are too massive (> 10°M.)
and compact (Dale+15, Krause+16, Silich@S05,
Rahner@S05, Geen@S05, Parmentier@S05)

— do massive star clusters form with high SFE?

i)

Dale+13
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Feedback on a scale of a single molecular cloud

@ mainly negative: cloud dispersed by:
— ionising radiation
— stellar winds
(but they may escape Harper-Collins&Murray08)
— radiation pressure
(e.g. Krumholz+05-10, Kuiper+11,12)
— supernovae (but they may come too late (Holly-
head+15))

Dec (2000)

42m 4lm

RCW?79 (Herschel, Liu+17)

@ unless clouds are too massive (> 10°M.)
and compact (Dale+15, Krause+16, Silich@S05,
Rahner@S05, Geen@S05, Parmentier@S05)

— do massive star clusters form with high SFE?

@ expanding shells may trigger SF
— collect and collapse, radiation driven implosion
— hard to differ observationally between "weak" and
"strong" triggering (Dale+15) (Deharveng+10)
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Massive Star Clusters

@ Are nearby young massive clusters and globular
clusters the same objects at different evolution-
ary stage?
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Massive Star Clusters

@ Are nearby young massive clusters and globular 7 NGC 2808
clusters the same objects at different evolution- "
ary stage?
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@ GCs include multiple stellar populations
(Bedin+04)
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Massive Star Clusters

@ Are nearby young massive clusters and globular
clusters the same objects at different evolution-

NGC 2808 |

ary stage? .
@ GCs include multiple stellar populations
(Bedin+04)
@ photometric evidence: Piotto+07
— split main-sequence (also RGB, SGB, EHB, turn-off P
pOintS) (Piott0+07, Be”ini+10, Milone11 ,12,13,15, . ) \ ch‘cz:j{ NGETox ;nu};{\ NGTBTT
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Massive Star Clusters

@ Are nearby young massive clusters and globular as . 1
clusters the same objects at different evolution-
ary stage?

@ GCs include multiple stellar populations
(Bedin+04)

@ photometric evidence:
— split main-sequence (also RGB, SGB, EHB, turn-off
points) (Piotto+07, Bellini+10, Milone11,12,13,15, ...)

@ spectroscopy:
— anticorrelations among pairs of light elements
(e.g. Na-O) Carreta+07,09
— most of GC have the same metallicity (e.g. Renzini+15)
= origin from one cloud
=- no enrichment from supernovae

B R R T B S R B S
[o/Fe] (o/re] fo/re] [o/ke]

Caretta+09
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Massive Star Clusters

@ Are nearby young massive clusters and globular T
clusters the same objects at different evolution- . g
? 2 i
ary stage? 3
@ GCs include multiple stellar populations § 05
(Bedin+04) =i :
@ photometric evidence: L
— split main-sequence (also RGB, SGB, EHB, turn-off '
points) (Piotto+07, Bellini+10, Milone11,12,13,15, ...) Ag275W,F814W
AR AR RRRRR AR
@ spectroscopy: L - A
— anticorrelations among pairs of light elements [ ®
— o -8
(e.g. Na-O) Carreta+07,09 N N é o5l ‘j{g:" - é
— most of GC have the same metallicity (e.g. Renzini+15) g r -8 3l
= origin from one cloud — g

=- no enrichment from supernovae or

@ correspondence between MSP and Na-O anti- “15 -1 05 0 05 1
correllations (Milone+15) Milone+15 [0/Fe]
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Models trying to explain MSP

@ chem. composition suggests hot H burning
(e.g. Gratton+04, Charbonnel+05) Bastian+13

eniched gas accreted

05 by pre main sequence
stars (~10%)
04 enriched gas potentially

returned to the inter
stellar medium (13%)

M dN/dlogM

01 1.0 10 100
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Models trying to explain MSP

@ chem. composition suggests hot H burning
(e.g. Gratton+04, Charbonnel+05) B
@ AGB stars (d’Ercole+08,16, Bekki+17) °

R. Wiinsch (ASU CAS)
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enriched gas accreted
by pre main sequence
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enriched gas potentially
returned to the inter
stellar medium (13%)
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Models trying to explain MSP

@ chem. composition suggests hot H burning
(e.g. Gratton+04, Charbonnel+05) Bastian+13
@ AGB stars (d’Ercole+08,16, Bekki+17) ‘
@ massive stars:
— Fast Rotating Massive Stars
(Pranzos&Charbonnel06, Decressin+07)
— massive binaries (de Mink+09)
— fast cooling winds (Tenorio-Tagle+07, Winsch+17)
— fast recycling of massive star debris (ElImegreen17)

enriched gas accreted
by pre main sequence
stars (~10%)

enriched gas potentially
returned to the inter
stellar medium (13%)

M dN/dlogM

100

(Wiinsch+17, Tenorio-Tagle+07)
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Models trying to explain MSP

@ chem. composition suggests hot H burning

(e.g. Gratton+04, Charbonnel+05)
@ AGB stars (d’Ercole+08,16, Bekki+17)

@ massive stars:

— Fast Rotating Massive Stars
(Pranzos&Charbonnel06, Decressin+07)

— massive binaries (de Mink+09)

— fast cooling winds (Tenorio-Tagle+07, Winsch+17)
— fast recycling of massive star debris (ElImegreen17)

@ many other: super-massive stars (Dennisenkov+15,
Gieles@SS9), proto-stellar disc accretion (Bastian+13)
GC merging in dwarf galaxy host (Bekki&Tsujimoto16),

R. Wiinsch (ASU CAS)

M dN/dlogM

(Wiinsch+17, Tenorio-Tagle+07)
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enriched gas accreted
by pre main sequence
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Models trying to explain MSP

@ chem. composition suggests hot H burning
(e.g. Gratton+04, Charbonnel+05)

AGB stars (d’Ercole+08,16, Bekki+17)

massive stars:

— Fast Rotating Massive Stars
(Pranzos&Charbonnel06, Decressin+07)

— massive binaries (de Mink+09)

— fast cooling winds (Tenorio-Tagle+07, Winsch+17)
— fast recycling of massive star debris (ElImegreen17)

many other: super-massive stars (Dennisenkov+15,
Gieles@SS9), proto-stellar disc accretion (Bastian+13)
GC merging in dwarf galaxy host (Bekki&Tsujimoto16),

problems (see review by Bastian17):

— mass budget < mass loss, top-heavy IMF
see also Terlevich@S05
— He abundance vs.
tian+15)
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Na-O anticorr. extent (Bas-

M dN/dlogM
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enriched gas accreted
by pre main sequence
stars (~10%)

enriched gas potentially
returned to the inter
stellar medium (13%)
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Summary

o feedback essential for star formation
— maintains low SF efficiency, regulates SF
— responsible for star cluster early dispersal
— can also trigger formation of clouds and stars

— probably contributes to mechanism yielding stellar IMF
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Summary

o feedback essential for star formation
— maintains low SF efficiency, regulates SF
— responsible for star cluster early dispersal
— can also trigger formation of clouds and stars

— probably contributes to mechanism yielding stellar IMF

@ many open question related to formation of massive star clusters
— Do they form with high SFE?
— Which stars form first? (Cyganowski@S05)

— Are they initially mass segregated? (Khorrami@S05)
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Summary

o feedback essential for star formation
— maintains low SF efficiency, regulates SF
— responsible for star cluster early dispersal
— can also trigger formation of clouds and stars

— probably contributes to mechanism yielding stellar IMF

@ many open question related to formation of massive star clusters
— Do they form with high SFE?
— Which stars form first? (Cyganowski@S05)

— Are they initially mass segregated? (Khorrami@S05)
@ origin of multiple populations in globular clusters is still mystery

— unsolved problems: mass budget problem, He abundance, ...— what
determines whether a cluster includes MSP? (age?)
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Happy birthday, Guillermo!
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