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Layout of the Course

Feb 2:  Course Introduction, Overview, and Galaxy Formation Basics
Feb 9:  Disk Galaxies (I)
Feb 12:  Disk Galaxies (II)
Feb 16:  Disk Galaxies (III) / Collisionless Stellar Dynamics
Feb 23:  Collisionless Stellar Dynamics + Vlasov/Jeans Equations
Feb 26:  Vlasov/Jeans Equations / Elliptical Galaxies (I)
Mar 9:  Elliptical Galaxies (II)
Mar 23:  Dark Matter Halos
Mar 30:  Connecting Galaxies to Dark Matter Halos
Apr 13:  Galaxy Stellar Populations + Lessons from Galaxies at z<0.2
Apr 20:  Lessons from Galaxy Samples at z<0.2 + Evolution with Redshift
Apr 23: Evolution of Galaxies with Redshift + Pushing to z>1.5
May 4:  Cosmic Star Formation History + Galaxy Evolution at z>6
May 11: Galaxy Evolution with JWST / Review for Final Exam

Lectures 



Paper Presentations Now Online

Some people 
appear not to 
have sent me 

their 
presentations



First, let’s review the important 
material from last week



Can we understand the diagram to the right?

from the ratio of FIR to observed (uncorrected) FUV luminosity densities (Figure 8) as a

function of redshift, using FUVLFs from Cucciati et al. (2012) and Herschel FIRLFs from
Gruppioni et al. (2013). At z < 2, these estimates agree reasonably well with the measure-

ments inferred from the UV slope or from SED fitting. At z > 2, the FIR/FUV estimates

have large uncertainties owing to the similarly large uncertainties required to extrapolate
the observed FIRLF to a total luminosity density. The values are larger than those for

the UV-selected surveys, particularly when compared with the UV values extrapolated to

very faint luminosities. Although galaxies with lower SFRs may have reduced extinction,
purely UV-selected samples at high redshift may also be biased against dusty star-forming

galaxies. As we noted above, a robust census for star-forming galaxies at z ≫ 2 selected
on the basis of dust emission alone does not exist, owing to the sensitivity limits of past

and present FIR and submillimeter observatories. Accordingly, the total amount of star

formation that is missed from UV surveys at such high redshifts remains uncertain.

Figure 9: The history of cosmic star formation from (top right panel) FUV, (bottom right panel) IR,
and (left panel) FUV+IR rest-frame measurements. The data points with symbols are given in Table
1. All UV luminosities have been converted to instantaneous SFR densities using the factor KFUV =
1.15 × 10−28 (see Equation 10), valid for a Salpeter IMF. FIR luminosities (8–1,000µm) have been
converted to instantaneous SFRs using the factor KIR = 4.5 × 10−44 (see Equation 11), also valid for a
Salpeter IMF. The solid curve in the three panels plots the best-fit SFRD in Equation 15.

Figure 9 shows the cosmic SFH from UV and IR data following the above prescriptions,

as well as the best-fitting function

ψ(z) = 0.015
(1 + z)2.7

1 + [(1 + z)/2.9]5.6
M⊙ year−1 Mpc−3. (15)

These state-of-the-art surveys provide a remarkably consistent picture of the cosmic SFH:

a rising phase, scaling as ψ(z) ∝ (1 + z)−2.9 at 3 ∼
< z ∼

< 8, slowing and peaking at some
point probably between z = 2 and 1.5, when the Universe was ∼ 3.5 Gyr old, followed by
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FIG. 14.— Comparison of our best-fit model at z = 0.1 to previously published results. Results compared include those from our previous work (Behroozi et al.
2010), from abundance matching (Moster et al. 2013; Reddick et al. 2012; Moster et al. 2010; Guo et al. 2010; Wang & Jing 2010), from HOD/CLF modeling
(Zheng et al. 2007a; Yang et al. 2012), and from cluster catalogs (Yang et al. 2009a; Hansen et al. 2009; Lin & Mohr 2004). Grey shaded regions correspond to
the 68% confidence contours of Behroozi et al. (2010). The one-sigma posterior distribution for our model is shown by the red error bars.

1011 1012 1013 1014 1015

Mh [MO• ]

0.0001

0.001

0.01

0.1

M
* / 

M
h

Behroozi et al. (2010)
Wang & Jing 2009 (AM+CC)
Moster et al. 2010 (AM)
Moster et al. 2013 (AM)
Wake et al. 2011 (HOD)
Zheng et al. 2007 (HOD)
Conroy & Wechsler 2009 (AM)
Yang et al. 2012 (CL)
Behroozi et al. 2013

z = 1.0

1011 1012 1013 1014 1015

Mh [MO• ]

0.0001

0.001

0.01

0.1

M
* / 

M
h

Behroozi et al. 2010
Moster et al. 2010 (AM)
Moster et al. 2013 (AM)
Yang et al. 2012 (CL)
Yang et al. 2012, SMF2 (CL)
Behroozi et al. 2013

z = 3.0

FIG. 15.— Comparison of our best-fit model at z = 1.0 and z = 3.0 to previously published results. Results compared include those from our previous
work (Behroozi et al. 2010), from abundance matching (Moster et al. 2013, 2010; Conroy & Wechsler 2009; Wang & Jing 2010), and from HOD/CLF modeling
(Zheng et al. 2007a; Yang et al. 2012; Wake et al. 2011). Yang et al. (2012) reports best fits for two separate stellar mass functions, and we include both at z = 3.0.
Grey shaded regions correspond to the 68% confidence contours of Behroozi et al. (2010).
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How can we determine which galaxies on deep 
images come from the most distant galaxies?

Spectra of Distant Galaxies
There is a sharp break in 

spectrum of distant 
galaxies due to neutral 

hydrogen in the universe.

As the universe expands, 
this break in the spectrum is 

shifted to redder 
wavelengths (“redshifted”)

By looking for sources with 
breaks at very red 

wavelengths, we identify 
the most distant galaxies.

Most Distant 
 @ 850 Myr 

after Big Bang

Least Distant 
 @ 1800 Myr 

after Big Bang

 @ 1000 Myr 
after Big Bang

Redshift  
“z” = 6

Redshift  
“z” = 8

Redshift  
“z” = 4



Here is the evolution of the redshift record



Wide-Area Narrowband Surveys

Hubble Space Telescope 
NICMOS + ACS

Hubble Space Telescope 
Wide-Field Camera 3 IR 

JWST

Bouwens+2026, in prep Technology played a major role



Spectroscopic High-
Redshift Frontier

JWST obtained a spectrum 
of the zspec=14.44 galaxy in 

only ~4.5hrs

Redshift inferred from Lyman-α 

▸ Obtaining 
spectroscopic 
redshift confirmations 
is critical 

▸ The spectroscopic 
record holder was 
broken several times 
over the past three 
years

Naidu, Oesch+25

MoMz14

(fluxes: 2-5e-19 cgs)

JADES-GS-z14-0

JADES-GS-z14-1

Fig. 1 NIRSpec prism spectra of the two z ≥ 14 galaxies, JADES-GS-z14-0 and JADES-
GS-z14-1. The central panel of each target shows the 1D spectrum (black) and the associated 1‡
uncertainty (light blue). The bottom panels display the 2D spectrum of the signal-to-noise ratio to
better highlight the contrast across the break at ≥ 1.8 µm. Inset stamps in the top panels are cutouts
of some of the NIRCam JADES images. The NIRSpec 3-shutter slitlets are shown in red in each
F277W image.

5

Fig. 11 The sky around JADES-GS-z14-0 and JADES-z14-1. F444W/F200W/F090W false
color red/green/blue image of the JADES imaging field [4] (background) and F277W/F150W/F115W
false color red/green/blue thumbnail images of the two z ≥ 14 galaxies. The green outline illustrates
the four quadrants of the NIRSpec micro-shutter array of the Cycle 1 NIRSpc 1287 program.

Possible large-scale structure association
JADES-GS-z14-0 and JADES-GS-z14-1 are 1.9Õ apart on the sky (Fig. 11), which is
6.2 comoving Mpc at this redshift. The third candidate completes a roughly equilat-
eral triangle, 1.7Õ and 2.7Õ away from the first two, respectively. These three galaxies
form a mild angular over-abundance of the candidates from [9], a fact that influenced
the selection of this location for the program 1287 deep NIRSpec pointing. The sep-
aration along the line of sight is imprecisely known, given the redshift uncertainties.
If JADES-GS-z14-0 and JADES-GS-z14-1 are separated by 0.42 in redshift, then this
would be about 60 comoving Mpc along the line of sight. However, the galaxies could
be substantially closer, even potentially at the same redshift, if more unusual combi-
nations of neutral hydrogen absorption and Ly– emission were present. Narrow-line
redshifts will be needed to measure this. As galaxies at high redshift are expected to
exhibit a high clustering bias [e.g., 66, 67], supported by numerous findings of inho-
mogeneity at z ¥ 7 [e.g., 68, 69], it seems likely that these galaxies are at least mildly
associated in an extended large-scale structure.
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z=3.47

NIRSpec/prism break 
14.32+0.08-0.20 

NIRCam/F115W NIRCam/F277W

JADES�GS�z14�0

183349

PSF

MIRI/F770W False � Color RGB

N

E

0.6��

1.9 pkpc

Fig. 1: The most distant galaxy spectroscopically confirmed by the JWST
Advanced Deep Extragalactic Survey (JADES). This galaxy was initially
selected from ultra-deep NIRCam and MIRI imaging with JWST (F770W-F277W-
F115W shown as an RGB false-color mosaic in the lower right). It was targeted for
NIRSpec MSA follow-up observations and is the first spectroscopically confirmed red-
shift z > 14 system. JADES-GS-z14-0 is to the right and the foreground galaxy
NIRCam ID 183349 to the left. The apparent color of JADES-GS-z14-0 is caused by the
absorption of the NIRCam/F115W flux by the intervening IGM and the rest-optical
nebular emission line excess in the MIRI/F770W flux relative to NIRCam/F277W.

and another low-redshift neighboring object to the south is estimated to be small with
a lensing magnification factor of µ = 1.2 (Carniani et al. 2024). All of the analyses
and results presented here have been corrected for this magnification factor.

Interpreting the ultra-deep MIRI observations in the context of the ultra-deep
NIRCam observations requires measuring the flux density in MIRI relative to the flux
density in one of the long-wavelength NIRCam filters. The FWHMs of the F770W
and F444W point spread functions (PSFs) are 0.269 arcseconds and 0.145 arcseconds,
respectively, which makes separating JADES-GS-z14-0 from 183349 challenging, but
essential. To meet this challenge, we measure photometry by performing model fitting

4

Helton+24

Carniani+24a

JADES-GS-z14

[OIII] 88 micron 
14.1793 ± 0.0007 

NIRSpec/prism lines 
14.44 ± 0.02



Bright Faint

(1.7 Gyr)
(0.7 Gyr)

(0.5 Gyr)

Can Calculate SFR Density from UV Luminosity Function

Bouwens+2011

from the ratio of FIR to observed (uncorrected) FUV luminosity densities (Figure 8) as a

function of redshift, using FUVLFs from Cucciati et al. (2012) and Herschel FIRLFs from
Gruppioni et al. (2013). At z < 2, these estimates agree reasonably well with the measure-

ments inferred from the UV slope or from SED fitting. At z > 2, the FIR/FUV estimates

have large uncertainties owing to the similarly large uncertainties required to extrapolate
the observed FIRLF to a total luminosity density. The values are larger than those for

the UV-selected surveys, particularly when compared with the UV values extrapolated to

very faint luminosities. Although galaxies with lower SFRs may have reduced extinction,
purely UV-selected samples at high redshift may also be biased against dusty star-forming

galaxies. As we noted above, a robust census for star-forming galaxies at z ≫ 2 selected
on the basis of dust emission alone does not exist, owing to the sensitivity limits of past

and present FIR and submillimeter observatories. Accordingly, the total amount of star

formation that is missed from UV surveys at such high redshifts remains uncertain.

Figure 9: The history of cosmic star formation from (top right panel) FUV, (bottom right panel) IR,
and (left panel) FUV+IR rest-frame measurements. The data points with symbols are given in Table
1. All UV luminosities have been converted to instantaneous SFR densities using the factor KFUV =
1.15 × 10−28 (see Equation 10), valid for a Salpeter IMF. FIR luminosities (8–1,000µm) have been
converted to instantaneous SFRs using the factor KIR = 4.5 × 10−44 (see Equation 11), also valid for a
Salpeter IMF. The solid curve in the three panels plots the best-fit SFRD in Equation 15.

Figure 9 shows the cosmic SFH from UV and IR data following the above prescriptions,

as well as the best-fitting function

ψ(z) = 0.015
(1 + z)2.7

1 + [(1 + z)/2.9]5.6
M⊙ year−1 Mpc−3. (15)

These state-of-the-art surveys provide a remarkably consistent picture of the cosmic SFH:

a rising phase, scaling as ψ(z) ∝ (1 + z)−2.9 at 3 ∼
< z ∼

< 8, slowing and peaking at some
point probably between z = 2 and 1.5, when the Universe was ∼ 3.5 Gyr old, followed by

48 P. Madau & M. Dickinson

Cosmic Star Formation History

UV Luminosity is from newly 
formed O+B stars in last 100 Myr

SFR = LUV  x conversion factor

Integrate 
Luminosity 

Functions to  
Derive SFR 

Density



2

Which galaxies would we expect to contain the most 
dust?

i.e. those with the most metals (i.e., the mass ones):

From lecture 11:



Only the highest-mass sources are individually detected!

 ALMA UDF 

Bouwens+2016



Contribution of Obscured Star Formation to SFR Density

Bouwens+26

Compilation of 
Many Exciting 
Independent 

Efforts



NOW new material for this 
week



Can we construct a picture 
of how galaxies form and 

evolve across cosmic time?

When do galaxies / does the 
universe form most of its 

stars?



Can we understand the diagram to the right?

from the ratio of FIR to observed (uncorrected) FUV luminosity densities (Figure 8) as a

function of redshift, using FUVLFs from Cucciati et al. (2012) and Herschel FIRLFs from
Gruppioni et al. (2013). At z < 2, these estimates agree reasonably well with the measure-

ments inferred from the UV slope or from SED fitting. At z > 2, the FIR/FUV estimates

have large uncertainties owing to the similarly large uncertainties required to extrapolate
the observed FIRLF to a total luminosity density. The values are larger than those for

the UV-selected surveys, particularly when compared with the UV values extrapolated to

very faint luminosities. Although galaxies with lower SFRs may have reduced extinction,
purely UV-selected samples at high redshift may also be biased against dusty star-forming

galaxies. As we noted above, a robust census for star-forming galaxies at z ≫ 2 selected
on the basis of dust emission alone does not exist, owing to the sensitivity limits of past

and present FIR and submillimeter observatories. Accordingly, the total amount of star

formation that is missed from UV surveys at such high redshifts remains uncertain.

Figure 9: The history of cosmic star formation from (top right panel) FUV, (bottom right panel) IR,
and (left panel) FUV+IR rest-frame measurements. The data points with symbols are given in Table
1. All UV luminosities have been converted to instantaneous SFR densities using the factor KFUV =
1.15 × 10−28 (see Equation 10), valid for a Salpeter IMF. FIR luminosities (8–1,000µm) have been
converted to instantaneous SFRs using the factor KIR = 4.5 × 10−44 (see Equation 11), also valid for a
Salpeter IMF. The solid curve in the three panels plots the best-fit SFRD in Equation 15.

Figure 9 shows the cosmic SFH from UV and IR data following the above prescriptions,

as well as the best-fitting function

ψ(z) = 0.015
(1 + z)2.7

1 + [(1 + z)/2.9]5.6
M⊙ year−1 Mpc−3. (15)

These state-of-the-art surveys provide a remarkably consistent picture of the cosmic SFH:

a rising phase, scaling as ψ(z) ∝ (1 + z)−2.9 at 3 ∼
< z ∼

< 8, slowing and peaking at some
point probably between z = 2 and 1.5, when the Universe was ∼ 3.5 Gyr old, followed by
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FIG. 14.— Comparison of our best-fit model at z = 0.1 to previously published results. Results compared include those from our previous work (Behroozi et al.
2010), from abundance matching (Moster et al. 2013; Reddick et al. 2012; Moster et al. 2010; Guo et al. 2010; Wang & Jing 2010), from HOD/CLF modeling
(Zheng et al. 2007a; Yang et al. 2012), and from cluster catalogs (Yang et al. 2009a; Hansen et al. 2009; Lin & Mohr 2004). Grey shaded regions correspond to
the 68% confidence contours of Behroozi et al. (2010). The one-sigma posterior distribution for our model is shown by the red error bars.
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FIG. 15.— Comparison of our best-fit model at z = 1.0 and z = 3.0 to previously published results. Results compared include those from our previous
work (Behroozi et al. 2010), from abundance matching (Moster et al. 2013, 2010; Conroy & Wechsler 2009; Wang & Jing 2010), and from HOD/CLF modeling
(Zheng et al. 2007a; Yang et al. 2012; Wake et al. 2011). Yang et al. (2012) reports best fits for two separate stellar mass functions, and we include both at z = 3.0.
Grey shaded regions correspond to the 68% confidence contours of Behroozi et al. (2010).
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Last week - we discussed why the cosmic star 
formation rate density of universe rises at early times…

Why does the cosmic star formation density fall at 
late times?

from the ratio of FIR to observed (uncorrected) FUV luminosity densities (Figure 8) as a

function of redshift, using FUVLFs from Cucciati et al. (2012) and Herschel FIRLFs from
Gruppioni et al. (2013). At z < 2, these estimates agree reasonably well with the measure-

ments inferred from the UV slope or from SED fitting. At z > 2, the FIR/FUV estimates

have large uncertainties owing to the similarly large uncertainties required to extrapolate
the observed FIRLF to a total luminosity density. The values are larger than those for

the UV-selected surveys, particularly when compared with the UV values extrapolated to

very faint luminosities. Although galaxies with lower SFRs may have reduced extinction,
purely UV-selected samples at high redshift may also be biased against dusty star-forming

galaxies. As we noted above, a robust census for star-forming galaxies at z ≫ 2 selected
on the basis of dust emission alone does not exist, owing to the sensitivity limits of past

and present FIR and submillimeter observatories. Accordingly, the total amount of star

formation that is missed from UV surveys at such high redshifts remains uncertain.

Figure 9: The history of cosmic star formation from (top right panel) FUV, (bottom right panel) IR,
and (left panel) FUV+IR rest-frame measurements. The data points with symbols are given in Table
1. All UV luminosities have been converted to instantaneous SFR densities using the factor KFUV =
1.15 × 10−28 (see Equation 10), valid for a Salpeter IMF. FIR luminosities (8–1,000µm) have been
converted to instantaneous SFRs using the factor KIR = 4.5 × 10−44 (see Equation 11), also valid for a
Salpeter IMF. The solid curve in the three panels plots the best-fit SFRD in Equation 15.

Figure 9 shows the cosmic SFH from UV and IR data following the above prescriptions,

as well as the best-fitting function

ψ(z) = 0.015
(1 + z)2.7

1 + [(1 + z)/2.9]5.6
M⊙ year−1 Mpc−3. (15)

These state-of-the-art surveys provide a remarkably consistent picture of the cosmic SFH:

a rising phase, scaling as ψ(z) ∝ (1 + z)−2.9 at 3 ∼
< z ∼

< 8, slowing and peaking at some
point probably between z = 2 and 1.5, when the Universe was ∼ 3.5 Gyr old, followed by

48 P. Madau & M. Dickinson
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Consideration #1: Accretion of cold gas onto galaxies 
slows

dM/dt ~ (1+z)1.5

McBride+2009

Accretion Rate

Steeper at high 
redshifts
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UDF cover a similar parameter space  
as do earlier targeted studies (Tacconi et 
al., 2013, 2018), albeit with a somewhat 
larger scatter. On average, their depletion 
time is ~ 1 Gyr irrespective of redshift, 
which is similar to the value derived for 
star-forming galaxies in the local Uni-
verse. In the right panel of Figure 7 the 
gas mass fraction, defined as Mmol /Mstars, 
is plotted as a function of lookback time. 
Our gas-selected galaxy sample confirms 
the conclusion based on targeted sam-
ples, that there is a fundamental change 
in the properties of star forming galaxy 
over time, namely, that the gas mass 
fraction decreases by an order of magni-
tude from redshifts z ~ 2 to today  
(Aravena et al., 2019). 

The cosmic evolution of the molecular 
gas density

The CO emission in the data cubes can 
be used to derive CO luminosity func-
tions for the different CO transitions  
(i.e., redshifts) covered by ASPECS. By 
assuming empirical relations for the CO 
excitation in galaxies, the expected emis-
sion in the rotational ground transition of 
CO(1–0) can be derived. From that, a 
molecular gas mass can be assigned  
to a galaxy by employing the so-called 
CO-to-H2 conversion factor (Bolatto, 
 Wolfire & Leroy, 2013). This conversion fac-

Figure 7. Left: Star formation rate (SFR) vs. molecu-
lar gas content of the galaxies in the UDF — the 
ASPECS CO detections are indicated as coloured 
symbols. The blue-shaded area is from the CO 
measurements obtained by the PHIBSS1/2 surveys 
(Tacconi et al. 2013; 2018). Overall, the gas-selected 
galaxies in the UDF show properties similar to those 
of galaxies in previous, targeted studies. The gas 
depletion times, defined as Mmol /SFR, are shown as 
dashed lines. Values are typically ~ 1 Gyr, irrespec-
tive of redshift, similar to what is found in the local 
universe. Right: Gas mass fraction, defined as Mmol /
Mstars, as a function of redshift. The gas-selected 
galaxies in the UDF again show behaviour similar to 
that found in previous, targeted studies, albeit with 
significant scatter. Overall the gas mass fraction 
decreases by about an order of magnitude from red-
shift 2 to today’s Universe. Figures taken from 
 Aravena et al. (2019).

temperature). In addition to CO, atomic 
carbon (CI) is also detected in many 
sources (Boogaard et al., in preparation). 
Together with the dust continuum emis-
sion, these data provide a number of dif-
ferent ways of estimating molecular gas 
masses, corresponding to the fuel for star 
formation in galaxies (Aravena et al., 2020).

In Figure 7 we present some of the prop-
erties of the ASPECS-selected galaxies  
in context with other studies. In the left 
panel of Figure 7 we plot the star forma-
tion rate (SFR) of a galaxy as a function of 
gas mass (Mmol). In such a plot, diagonal 
lines (indicated as dashed lines) are lines 
of constant gas depletion time. The gas-
mass selected ASPECS galaxies in the 

tor is known to be metallicity-dependent. 
Fortunately, many of the UDF galaxies 
have metallicity estimates from the deep 
MUSE UDF initiative. These measure-
ments indicate that most of the galaxies 
under consideration are consistent with 
solar metallicities (Boogaard et al., 2019). 
Ultimately, the combined information can 
be used to derive molecular gas (H2) 
mass functions for the different redshift 
bins covered by the observations. In an 
additional step, the total molecular gas 
mass can be summed in a specific red-
shift bin. As the cosmic volume is well 
defined for each redshift bin through the 
ASPECS setup, the cosmic density of the 
molecular gas can be derived by dividing 
the total H2 mass by the volume, as dis-
cussed below. 

Figure 8 shows the cosmic molecular gas 
density as a function of redshift. The key 
result here is that the H2 gas density 
peaks at around z = 2 and then declines 
by almost an order of magnitude to the 
value measured in the local Universe. This 
behaviour was suggested in previous CO 
deep fields, including the ASPECS pilot 
programme, but the error bars now ena-
ble us to firmly conclude that there is  
an increase and then a decline in the gas 
density with cosmic time. The results are 
also consistent with gas masses derived 
from dust continuum measurements, 
including those using the ASPECS  
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Consideration #1: Accretion of cold gas onto galaxies 
slows

As also evident in the 
evolution of the ratio of 

gas mass to stellar mass

Decarli+2019



Consideration #2: Mass Quenching from an AGN can 
prevent gas cooling in most most massive halos

No AGN

AGN 
feedback

Salcido+2018



Consideration #3: Dark Energy slows accretion of 
matter onto collapsed halos
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Figure 8. The cosmic evolution of the density of the 
molecular gas mass as a function of lookback time. 
The results derived from ASPECS are shown as  
red boxes (Decarli et al., in preparation). The meas-
urements are anchored at z = 0 through the meas-
urement by Saintonge et al. (2017). There is an 
unambiguous decline of the molecular gas density 
from redshifts z ~ 2 to today by about an order of 
magnitude. For comparison, we also show the evo-
lution of the star formation rate density in purple (see 
units on the right y-axis, Madau & Dickinson [2014]) 
that shows a similar decline from the peak of the 
“epoch of galaxy assembly” at z ~ 2 to today.

Figure 9. The ASPECS measurement of the evolution 
of the molecular gas content, rH2 (blue line) is shown 
together with other baryonic components that are 
associated with galaxies. These are: the stellar mass 
(shown in red), and the atomic gas phase (HI, shown 
in green). The sum of atomic gas and molecular  
gas is also plotted (yellow line). For completeness, 
the cosmic baryon density and cosmic dark matter 
density are also shown. The vertical line at redshift 
z = 0 (top x-axis) indicates the current age of the Uni-
verse. A simple extrapolation of the curves shows 
that as the molecular gas density drops further in  
the future, the additional growth in stellar mass in 
galaxies will be marginal.

continuum map (Scoville et al., 2017; Liu 
et al., 2019; Magnelli et al., 2020). This 
peak of H2 density corresponds to the 
peak in the star formation history (“the 
epoch of galaxy assembly”). We next dis-
cuss the implications of the ASPECS 
results for galaxy formation.

The cosmic baryon cycle

The ASPECS survey allows the determi-
nation — from an unbiased selection — 
of the evolution of the cosmic molecular 
gas density from low redshift out to 
within 2 Gyr of the Big Bang. This behav-
iour can now be put in context with other 
key estimates of galaxy properties, in 
particular the evolution of the cosmic 
density of star formation rate and the 
build-up of stellar mass. In Figure 9 we 
compare our ASPECS results for molecu-
lar gas with other baryonic phases that 
are associated with galaxies, most nota-
bly the stellar mass and the atomic gas 
(HI). The stellar mass, which is character-
ised with multi-band optical/near- infrared 
imaging, constantly builds up over cos-
mic time, to first order following the time 

integral of the cosmic star formation rate 
density (Madau & Dickinson, 2014). The 
density of atomic hydrogen, on the other 
hand, shows little variation as a function 
of lookback time. The behaviour of the 
atomic gas is in stark contrast to the rise 
and fall of the molecular gas density, as 
derived by ASPECS. It should be noted 
that at a cosmic age of about 4 Gyr the 
H2 density reached that of the HI, but 
stays below the HI at all other times. At 
around the same age of the Universe, the 
stellar mass density surpasses that of the 
total (cold) gas, as seen in HI + H2.

The masses/densities of the molecular 
and atomic gas seen at high redshift 
imply that their masses are insufficient to 
account for the stellar mass budget seen 
in today’s Universe. Together with other 
measurements, the ASPECS results 
 constrain the accretion rates of gas from 
the circum- and inter-galactic medium — 
the accretion that is necessary to explain 
the stellar mass growth. As such, it pro-
vides constraints on a key component  
in the cosmic baryon cycle in galaxies 
(Walter et al., 2020).

The current age of the Universe is indi-
cated by a vertical line at a cosmic age  
of 13.7 Gyr in Figure 9. Under the 
assumption of continuity we can use 
empirical fitting functions to forecast the 
evolution of the baryon content associ-
ated with galaxies over the next few Gyr. 
Assuming that our fits can indeed be 
extrapolated into the future, the molecu-
lar density will decrease by a factor of 
two over the next 5 Gyr, whereas the HI 
and stellar mass densities will remain 

approximately  constant. The star forma-
tion rate density will follow the decrease 
of H2. In this  scenario, today’s Universe 
has entered “Cosmic Twilight”, during 
which the star formation activity in galax-
ies inexorably declines, as the gas inflow 
and accretion shut down.

Other topics addressed by ASPECS

For completeness, it should be men-
tioned that other investigations have been 
carried out using the ASPECS dataset. 
These studies include stacking experi-
ments, both in the image plane and in 
redshift space (3D), capitalising on  
the rich spectroscopy from deep MUSE 
initiatives in the field (Bacon et al., 2017; 
Inami et al., 2017). These studies showed 
that most of the emission (both in the 
dust continuum and CO) in the field is 
accounted for by the detection of individ-
ual galaxies (Inami et al., in preparation). 
CO intensity mapping of the field also 
concluded that the majority of the CO 
emission in the field is detected by the 
current observations (Uzgil et al., 2019). 
We also compare results from ASPECS 
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Molecular Gas Mass Density vs.  Redshift
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Figure 8. The cosmic evolution of the density of the 
molecular gas mass as a function of lookback time. 
The results derived from ASPECS are shown as  
red boxes (Decarli et al., in preparation). The meas-
urements are anchored at z = 0 through the meas-
urement by Saintonge et al. (2017). There is an 
unambiguous decline of the molecular gas density 
from redshifts z ~ 2 to today by about an order of 
magnitude. For comparison, we also show the evo-
lution of the star formation rate density in purple (see 
units on the right y-axis, Madau & Dickinson [2014]) 
that shows a similar decline from the peak of the 
“epoch of galaxy assembly” at z ~ 2 to today.

Figure 9. The ASPECS measurement of the evolution 
of the molecular gas content, rH2 (blue line) is shown 
together with other baryonic components that are 
associated with galaxies. These are: the stellar mass 
(shown in red), and the atomic gas phase (HI, shown 
in green). The sum of atomic gas and molecular  
gas is also plotted (yellow line). For completeness, 
the cosmic baryon density and cosmic dark matter 
density are also shown. The vertical line at redshift 
z = 0 (top x-axis) indicates the current age of the Uni-
verse. A simple extrapolation of the curves shows 
that as the molecular gas density drops further in  
the future, the additional growth in stellar mass in 
galaxies will be marginal.

continuum map (Scoville et al., 2017; Liu 
et al., 2019; Magnelli et al., 2020). This 
peak of H2 density corresponds to the 
peak in the star formation history (“the 
epoch of galaxy assembly”). We next dis-
cuss the implications of the ASPECS 
results for galaxy formation.

The cosmic baryon cycle

The ASPECS survey allows the determi-
nation — from an unbiased selection — 
of the evolution of the cosmic molecular 
gas density from low redshift out to 
within 2 Gyr of the Big Bang. This behav-
iour can now be put in context with other 
key estimates of galaxy properties, in 
particular the evolution of the cosmic 
density of star formation rate and the 
build-up of stellar mass. In Figure 9 we 
compare our ASPECS results for molecu-
lar gas with other baryonic phases that 
are associated with galaxies, most nota-
bly the stellar mass and the atomic gas 
(HI). The stellar mass, which is character-
ised with multi-band optical/near- infrared 
imaging, constantly builds up over cos-
mic time, to first order following the time 

integral of the cosmic star formation rate 
density (Madau & Dickinson, 2014). The 
density of atomic hydrogen, on the other 
hand, shows little variation as a function 
of lookback time. The behaviour of the 
atomic gas is in stark contrast to the rise 
and fall of the molecular gas density, as 
derived by ASPECS. It should be noted 
that at a cosmic age of about 4 Gyr the 
H2 density reached that of the HI, but 
stays below the HI at all other times. At 
around the same age of the Universe, the 
stellar mass density surpasses that of the 
total (cold) gas, as seen in HI + H2.

The masses/densities of the molecular 
and atomic gas seen at high redshift 
imply that their masses are insufficient to 
account for the stellar mass budget seen 
in today’s Universe. Together with other 
measurements, the ASPECS results 
 constrain the accretion rates of gas from 
the circum- and inter-galactic medium — 
the accretion that is necessary to explain 
the stellar mass growth. As such, it pro-
vides constraints on a key component  
in the cosmic baryon cycle in galaxies 
(Walter et al., 2020).

The current age of the Universe is indi-
cated by a vertical line at a cosmic age  
of 13.7 Gyr in Figure 9. Under the 
assumption of continuity we can use 
empirical fitting functions to forecast the 
evolution of the baryon content associ-
ated with galaxies over the next few Gyr. 
Assuming that our fits can indeed be 
extrapolated into the future, the molecu-
lar density will decrease by a factor of 
two over the next 5 Gyr, whereas the HI 
and stellar mass densities will remain 

approximately  constant. The star forma-
tion rate density will follow the decrease 
of H2. In this  scenario, today’s Universe 
has entered “Cosmic Twilight”, during 
which the star formation activity in galax-
ies inexorably declines, as the gas inflow 
and accretion shut down.

Other topics addressed by ASPECS

For completeness, it should be men-
tioned that other investigations have been 
carried out using the ASPECS dataset. 
These studies include stacking experi-
ments, both in the image plane and in 
redshift space (3D), capitalising on  
the rich spectroscopy from deep MUSE 
initiatives in the field (Bacon et al., 2017; 
Inami et al., 2017). These studies showed 
that most of the emission (both in the 
dust continuum and CO) in the field is 
accounted for by the detection of individ-
ual galaxies (Inami et al., in preparation). 
CO intensity mapping of the field also 
concluded that the majority of the CO 
emission in the field is detected by the 
current observations (Uzgil et al., 2019). 
We also compare results from ASPECS 
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Gas Density vs. SFR Density Evolution

from the ratio of FIR to observed (uncorrected) FUV luminosity densities (Figure 8) as a

function of redshift, using FUVLFs from Cucciati et al. (2012) and Herschel FIRLFs from
Gruppioni et al. (2013). At z < 2, these estimates agree reasonably well with the measure-

ments inferred from the UV slope or from SED fitting. At z > 2, the FIR/FUV estimates

have large uncertainties owing to the similarly large uncertainties required to extrapolate
the observed FIRLF to a total luminosity density. The values are larger than those for

the UV-selected surveys, particularly when compared with the UV values extrapolated to

very faint luminosities. Although galaxies with lower SFRs may have reduced extinction,
purely UV-selected samples at high redshift may also be biased against dusty star-forming

galaxies. As we noted above, a robust census for star-forming galaxies at z ≫ 2 selected
on the basis of dust emission alone does not exist, owing to the sensitivity limits of past

and present FIR and submillimeter observatories. Accordingly, the total amount of star

formation that is missed from UV surveys at such high redshifts remains uncertain.

Figure 9: The history of cosmic star formation from (top right panel) FUV, (bottom right panel) IR,
and (left panel) FUV+IR rest-frame measurements. The data points with symbols are given in Table
1. All UV luminosities have been converted to instantaneous SFR densities using the factor KFUV =
1.15 × 10−28 (see Equation 10), valid for a Salpeter IMF. FIR luminosities (8–1,000µm) have been
converted to instantaneous SFRs using the factor KIR = 4.5 × 10−44 (see Equation 11), also valid for a
Salpeter IMF. The solid curve in the three panels plots the best-fit SFRD in Equation 15.

Figure 9 shows the cosmic SFH from UV and IR data following the above prescriptions,

as well as the best-fitting function

ψ(z) = 0.015
(1 + z)2.7

1 + [(1 + z)/2.9]5.6
M⊙ year−1 Mpc−3. (15)

These state-of-the-art surveys provide a remarkably consistent picture of the cosmic SFH:

a rising phase, scaling as ψ(z) ∝ (1 + z)−2.9 at 3 ∼
< z ∼

< 8, slowing and peaking at some
point probably between z = 2 and 1.5, when the Universe was ∼ 3.5 Gyr old, followed by

48 P. Madau & M. Dickinson

Cosmic Star Formation HistoryCosmic Gas Density Evolution

Note the similarities!

Madau & Dickinson 2014
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Figure 8. The cosmic evolution of the density of the 
molecular gas mass as a function of lookback time. 
The results derived from ASPECS are shown as  
red boxes (Decarli et al., in preparation). The meas-
urements are anchored at z = 0 through the meas-
urement by Saintonge et al. (2017). There is an 
unambiguous decline of the molecular gas density 
from redshifts z ~ 2 to today by about an order of 
magnitude. For comparison, we also show the evo-
lution of the star formation rate density in purple (see 
units on the right y-axis, Madau & Dickinson [2014]) 
that shows a similar decline from the peak of the 
“epoch of galaxy assembly” at z ~ 2 to today.

Figure 9. The ASPECS measurement of the evolution 
of the molecular gas content, rH2 (blue line) is shown 
together with other baryonic components that are 
associated with galaxies. These are: the stellar mass 
(shown in red), and the atomic gas phase (HI, shown 
in green). The sum of atomic gas and molecular  
gas is also plotted (yellow line). For completeness, 
the cosmic baryon density and cosmic dark matter 
density are also shown. The vertical line at redshift 
z = 0 (top x-axis) indicates the current age of the Uni-
verse. A simple extrapolation of the curves shows 
that as the molecular gas density drops further in  
the future, the additional growth in stellar mass in 
galaxies will be marginal.

continuum map (Scoville et al., 2017; Liu 
et al., 2019; Magnelli et al., 2020). This 
peak of H2 density corresponds to the 
peak in the star formation history (“the 
epoch of galaxy assembly”). We next dis-
cuss the implications of the ASPECS 
results for galaxy formation.

The cosmic baryon cycle

The ASPECS survey allows the determi-
nation — from an unbiased selection — 
of the evolution of the cosmic molecular 
gas density from low redshift out to 
within 2 Gyr of the Big Bang. This behav-
iour can now be put in context with other 
key estimates of galaxy properties, in 
particular the evolution of the cosmic 
density of star formation rate and the 
build-up of stellar mass. In Figure 9 we 
compare our ASPECS results for molecu-
lar gas with other baryonic phases that 
are associated with galaxies, most nota-
bly the stellar mass and the atomic gas 
(HI). The stellar mass, which is character-
ised with multi-band optical/near- infrared 
imaging, constantly builds up over cos-
mic time, to first order following the time 

integral of the cosmic star formation rate 
density (Madau & Dickinson, 2014). The 
density of atomic hydrogen, on the other 
hand, shows little variation as a function 
of lookback time. The behaviour of the 
atomic gas is in stark contrast to the rise 
and fall of the molecular gas density, as 
derived by ASPECS. It should be noted 
that at a cosmic age of about 4 Gyr the 
H2 density reached that of the HI, but 
stays below the HI at all other times. At 
around the same age of the Universe, the 
stellar mass density surpasses that of the 
total (cold) gas, as seen in HI + H2.

The masses/densities of the molecular 
and atomic gas seen at high redshift 
imply that their masses are insufficient to 
account for the stellar mass budget seen 
in today’s Universe. Together with other 
measurements, the ASPECS results 
 constrain the accretion rates of gas from 
the circum- and inter-galactic medium — 
the accretion that is necessary to explain 
the stellar mass growth. As such, it pro-
vides constraints on a key component  
in the cosmic baryon cycle in galaxies 
(Walter et al., 2020).

The current age of the Universe is indi-
cated by a vertical line at a cosmic age  
of 13.7 Gyr in Figure 9. Under the 
assumption of continuity we can use 
empirical fitting functions to forecast the 
evolution of the baryon content associ-
ated with galaxies over the next few Gyr. 
Assuming that our fits can indeed be 
extrapolated into the future, the molecu-
lar density will decrease by a factor of 
two over the next 5 Gyr, whereas the HI 
and stellar mass densities will remain 

approximately  constant. The star forma-
tion rate density will follow the decrease 
of H2. In this  scenario, today’s Universe 
has entered “Cosmic Twilight”, during 
which the star formation activity in galax-
ies inexorably declines, as the gas inflow 
and accretion shut down.

Other topics addressed by ASPECS

For completeness, it should be men-
tioned that other investigations have been 
carried out using the ASPECS dataset. 
These studies include stacking experi-
ments, both in the image plane and in 
redshift space (3D), capitalising on  
the rich spectroscopy from deep MUSE 
initiatives in the field (Bacon et al., 2017; 
Inami et al., 2017). These studies showed 
that most of the emission (both in the 
dust continuum and CO) in the field is 
accounted for by the detection of individ-
ual galaxies (Inami et al., in preparation). 
CO intensity mapping of the field also 
concluded that the majority of the CO 
emission in the field is detected by the 
current observations (Uzgil et al., 2019). 
We also compare results from ASPECS 
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How Baryon Redistribute themselves vs. Cosmic Time

Initially, baryons in 
atomic gas

Some baryons go 
into molecular gas + 

form stars

Fraction of Baryons 
in Stars increases vs. 

Cosmic Time

Fraction of Baryons in 
Molecular + Atomic Gas 

Decreases with Time



Yung et al. 2019

L-galaxies, GAEA, 
SAGE/DARK SAGE
GALFORM, GALACTICUS, 
SHARK
CAT
Delphi, ASTRAEUS
MERAXES
Santa Cruz SAM

(again, an incomplete list, 
in no particular order)

Credit Somerville



Sutherland & Dopita 1995

cooling function

[independent of gas density for optically thin gas]

Credit Somerville



A. Loeb

atomic cooling

H2 cooling

(primordial gas)

Credit Somerville



McKee & Ostriker 1977

Interstellar medium (ISM) comes in different phases with 
wildly different physical conditions:

from coolest to hottest:
cold neutral medium (CNM)
warm neutral medium (WNM)
warm ionized region (WIM)
hot ionized medium (HIM)

Bialy & Sternberg 2019

Credit Somerville



how efficiently can stars form in GMC?

• free-fall time of GMC

Credit Somerville



Sun et al. 2023

Credit Somerville

Kennicutt-Schmidt Relationship



 7 

In average the star formation efficiency measured with the molecular gas content was found to be 
∑SFR / ∑H2 = (5.25 ± 2.5) 10-10  yr-1 (Leroy et al. 2008, AJ 136, 2782) 
 
In high redshift galaxies (as well as in local starbursts), the star formation efficiency is found to 
increase (Daddi et al. 2010, ApJ). These analyses remain controversial given the uncertainty on the 
determination of the molecular gas surface density but are not surprising. One question is if  two 
sequences have to be defined or a continuum of star formation efficiency from normal to extreme 
regimes of star formation. When Σgas/τdyn is considered the relation becomes unique for all star 
formation regimes, it is due to the shorter timescales found in starbursts , related to a higher density 
of the gas and a higher star formation efficiency. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
C.  Gas distributions and gas tracers 
 
Gas distribution in galaxies strongly depends on the gas phase, as shown by Bigiel and Blitz (2012, 
ApJ 756, 183) for 33 nearby galaxies including the Milky Way. The HI gas has a flat and extended 
distribution (see diameters below) whereas the molecular and total neutral gas exhibit an average 
exponential distribution. 
The dispersion found from one galaxy to another one illustrates the scatter found for any average 
relation among galaxies.  
The molecular distribution is found to follow the SFR distribution in agreement with the average 
relations discussed above (for NGC 628 from Schruba et al, 2011, AJ,  142, 37) 
 

 
 

HI diameters in galaxies : Broeils & Rhee, 1997, A&A 324, 
877 
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UDF cover a similar parameter space  
as do earlier targeted studies (Tacconi et 
al., 2013, 2018), albeit with a somewhat 
larger scatter. On average, their depletion 
time is ~ 1 Gyr irrespective of redshift, 
which is similar to the value derived for 
star-forming galaxies in the local Uni-
verse. In the right panel of Figure 7 the 
gas mass fraction, defined as Mmol /Mstars, 
is plotted as a function of lookback time. 
Our gas-selected galaxy sample confirms 
the conclusion based on targeted sam-
ples, that there is a fundamental change 
in the properties of star forming galaxy 
over time, namely, that the gas mass 
fraction decreases by an order of magni-
tude from redshifts z ~ 2 to today  
(Aravena et al., 2019). 

The cosmic evolution of the molecular 
gas density

The CO emission in the data cubes can 
be used to derive CO luminosity func-
tions for the different CO transitions  
(i.e., redshifts) covered by ASPECS. By 
assuming empirical relations for the CO 
excitation in galaxies, the expected emis-
sion in the rotational ground transition of 
CO(1–0) can be derived. From that, a 
molecular gas mass can be assigned  
to a galaxy by employing the so-called 
CO-to-H2 conversion factor (Bolatto, 
 Wolfire & Leroy, 2013). This conversion fac-

Figure 7. Left: Star formation rate (SFR) vs. molecu-
lar gas content of the galaxies in the UDF — the 
ASPECS CO detections are indicated as coloured 
symbols. The blue-shaded area is from the CO 
measurements obtained by the PHIBSS1/2 surveys 
(Tacconi et al. 2013; 2018). Overall, the gas-selected 
galaxies in the UDF show properties similar to those 
of galaxies in previous, targeted studies. The gas 
depletion times, defined as Mmol /SFR, are shown as 
dashed lines. Values are typically ~ 1 Gyr, irrespec-
tive of redshift, similar to what is found in the local 
universe. Right: Gas mass fraction, defined as Mmol /
Mstars, as a function of redshift. The gas-selected 
galaxies in the UDF again show behaviour similar to 
that found in previous, targeted studies, albeit with 
significant scatter. Overall the gas mass fraction 
decreases by about an order of magnitude from red-
shift 2 to today’s Universe. Figures taken from 
 Aravena et al. (2019).

temperature). In addition to CO, atomic 
carbon (CI) is also detected in many 
sources (Boogaard et al., in preparation). 
Together with the dust continuum emis-
sion, these data provide a number of dif-
ferent ways of estimating molecular gas 
masses, corresponding to the fuel for star 
formation in galaxies (Aravena et al., 2020).

In Figure 7 we present some of the prop-
erties of the ASPECS-selected galaxies  
in context with other studies. In the left 
panel of Figure 7 we plot the star forma-
tion rate (SFR) of a galaxy as a function of 
gas mass (Mmol). In such a plot, diagonal 
lines (indicated as dashed lines) are lines 
of constant gas depletion time. The gas-
mass selected ASPECS galaxies in the 

tor is known to be metallicity-dependent. 
Fortunately, many of the UDF galaxies 
have metallicity estimates from the deep 
MUSE UDF initiative. These measure-
ments indicate that most of the galaxies 
under consideration are consistent with 
solar metallicities (Boogaard et al., 2019). 
Ultimately, the combined information can 
be used to derive molecular gas (H2) 
mass functions for the different redshift 
bins covered by the observations. In an 
additional step, the total molecular gas 
mass can be summed in a specific red-
shift bin. As the cosmic volume is well 
defined for each redshift bin through the 
ASPECS setup, the cosmic density of the 
molecular gas can be derived by dividing 
the total H2 mass by the volume, as dis-
cussed below. 

Figure 8 shows the cosmic molecular gas 
density as a function of redshift. The key 
result here is that the H2 gas density 
peaks at around z = 2 and then declines 
by almost an order of magnitude to the 
value measured in the local Universe. This 
behaviour was suggested in previous CO 
deep fields, including the ASPECS pilot 
programme, but the error bars now ena-
ble us to firmly conclude that there is  
an increase and then a decline in the gas 
density with cosmic time. The results are 
also consistent with gas masses derived 
from dust continuum measurements, 
including those using the ASPECS  
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Kennicutt-Schmidt Relationship at z~1-3



cloud scale SF efficiency increases with surface density
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ṗ/M§ = 100 km s°1 Myr°1

cloud scale surface density

Menon+23, 24

Chevance et al. 2022

observed super star clusters:
S ~ 104-105 Msun pc-2

SFE ~ 70% (e.g. Emig+’20)

denser clouds survive longer
(in units of ff time) 
before they are dispersed

Lancaster et al. 2021

Credit Somerville



Marinacci et al. 2019 

IC5332 PHANGS

most large volume cosmo sims
adopt an ‘effective equation of
state’; 
artificially pressurizes and
 ‘smooths’ ISM –
many consequences

Credit Somerville



Torrey et al. 2019

Marinacci et al. 2019 – SMUGGLE (no eEoS)

TNG (effective EoS)
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conditions for star formation

• density threshold
• temperature threshold
• molecular gas (SFR based on rH2)
• self-gravitating (virial parameter <1)
• Jeans unstable (mJ<mcell)
• convergent flow

typically used in
 ‘lower res’ sims

used in
 ‘higher res’
sims

+ an assumed value of eff (or a model for it) 
on the smallest resolved scale
eff = star formation efficiency per ff time

Credit Somerville



slide credit: Mike Grudić

ionization & heating

stellar feedback



IC533 PHANGS (JWST)

Carina Nebula, HST

what physics determines the star formation 
efficiency in galaxies on different scales?

galactic winds eject mass 
from ISM & inject energy 
into CGM

cloud scale galaxy scale

NASA, ESA and the Hubble Heritage Team (STScI/AURA) 

Crab Nebula, HST

(ejective/preventative feedback)

Credit Somerville



M82 starburst galaxy
 “superwind”

galactic scale winds

Credit Somerville



“mass loading factor”
of galactic winds !! = #
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“energy loading factor”

of galactic winds
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is the specific energy of the wind

Credit Somerville



emergent winds are 
multiphase, with a 
broad distribution of 
velocities
Mass loading 
dominated by 
cold/warm slow 
moving material
Energy loading 
dominated by hot, 
fast, metal enriched 
outflow

How are galactic winds launched?

velocity
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TIGRESS: Kim & Ostriker 2017
Kim, Ostriker & SMAUG 2020a,b

Credit Somerville



Mass Metallicity Relation → 
Fundamental Metallicity Relation
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Star formation to z > 1 in AEGIS field galaxies 3

Fig. 1.— SFR vs M⋆ for 2905 galaxies in the EGS, in the M⋆ range where the data are > 80% complete; see §2 . The dotted vertical
line marks > 95% completeness. Filled blue circles: Combined SFR from MIPS 24µm and DEEP2 emission lines. Open blue circles: No
24µm detection, blue U −B colors, SFR from extinction-corrected emission lines. Green crosses: Same as open blue circles, but red U −B
colors, mostly LINER/AGN candidates (§3). Orange down arrows: No robust detection of f(24µm) or emission lines; conservative SFR
upper limits shown. There is a distinct sequence formed by fiducial SF galaxies (open and filled circles); galaxies with little or no SF lie
below this sequence. Red circles show the median of log(SFR) in mass bins of 0.15 dex for main sequence galaxies (blue circles). Red
lines include 34% of the main sequence galaxies above and 34% below the median of log(SFR), ±1σ in the case of a normal distribution.
Horizontal black dashed line: SFR corresponding to the 24µm 80% completeness limit at the center of each z bin. 24µm-detected galaxies
above the magenta dot-dashed line are LIRGs (§4.2).

a trend for the slope to flatten to higher z, but the com-
pleteness limits do not allow a robust quantification. A
further important result is that the normalization of the
main sequence evolves strongly over the redshift range of
our sample; the median SFR at fixed M⋆ evolves down-
wards by a factor of 3, measured at 1011M⊙, from the
our highest (median z = 0.98) to our lowest (median
z = 0.36) redshift bin. Importantly, it appears that the
whole of the main sequence shifts downwards with time,
rather than just the upper envelope decreasing, which
was also reported by a recent GALEX study at z = 0.7
(Zamojski et al. 2007). A straightforward interpretation
of these observations is that normal star-forming galax-
ies possess a limited range of SFR at a given M⋆ and z,
which is presumably set by whatever physical processes
regulate SF in quiescent disks. Galaxies that are not on
the main sequence, in categories (2) and (3) above, are
observed during or after quenching of the SF activity,
with either low-level or no current SF, or LINER/AGN
activity.

4. DISCUSSION

4.1. Completeness: Is the Main Sequence Real?

It is obviously crucial to determine whether the “main
sequence” that we have identified is real, or could be
caused by selection effects or observational biases. We
address the following possible causes of incompleteness
or bias in our sample, again restricting the discussion to
the M⋆ range where we claim that the sample is > 95%
complete:

(1) Could the optically selected DEEP2 parent sample
be missing a significant number of galaxies, or are there
galaxies in the DEEP2 sample that lack a successful red-
shift determination because of low S/N? (2) Could we
be significantly underestimating the SFR in galaxies in
our sample due to biases in our SF indicators?

(1) The DEEP2 spectroscopic selection (RAB < 24.1)
has been shown to be complete in the M⋆ ranges in-
dicated in Fig. 1 (vertical lines), from comparisons to
various surveys with spectroscopic and deep photometric
redshifts, including in particular the K-selected K20 sur-

vey, which should be less affected by extinction (Willmer
et al. 2006, Bundy et al. 2006, Cimatti et al. 2006).
For galaxies that are below our 24µm detection limit, we
expect the extinction to be moderate, and would expect
these galaxies to be picked up in K-selected surveys, but
no such population is found to be missed by DEEP2.

More obscured populations can be probed through the
deep Spitzer IRAC 3.6µm data in AEGIS, which at a
given redshift are a proxy for M⋆ yet are barely affected
by extinction. We have compared the distribution of
f(24µm) at a given f(3.6µm) and z in the DEEP2 RAB-
selected sample and an IRAC f(3.6µm)-selected sample
with IRAC-based photometric redshifts. We find no ev-
idence that DEEP2 misses a significant population of
heavily obscured, star-forming galaxies at z ! 1, which
could populate the area above the upper boundary of the
MS. This agrees with the results of Houck et al. (2005)
and Weedman et al. (2006) in the large area NDWFS,
which indicate that such missed f(24µm)-bright, opti-
cally faint galaxies at z < 1 would contribute < 1% of
our sample.

(2) The 24µm completeness limit (horizontal black
dashed line in Fig. 1) intersects the main sequence
in each redshift bin. As discussed in §3, most galax-
ies below the MS are red, early type, non-SF, and/or
LINER/AGN dominated (shown as orange arrows and
green crosses). However, a fraction show spiral/late-type
morphologies or visual signs of possible SF (§3). In prin-
ciple, these red galaxies could have dust-obscured SF,
unrecovered by emission lines, yet lie below the 24µm de-
tection limit. Their true SFRs could then be anywhere
up to the 24µm limit, in which case they may not be a
distinct population, but rather a downward continuation
of the MS. If this were the case, these galaxies would
make up ! 10(20)% of the MS at z < (>)0.7. We can
constrain the maximal effect of missed, dust-obscured SF
in these galaxies on the 1σ range of SFR along the MS
by including in the calculation of σMS all red, 24µm-
undetected galaxies with spiral/late-type morphologies,
and Hα,Hβ, and/or [OII] line emission down to spurious
detections (i.e., 100% error in EW). For the extremes of

Spread in the 
relation is only 
0.3 dex

Noekse+2007; 
Salim+2006

Star Formation Rate vs. Stellar Mass Relation
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What explains Fundamental Metallicity Relation?

G G

G G

G

G

Galaxy

Cosmic Time

Let’s first consider closed box model
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What explains Fundamental Metallicity Relation?
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How will model change if there are gas inflows — which will 
increase SFR?
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Do galaxies at z>7 follow the FMR ?

Heintz+2023

10 I N T R O D U C T I O N

Figure 4: The fundamental metallicity relation (FMR) of z = 7�10 galaxies. The top
panel shows the local FMR (z = 0) from Curti et al. (2020), and the bottom panel shows
its offset from the high-redshift galaxies. The Astraeus simulations (Hutter et al. 2021)
agree with the observational measurements. Figure from Heintz et al. (2023a).

growth, and destruction influences the overall dust content of galaxies. The start
of dust enrichment is still unknown, but the past decade has brought the first
dust continuum detections through far-infrared observations at z ⇠ 7�8 (e.g.,
Watson et al. 2015).

Chemical enrichment starts from the nuclear cores of massive stars, which re-
lease heavy elements into the ISM during supernova explosions, and in low-mass
AGB stars as well. As subsequent generations of stars form from this enriched gas,
they inherit a higher metallicity, altering their spectral characteristics. Galaxies
have been observed to experience continuous chemical enrichment through
cosmic time (Rafelski et al. 2014; Nakajima et al. 2023), as they forge new stars,
from an almost null early metal and dust content (Fumagalli et al. 2011). Through

Suggests that gas 
inflow in  z>7 

galaxies may place 
them even below 

the FMR



Key Points to Know in Reviewing for
the Final Exam



Galaxies: Structure, Dynamics, and Evolution
Spring 2015
Final Exam – Study Guide
Instructor: Dr. Bouwens

1. In general, for the exam, please have a basic understanding of everything
discussed in lecture.

2. Familiarize yourself with all the homework problems and solutions to
these problems given on the course web site; expect to find 1-2 problems on
the exam that are similar to homework problems.

3. One of the best guides to what I consider important material for the
exam is the summary I provide of the previous lecture. You could be tested
on any of those concepts.

4. Understand what is meant by integrals of motion and have a sense of
how to determine this number for particles in di↵erent potentials.

5. Understand what is meant by a loop orbit and a box orbit. Also un-
derstand what one can infer about the dimensionality of an orbit from the
Poincore surface of section.

6. Understand the general constraints an equilibrium solution for a general
stellar dynamical system must satisfy. Please be able to summarize briefly
how the Schwarzschild method attempts to provide a solution. Please also
be aware of the alternate strategy for solving these equations using Jean’s
theorem.

7. Be able to explain briefly how the Jeans equations are constructed and
why they are more useful for astronomers than the Collisionless Boltzman
Equation. Be aware of one well known application of those equations.

8. Understand how the Tully-Fisher and Faber-Jackson formulas can be
derived.

9. Understand how dynamical friction operates and how it depends on vari-
ous physical variables.

1

5.    Please know a little about the impact technology, different instruments on 
Hubble, and the impact JWST has had on the search for galaxies in the early 
universe.
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Equation. Be aware of one well known application of those equations.

8. Understand how the Tully-Fisher and Faber-Jackson formulas can be
derived.
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110. Be familiar with the cooling rate vs. temperature diagram and why
this is important for setting the mass scale for galaxy formation.

11. Be familiar with the two steps that are necessary for galaxies to form,
i.e., gravitational collapse and gas cooling to the center of a collapsed halo.

12. Please be able to explain how spiral galaxies form and elliptical galaxies
likely form.

13. Please be aware of all the basic photometric properties of elliptical galax-
ies, i.e., how the surface brightness depends on radius, isophotal structure,
boxy versus disky, etc.

14. Please have a good understanding of the overall shape of the Sersic
profile for di↵erent Sersic parameters. Understand how galaxy profiles with
Sersic parameters of n=1 are di↵erent from galaxies with n=4. Know the
typical Sersic parameters found for elliptical galaxies and for Spiral galaxies.
As galaxies become older (and merge, etc.), how does the Sersic parameter
change? What drives the e↵ective changes in the Sersic parameters?

15. Be able to sketch what the surface brightness profile looks like for a
core/cuspy elliptical versus a power-law elliptical. Please be able to explain
why some ellipticals may show cores while others may show cusps.

16. Be capable of explaining how astronomers measure the velocity dis-
persion for elliptical galaxies.

17. Know which types of ellipticals are consistent with being rotationally
supported and which appear more consistent with being supported by their
velocity dispersion.

18. Please be capable of spelling out all the properties of the two di↵er-
ent types of elliptical galaxies and being able to justify why they have these
observed properties.

19. Know the many di↵erent forms the virial relation can take and be able
to use this relation for short derivations.
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20. Please be able to briefly explain why violent relaxation occurs so quickly
relative to other relaxation processes like collisional relaxation. What e↵ect
does violent relaxation have on the surface brightness profile of the galaxy
(i.e., its Sersic parameters)?

21. Please have a quantitative understanding of the winding problem for
spiral galaxies. Also understand how we determine whether spiral arms are
leading or trailing.

22. Please understand quantitatively why stars undergo epicyclic oscilla-
tions when orbitting within an axisymmetric potential.

23. Please understand how the coupling that goes on between the epicyclic-
ular motion and the pattern speed/frequency for the spiral density waves in
spiral galaxies.

24. Please understand what isophotal twist is and be able to sketch a simple
diagram to illustrate the concept and explain it.

25. Please have a rough understanding of the composition of a spiral arm
in a galaxy and which material (e.g. old stars, young stars, high-density
gas/dust) leads or trails other material.

26. Please have an understanding of what sets the approximate minimum
and maximum masses of galaxies.

27. Please have an understanding on what sets the size of a spiral galaxy
and how the size is related to radius of the dark matter halo.

28. Please have a general knowledge of the relations which constrain the
structural properties of spiral and elliptical galaxies. How many degrees of
freedom do spiral and elliptical galaxies have in their structural properties?

29. Please be familiar with the basic relations regarding the collapse of
dark matter halos, i.e., what is the density of a dark matter halo when it
first collapses? Know how the critical density of the universe and the Hubble
parameter depend on redshift for an Einstein-de Sitter universe. Also know
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3
the formula for the critical density. Also know what will eventually happen
to a region of the universe which is overdense or which is underdense relative
to the critical density.

30. Please ensure you have a good understanding of why the observed veloc-
ity dispersion of stars in our own galaxy might correspond with the apparent
age of a star, why there might be a relation be the metallicity of a star and
its age, and why the abundance ratio of stars would also depend on the age
of a star.

31. Please have a sense where molecular hydrogen is distributed in galaxies
relative to atomic hydrogen gas.

32. Please have a sense of the structure of our own galaxy, i.e., bulge, halo,
thin disk, thick disk.

33. Know how the mass profile of a galaxy scales as a function of radius, both
at large and small radii. Please have a roguh understanding of the di↵erent
observational techniques used to probe the mass profile of a dark matter halo.

34. Be able to compute the relative bias from a plotted correlation function.
Please know how the bias and clustering depend on the halo mass of a galaxy.

35. Be able to explain why clustering is a valuable tool for astronomers
to use to study galaxy evolution.

36. Have an understanding of the rough principles of resolved and unresolved
stellar population analyses. Know about the age-metallicity degeneracy and
how astronomers try to break it.

37. Be thoroughly familiar with the structure of the basic color-magnitude
diagram for galaxies, as seen in the Sloan Digital Sky Survey.

38. Be aware of what we can conclude from the small scatter in the color-
magnitude relation of galaxies in nearby clusters.

39. Be aware of the general properties associated with galaxies in either
mode of the bimodal distribution.

4



the formula for the critical density. Also know what will eventually happen
to a region of the universe which is overdense or which is underdense relative
to the critical density.

30. Please ensure you have a good understanding of why the observed veloc-
ity dispersion of stars in our own galaxy might correspond with the apparent
age of a star, why there might be a relation be the metallicity of a star and
its age, and why the abundance ratio of stars would also depend on the age
of a star.

31. Please have a sense where molecular hydrogen is distributed in galaxies
relative to atomic hydrogen gas.

32. Please have a sense of the structure of our own galaxy, i.e., bulge, halo,
thin disk, thick disk.

33. Know how the mass profile of a galaxy scales as a function of radius, both
at large and small radii. Please have a roguh understanding of the di↵erent
observational techniques used to probe the mass profile of a dark matter halo.

34. Be able to compute the relative bias from a plotted correlation function.
Please know how the bias and clustering depend on the halo mass of a galaxy.

35. Be able to explain why clustering is a valuable tool for astronomers
to use to study galaxy evolution.

36. Have an understanding of the rough principles of resolved and unresolved
stellar population analyses. Know about the age-metallicity degeneracy and
how astronomers try to break it.

37. Be thoroughly familiar with the structure of the basic color-magnitude
diagram for galaxies, as seen in the Sloan Digital Sky Survey.

38. Be aware of what we can conclude from the small scatter in the color-
magnitude relation of galaxies in nearby clusters.

39. Be aware of the general properties associated with galaxies in either
mode of the bimodal distribution.

4



40. Know that the environment of a galaxy can also a↵ect the properties
of a galaxy. Know what the e↵ect will be and why.

41. Be familiar with the mass-metallicity relation. What is the correla-
tion and what are some explanations as to why the correlation exists?

42. Be able to explain what the challenges are in studying galaxies in the
nearby universe versus at great distances. How are those challenges over-
come?

43. Have an understanding of how the red sequence galaxies evolve with
time or redshift. How do the blue sequence galaxies evolve with time?

44. Have a sense for the general picture of galaxy evolution in terms of
objects moving from the blue cloud to the red sequence and the role that wet
and dry mergers play in building up elliptical galaxies on the red sequence.

45. Be familiar with the Lyman-break technique and be able to explain
it briefly.

46. Know the answer to a bunch of questions on galaxies in the early uni-
verse, i.e., what are the physical sizes of the galaxies that were found at
redshift 3? What do they likely evolve into at lower redshift? How was this
latter conclusion drawn? To which redshift have astronomers been able to
probe approximately? What di↵erences are there between the population of
galaxies seen in the very early universe and those seen at much later times
(like today)?

47. Be familiar with the di↵erent techniques astronomers use to estimate
the star formation rate in distant galaxies and how this is probed.

5



40. Know that the environment of a galaxy can also a↵ect the properties
of a galaxy. Know what the e↵ect will be and why.

41. Be familiar with the mass-metallicity relation. What is the correla-
tion and what are some explanations as to why the correlation exists?

42. Be able to explain what the challenges are in studying galaxies in the
nearby universe versus at great distances. How are those challenges over-
come?

43. Have an understanding of how the red sequence galaxies evolve with
time or redshift. How do the blue sequence galaxies evolve with time?

44. Have a sense for the general picture of galaxy evolution in terms of
objects moving from the blue cloud to the red sequence and the role that wet
and dry mergers play in building up elliptical galaxies on the red sequence.

45. Be familiar with the Lyman-break technique and be able to explain
it briefly.

46. Know the answer to a bunch of questions on galaxies in the early uni-
verse, i.e., what are the physical sizes of the galaxies that were found at
redshift 3? What do they likely evolve into at lower redshift? How was this
latter conclusion drawn? To which redshift have astronomers been able to
probe approximately? What di↵erences are there between the population of
galaxies seen in the very early universe and those seen at much later times
(like today)?

47. Be familiar with the di↵erent techniques astronomers use to estimate
the star formation rate in distant galaxies and how this is probed.

5

48.   Look over the paper presentations  provided on the course website and ~3 
sentence summaries provided by the course lecturer.    Please be familiar with 
the presentations at the level of the short summaries and be able to answer short 
answer questions.

49.   Be familiar with Eggen-Lynden-Bell-Sandage and Searle-Zinn models for 
the formation of the halo for disk galaxies and be able to explain what the 
observational predictions of those models would be for halo stars.



50.   Please be familiar with the integrated star formation efficiency vs. halo 
mass diagram and understand how it rconnect it with the evolution of the 
cosmic star formation rate density with cosmic time.   Be able to explain why 
the cosmic star formation rate density increases at early times and then 
decrease at later times.

51.   Please know how the sizes of star-forming galaxies roughly depend on 
redshift and how this relates to scalings based on the size of collapsed halos 
with redshift.     Please also be aware of how the specific star formation rates of 
galaxies roughly scale with redshift.

52.   Please know how the approximate dust obscuration scales with galaxy 
mass and how this relates to the mass-metallicity relation.   Also be aware of 
the fundamental metallicity relation and how you might expect the SFR of 
galaxies to impact the mass-metallicity relation.


