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Which physical processes are regulating 
star formation in galaxies?

cosmic web (~Gpc)
dark matter halos (~Mpc) galaxies (~kpc) star-forming regions  (~pc)
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Star formation on global scales

Whitaker + 2012,2014; 
see also Brinchmann+ 04; Noeske+ 07ab; 
Daddi+ 07; Elbaz+07; Speagle+14; 
Schreiber+ 15; Panella+ 15; …

“star-forming main sequence”
σMS ≈ 0.2-0.4 dex
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Spatially resolving galaxies

+ lensing  
(e.g., Johnson+ 2017, Cava+  
          2018, Vanzella+ 2019)

Davies+ 2016

Future: ELT / GMT / TMT 
resolve z~2 galaxies at a 
resolution of 100 pc, similar to 
today’s local galaxies

VLT HST ELT

?
challenge: 
- sample size 
- spatial resolution

Cosmic Noon (z~1-3) galaxies: 
AO on 10m telescopes + HST + ALMA 
with resolution of ~1 kpc

Hubble image filters B I H
5 kpc

H-alpha luminosity map

e.g., G
enzel+ 2006,  

Förster Schreiber+ 2009, 
Law

+ 2012, Tacchella+ 2015

today’s (z=0) galaxies: 
galaxies can be resolved to the molecular 
cloud level with HST, VLT & ALMA

Inefficient star formation due to short-lived 
molecular clouds and rapid feedback  
(Kruijssen+ 2019)
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SFR

time

Variability of star formation
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Variability of star formation

?

Caplar & Tacchella (2019) 
Tacchella, Forbes & Caplar (2020) 

Matthee & Schaye (2019) 
Abramson+ (2015)

How do galaxies evolve about the star-forming main sequence? 
Is σMS set by oscillation on short (< tH) or long (≈ tH) timescales? 
- important for the physics of star formation 
- important for the the interpretation of scaling relations
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?

Caplar & Tacchella (2019): idea from AGN light curve modeling 
➜ look at the power spectrum density of the star-formation history!

Caplar & Tacchella (2019) 
Tacchella, Forbes & Caplar (2020)

inflow rate is described as a stochastic processes (with a certain PSD) 
➜ stochastic differential equation

regulator model (e.g., Lilly+ 2013)

Variability of star formation
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Regulator model: power spectral density
Tacchella, Forbes & Caplar (2020)

➜ PSD(f) =
�2
reg

1 + (2⇡⌧eqf)2

<latexit sha1_base64="w70wmu4CNYhRErekR0zKaiRNNmc="></latexit>

�2
reg / Var(�)

<latexit sha1_base64="LuFR4QzF447Oa/oiluROJUARrq8=">AAACFnicbVDLSsNAFJ3UV62vqEs3g0WoC0tSKrosunFZwT6giWEynaZDZ5IwMxFKyFe48VfcuFDErbjzb5y0WWjrgYHDOfcy9xw/ZlQqy/o2Siura+sb5c3K1vbO7p65f9CVUSIw6eCIRaLvI0kYDUlHUcVIPxYEcZ+Rnj+5zv3eAxGSRuGdmsbE5SgI6YhipLTkmWeOpAFH9w0vdQSHggQZdGIRxSqCDkdqLHjaRSKrOe0xPfXMqlW3ZoDLxC5IFRRoe+aXM4xwwkmoMENSDmwrVm6KhKKYkaziJJLECE9QQAaahogT6aazWBk80coQjiKhX6jgTP29kSIu5ZT7ejK/VC56ufifN0jU6NJNaRgnioR4/tEoYVBnzjuCQyoIVmyqCcKC6lshHiOBsNJNVnQJ9mLkZdJt1O1m/fy2WW1dFXWUwRE4BjVggwvQAjegDToAg0fwDF7Bm/FkvBjvxsd8tGQUO4fgD4zPH07Yn3Y=</latexit>

with

damped random walk
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Power spectral density (PSD)

log  frequency

lo
g 

 p
ow

er
 s

pe
ct

ru
m

 d
en

si
ty

0

4

-4

0 -1 -2 -3 -4

-8

↵GMC
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<latexit sha1_base64="EnJNbj5k5DHrPgZ69xfgBTXW+Bw=">AAAB/XicdZBLS8NAFIUn9VXrKz52bgaL4Cokpb4WQrEL3QgVbC00IUymk3boZBJmJkINxb/ixoUibv0f7vw3TtsIVfTAwOE79zKXEySMSmXbn0Zhbn5hcam4XFpZXVvfMDe3WjJOBSZNHLNYtAMkCaOcNBVVjLQTQVAUMHIbDOrj/PaOCEljfqOGCfEi1OM0pBgpjXxzx0Us6SM/c0UEL67qI3gGK75Zdix7Imhbh7ZzeuRok5PvqAxyNXzzw+3GOI0IV5ghKTuOnSgvQ0JRzMio5KaSJAgPUI90tOUoItLLJteP4L4mXRjGQj+u4ITObmQoknIYBXoyQqovf2dj+FfWSVV44mWUJ6kiHE8/ClMGVQzHVcAuFQQrNtQGYUH1rRD3kUBY6cJKsyX8b1oVy6la1etquXae11EEu2APHAAHHIMauAQN0AQY3INH8AxejAfjyXg13qajBSPf2QY/ZLx/AdO4lCs=</latexit>

GMC

<latexit sha1_base64="1/1Y0t6hYHCHXl4MlSQ45S7JI3U=">AAAB83icdVDLSsNAFL2pr1pfVZduBovgKiRSX7tiF7oRKtgHNKFMppN26EwSZiZCCf0NNy4UcevPuPNvnLQVquiBC4dz7uUeTpBwprTjfFqFpeWV1bXiemljc2t7p7y711JxKgltkpjHshNgRTmLaFMzzWknkRSLgNN2MKrnfvuBSsXi6F6PE+oLPIhYyAjWRvI8gfVQiuz6tj7plSuu7UyBHPvUcS/PXEPmyrdVgTkavfKH149JKmikCcdKdV0n0X6GpWaE00nJSxVNMBnhAe0aGmFBlZ9NM0/QkVH6KIylmUijqbp4kWGh1FgEZjPPqH57ufiX1011eOFnLEpSTSMyexSmHOkY5QWgPpOUaD42BBPJTFZEhlhiok1NpcUS/ietE9ut2tW7aqV2Na+jCAdwCMfgwjnU4AYa0AQCCTzCM7xYqfVkvVpvs9WCNb/Zhx+w3r8AJgaRxA==</latexit>

2⇡h⌧Li
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• full model (“extended regulator model)  
➜ GMCs sustain star formation  
➜ source of SF variability:  
           - inflow rate  
           - GMC sampling 

• breaks correspond interesting 
timescale of the galaxy:  
- average lifetime of GMCs  
- equilibrium timescale (≈tdep/λ)  
- decorrelation timescale in accretion

log  timescale
0 1 2 3 4

Tacchella, Forbes & Caplar (2020)
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Landscape of numerical simulations

Nelson+ (2019) 
Vogelsberger+ (2020)

zoom regime

box regime
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PSD of different numerical models
Iyer, Tacchella+ (2020)

large diversity in PSD shape and normalization… 
interesting parameter space! 
Different implementation of feedback and star 
formation lead to different variability of star formation!
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First attempt to constrain the PSD observationally

Caplar & Tacchella (2019)

log timescale

log PSD

↵
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PSD(f) =
�2

1 + (⌧breakf)↵
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“No one trusts a model except the person who wrote it; 
everyone trusts an observation, except the person who 
made it.” ― Harlow Shapley 
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Modeling star-formation histories with a power spectrum
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SFMS distribution seen by different SFR indicators

bursty

Caplar & Tacchella (2019)
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Current constraints on the PSD

Observational data: 
• GAMA survey; z<0.1; 9000 galaxies 
• Davies et al. 2019 measured the MS scatter for 

different indicators:

⌧break = 320+190
�120 Myr
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Caplar & Tacchella (2019)

• see also Wang & Lilly 2020:   ↵ = 1� 2

<latexit sha1_base64="2rrPw/0MbkiEDHZZCDWoYnhkHyw=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBi2W3VPQiFL14rGA/oLuUbJptQ7PZkGSFsvRvePGgiFf/jDf/jWm7B219MPB4b4aZeaHkTBvX/XYKa+sbm1vF7dLO7t7+QfnwqK2TVBHaIglPVDfEmnImaMsww2lXKorjkNNOOL6b+Z0nqjRLxKOZSBrEeChYxAg2VvJ9zOUIoxvkXdT65YpbdedAq8TLSQVyNPvlL3+QkDSmwhCOte55rjRBhpVhhNNpyU81lZiM8ZD2LBU4pjrI5jdP0ZlVBihKlC1h0Fz9PZHhWOtJHNrOGJuRXvZm4n9eLzXRdZAxIVNDBVksilKOTIJmAaABU5QYPrEEE8XsrYiMsMLE2JhKNgRv+eVV0q5VvXr18qFeadzmcRThBE7hHDy4ggbcQxNaQEDCM7zCm5M6L86787FoLTj5zDH8gfP5AxR7kGk=</latexit>

• more work ahead to measure PSD:  
- select galaxies with the same PSD (i.e. control for galaxy  
  properties such as environment, stellar mass, etc.) 
- break degeneracy between IMF, Z, attenuation, etc. 
  ➜ couple SED modelling with PSD measurement  
       via Bayesian hierarchical model

Requirement:  
large, homogeneous photometric datasets  

with coverage of emission lines

for MW-mass galaxies:

PSD

…
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Conclusions
‣ Star formation involves a variety of processes acting from small/short to large/long timescales 
    ➜ Power Spectrum Density (PSD) is a powerful way to quantify the star-formation variability and  
         test different model of galaxy formation and evolution 

‣ Breaks of the PSD correspond interesting timescales of galaxies: 
- average lifetime of GMCs 
- equilibrium timescale (≈tdep/λ) 
- decorrelation timescale in accretion 

➜ resolve galaxies temporally to learn about the internal workings (Tacchella+ 20) 

‣ Theoretical models (numerical, SAMs) make a wide range of predictions for the PSD (Iyer, Tacchella+ 20) 

‣ Observations of z~0: star-formation histories decorrelate on ~300 Myr (Caplar & Tacchella 19) 
  

‣ Current on-going work: 
- self-consistently predict H-alpha emission from simulations (how well does H-alpha trace the SFR?) 
- build an “SED-fitting” framework to break dust-Z-PSD degeneracy (first hierarchical mode, later beyond) 

‣ much science ahead with ATLAS: 
- extend this approach beyond z>3 => measure PSD as a function of redshift  
- large number of galaxies are crucial (split galaxies in sub-groups with the same PSD, use ergodicity to constrain PSD)


