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What is extreme star formation? 

1. High sSFR needs high density: sSFR (in inverse years) corresponds to (G r)1/2

2. For high SFR also, need a high gas mass  à high surface density: S ~ M2/3 r1/3

3. High surface density means high pressure: P ~ G S2 and high SSFR ~ S1.5

4. High S also means high gas-to-star ratio (local dwarfs ~ high redshift galaxies)

5. High gas/star ratio means highly unstable disks (low Toomre Q) because the gas is dissipative 
à irregular disk structure

à forming big clumps of gas and SF by gravitational instabilities
à big torques in the disk

à high turbulent speeds
à relatively thick disks

à fast secular evolution (in-spiraling)

Common Theme of Estallidos 8: Extreme star formation
Local Dwarfs (BCD, GPs, EELG, …) à high z analogues …
low metallicity, clumpy, high gas/star, high sSFR, low gas consumption times, …
supernovae, super star clusters, supershells, ISM blowout, …



“If the clump mass fraction exceeds a few 
percent, then these torques can drive an 
inflow of the clump’s amount of mass in 
less than 1 Gyr”



Dynamical friction on the FUV clumps (~106 MO) drives them in at an average rate of ~106 solar masses per Gyr

Anshuman Borgohain, Kanak Saha, Bruce Elmegreen, Rupjyoti
Gogoi, Francoise Combes& Shyam N. Tandon

à Astro-Sat imaging of 11 BCDs at z=0.1 to 0.24; Mstar~few x108MO



Other aspects of extreme star formation
à Highly efficient formation of massive bound clusters (B. Elmegreen 2018 ApJ 869: 119)

First, some interesting observations:

1. Space density of GCs today ~ 8 Mpc-3 (Portegies-Zwart & McMillan 2000; Boylan-Kolchin 2017)

2. Forming one ~106 MO GC requires a total SF mass of 50x106 MO as much (other clusters, G~25% cluster fraction)
à this alone gives a universe stellar density of ~4x108 MO Mpc-3, 

… which equals the average stellar density in the universe by z=1 (Madau & Dickinson 2014)

à a high fraction of star-forming regions included at least one GC before about half the age of the universe.

3. If the duration of this star formation is the time from z=7 to z=2, i.e., 2.6 Gyr, then the average SFR of GC-forming 
events is 0.15 MO yr-1 Mpc-3,

à which equals the peak value of the comoving cosmic SFR density in the universe at z∼2
à GC formation involved whole galaxy starbursts

4. the current mass density of GCs is only 0.26% of the stellar mass density 
à the universe “commonly” produced GCs before z~2 and “rarely” produced GCs afterwards.



Other evidence for Whole Galaxy Starbursts: (B. Elmegreen 2018 ApJ 869: 119)

1. WLM has an old metal-poor GC whose luminosity suggests that it contains ∼106 MO of stars. The mass of other
stars at the same age and metallicity is comparable to this (Leaman et al. 2012; Larsen et al. 2014), suggesting that the 
GC was a high fraction of the total WLM mass when it formed (Elmegreen et al. 2012). 

… Old GCs in the Fornax dwarf spheroidal totaled 25% of the galaxy stellar mass when they formed (Larsen et al. 
2012). For IKN and NGC 147, these fractions are 50% and 6% (Larsen et al. 2014, 2018). 

These are enormously high fractions considering the additional cluster mass that should have been present in the full 
cluster mass function plus the  and unbound stellar mass that formed at the same time. 

à These were whole-galaxy starbursts

2. The specific frequency of GCs in local dwarfs is ∼100 per 109 MO of stellar mass at 3×108 MO (Zaritsky et al. 
2016). 
… for MGC ~ 2×105 MO , the current mass fraction is 2%.         
… At 10% of the age of the universe these GCs were there, but Mstar was only 0.1 as much à fGC ~ 20%
... For more massive initial GCs (evaporation and an escaped population to make 2 generations [Bastian & Lardo

2018], plus the accompanying star formation in the same burst, the GC-events involved the whole galaxies.

3. Sollima & Baumgardt (2017) suggest 2×108 MO of stars escaped from Milky Way GCs, which is 20% of all the 
stars in the halo (∼109 MO in the halo; Morrison 1993; Bell et al. 2008; Deason et al. 2011). 

à the MW GCs alone were 20% of all the stars that came in with them.



What does it take to make a super star cluster (or one of today’s globular clusters)?

1. The SF rate required to make a 106 MO cluster is ~1 MO yr-1 :

1. Integrate the cluster mass function up to a maximum mass of 106 MO and the total mass is 12.5x106 MO. 
2. For a cluster mass fraction of G~0.25, the total SF region mass is ~50x106 MO

3. For a SF region size of ~ 1 kpc and a turbulent speed of ~20 km/s, the duration of SF is ~50 Myr,
1. à 50 Million solar masses in 50 Myr is 1 MO yr-1

… But not all galaxies with SFR = 1 MO yr-1 make SSCs because a second condition is needed:

B. Elmegreen 2018 ApJ 869: 119



2. A high mass cluster needs a high-pressure (high Sgas, high SSFR) environment. 

From the virial theorem:

Define Mcluster = eM Mcloud and rcluster = er rcloud , and define e=eMer
2, then

à

For a 106 MOinside a half-mass radius of ∼2.3 pc,  ρcluster ~ 104 MOpc-3 .  

Then setting e~0.5 for Mcluster=106 MO, Pcloud ~ 8x1010 kB.  This is the cloud core.

Locally,  PISM ~ 10-4 Pcloud-core (i.e., Radius of a cloud core is about 1% of the disk thickness), so

à require PISM ~ 107 kB.   (x1000 local PISM)
à require SISM ~ 30 x local value (P~GS2) ~ 500-1000 MOpc-2

à require SSFR ~ 1 MO pc-2 Myr-1 (=1 MO kpc-2 yr-1) from the KS relation

B. Elmegreen 2018 ApJ 869: 119



This is the SFR and SSFR in high redshift clumps:

Distribution function for SFRs in the giant clumps of galaxies studied by Guo et al. (2018), divided into 
three redshift bins.  Approximately half the clumps exceed 1 MO yr-1 (first condition) and since most 
clumps are ~1 kpc big, they also satisfy the second condition, SSFR > 1 MO kpc-2 yr-1

B. Elmegreen 2018 ApJ 869: 119



Looking for GC precursor galaxies:

Pick high sSFR and low M for galaxies in the HST Frontier 
Fields Parallels for Abell 2744 and MACS J0416.1-2403

… high sSFR means high density, SFR, gas/stars…
… low M means low metallicity

(found by eye)
E&E 2017 ApJ 851:L44



Sample galaxies in 
redshift bins

All galaxies 
stacked from 
those redshift 
bins

Found by eye

E&E 2017 ApJ 851:L44



From Mstars , deconvolved radius, and SFR, 
can estimate Mgas using the KS relation, 
and then 

Mgas/Mstar~5 

and the SF efficiency per free fall time is

eff ~ 0.1 

for the whole galaxies 

à 10x higher efficiency than SF locally

E&E 2017 ApJ 851:L44



… Endless applications of the Common Theme “Extreme Star Formation”

à



Summary:

What we know about local SF can be scaled to understand SF in the early universe.

What differs at high z is:

Higher sSFRs
… which mean higher gas/star ratios, higher Sgas, higher SSFR, higher P, higher Mcluster

All of this is observed at high z and it follows as a single block of inter-related properties by scaling local observations.

This scaling also means: 
… more unstable disks, more galaxy irregularity, bigger clumps and thicker disks, larger torques and faster secular evolution

à Scaling tells us what to expect and how to evaluate our observations.
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