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The “Main Sequence” of galaxies

Noeske+07

Rodighiero+11

The main sequence 
evolves!!
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Galaxies had more 
gas and less 

metals in the past

Maiolino+08



Galaxies are different at different 
epochs…

High redshift

Local universe

BUT: studies at high-z are hard!!
• Luminosity distances are large! 
• Cosmic surface brightness dimming



LFUV ≥ 2×1010 L¤ 
I1530 ≥ 109 L¤ kpc-2

Hoopes et al. (2007) 
Overzier et al. (2009)

The sample of  
Lyman break analogs

208 OVERZIER ET AL. Vol. 706

Figure 1. False-color HST images of the LBA sample showing the (rest-frame) UV in blue/purple and optical in yellow/red. The images measure 6′′×6′′. The UV
images were rebinned (2×2) to match the pixel scale of the optical images, and convolved with a Gaussian kernal with 0.′′1 (FWHM). Although most objects are
highly compact in both the UV and optical, a small subset consists of a very bright unresolved component in the middle of an extended, low surface brightness disk.
The images demonstrate a wide range of complex morphologies often suggestive of interactions and (post-)merging. See the text for details.
(A color version of this figure is available in the online journal.)

Figure 2. Stellar mass vs. the half-light radius measured in the UV (left panel)
and optical (right panel) images. Solid squares mark the subset of DCOs in
anticipation of results obtained in Section 5.2.

3.3. Clump Sizes

It is clear from simple visual inspection of the HST images
that the DCOs are marginally resolved at best (note the strong

diffraction spikes associated with the DCOs in Figure 3). Many
of the other clumps appear either as faint point-like sources or
larger spatially resolved regions (see examples in Figure 3).

To obtain the best constraints on the sizes of the DCOs, we
have first examined the radial flux profile of the three brightest
examples, using the ACS UV images as they have smaller pixels
and a sharper PSF compared to the optical images. The result is
shown in Figure 7. Each panel shows the measured count rate
(plus signs) compared to the measured profile of a model PSF
(dashed line) modeled using the TinyTim 3.0 software (Krist
1995). We also simulated a range of two-dimensional Gaussian
models having a FWHM of 0.′′005–0.′′125 and convolved them
with the model PSF. The results are shown using colored lines.
In all three cases, the data are most consistent with an object no
larger than ≈0.′′075 (FWHM), corresponding to effective radii
no larger than ≃70–160 pc at z = 0.1–0.3).

In order to be consistent across our entire clump sample and
with our earlier definition of the clumps, we have measured the
physical sizes of the brightest clumps in each LBA by measuring
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z ~ 0.2



LBAs are similar to high-z starbursts!

Overzier+11

Low extinction

Local 
galaxies

LBAs

Santos-de-Oliveira et al., in prep

Mass-metallicity relation



Gonçalves+10

IFU: LBAs are turbulent



• 15 antennas in Cedar 
Flat, California 

• CO(1-0) survey of Lyman 
break analogs with 
CARMA (~100h) 

• D configuration, spatial 
resolution ~5"
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The molecular gas in LBAs
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Erb+06, Gonçalves+14

High gas fractions in 
starbursts

LBGs (SK)

LBAs (CARMA)
LBAs (SK)

Very similar to other 
high-z samples

Local 
galaxies
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Figure 2. SFR density as a function of the gas (atomic and molecular) surface
density. Red filled circles and triangles are the BzKs (D10; filled) and z ∼ 0.5
disks (F. Salmi et al. 2010, in preparation), brown crosses are z = 1–2.3 normal
galaxies (Tacconi et al. 2010). The empty squares are SMGs: Bouché et al.
(2007; blue) and Bothwell et al. (2009; light green). Crosses and filled triangles
are (U)LIRGs and spiral galaxies from the sample of K98. The shaded regions
are THINGS spirals from Bigiel et al. (2008). The lower solid line is a fit to
local spirals and z = 1.5 BzK galaxies (Equation (2), slope of 1.42), and the
upper dotted line is the same relation shifted up by 0.9 dex to fit local (U)LIRGs
and SMGs. SFRs are derived from IR luminosities for the case of a Chabrier
(2003) IMF.
(A color version of this figure is available in the online journal.)

measured at a higher signal-to-noise ratio. Again, we find that
the populations are split in this diagram and are not well fit by a
single sequence. Our fit to the local spirals and the BzK galaxies
is virtually identical to the original K98 relation:

log ΣSFR/[M⊙ yr−1 kpc−2]

= 1.42 × log Σgas/[M⊙ pc−2] − 3.83. (2)

The slope of 1.42 is slightly larger than that of Equation (1),
with an uncertainty of 0.05. The scatter along the relation is
0.33 dex. Local (U)LIRG and SMGs/QSOs are consistent with
a relation having a similar slope and normalization higher by
0.9 dex, and a scatter of 0.39 dex.

Despite their high SFR ! 100 M⊙ yr−1 and ΣSFR ! 1 M⊙
yr−1 kpc−2, BzK galaxies are not starbursts, as their SFR can
be sustained over timescales comparable to those of local spiral
disks. On the other hand, M82 and the nucleus of NGC 253 are
prototypical starbursts, although they only reach an SFR of a
few M⊙ yr−1. Following Figures 1 and 2, and given the ∼1 dex
displacement of the disk and starburst sequences, a starburst
may be quantitatively defined as a galaxy with LIR (or ΣSFR)
exceeding the value derived from Equation (1) (or Equation (2))
by more than 0.5 dex.

The situation changes substantially when introducing the dy-
namical timescale (τdyn) into the picture (Silk 1997; Elmegreen
2002; Krumholz et al. 2009; Kennicutt 1998). In Figure 3,
we compare Σgas/τdyn to ΣSFR. Measurements for spirals and
(U)LIRGs are from K98, where τdyn is defined to be the rota-

Figure 3. Same as Figure 2, but with the gas surface densities divided by the
dynamical time. The best-fitting relation is given in Equation (3) and has a slope
of 1.14.
(A color version of this figure is available in the online journal.)

tion timescale at the galaxies’ outer radius (although Krumholz
et al. 2009 use the free-fall time). For the near-IR/optically se-
lected z = 0.5–2.3 galaxies, we evaluate similar quantities at the
half-light radius. Extrapolating the measurements to the outer
radius would not affect our results substantially. Quite strikingly,
the location of normal high-z galaxies is hardly distinguishable
from that of local (U)LIRGs and SMGs. All observations are
well described by the following relation:

log ΣSFR/[M⊙ yr−1 kpc−2]

= 1.14 × log Σgas/τdyn/[M⊙ yr−1 kpc−2] − 0.62, (3)

with a slope error of 0.03 and a scatter of 0.44 dex. The
remarkable difference with respect to Figures 1 and 2 is due
to the fact that the normal high-z disk galaxies have much
longer dynamical timescales (given their large sizes) than local
(U)LIRGs.

We can test if this holds also for integrated quantities by
dividing the gas masses in Figure 1 by the average (outer radius)
dynamical timescale in each population. Spirals and (U)LIRGs
(whose τdyn does not depend on luminosity) have average values
of τdyn = 370 Myr and τdyn = 45 Myr, respectively (K98). This
can be compared to τdyn = 33 Myr for SMGs (Tacconi et al.
2006; Bouché et al. 2007). For the QSOs, we use the SMG value.
Assuming a flat rotation curve for BzKs, we get an average
τdyn = 330 Myr at the outer radius, about three times longer
than at the half-light radius, given that for an exponential profile
90% of the mass is enclosed within ∼3 half-light radii. A similar
value is found for our z = 0.5 disk galaxies and the z = 1–2.3
objects from Tacconi et al. (2010). Despite this simple approach,
Figure 4 shows a remarkably tight trend:

log SFR/[M⊙ yr−1] = 1.42×log(MH2/τdyn)/[M⊙ yr−1]−0.86,
(4)

with an error in slope of 0.05 and a scatter of 0.25 dex. Figure 4
suggests that roughly 10%–50% of the gas is consumed during
each outer disk rotation for local spirals, and some 30%–100%

Gonçalves+14 Daddi+10
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aCO ~ 4 (MW), aCO ~ 0.9 (ULIRGs)
Narayanan+11, Papadopoulos+12

IR-bright galaxies: hot AND turbulent! => 
High CO luminosities

The conversion factor for 
starburst galaxies

Low aCO High aCO

The conversion factor for  metal-
poor galaxies



Genzel+ 11
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Figure 3.  Inferred dependence of the CO 1-0 luminosity to molecular gas mass, 

conversion factor (�CO 1-0) on gas phase oxygen abundance. The molecular gas mass 

(including helium) for the high-z galaxies is computed from the best-fit z�1 KS-relation 

(updating  the data in Genzel et al. 2010 with the additional SFGs in Tacconi & Combes, 
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High-z galaxies?

BUT: UV-bright galaxies are    
turbulent AND metal-poor!!



Genzel+ 11
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Gonçalves+14
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The FIR-CO relation



S-K Law? α(Z)? L’(CO)-L(FIR)?
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Assuming high alpha…
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Summary

• Galaxies in the past had more gas and less metals; 
how were they formed? Cold flows, mergers? 

• LBAs make an excellent case for local analogs to 
star forming galaxies at z~2-3, and can be studied 

in more detail 
• LBAs have a lot of very dense, turbulent gas, but 

still follow S-K relation 

• The aCO problem: very unclear for high-z galaxies


