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Part 1:   Identification of  high-z mergers through 
              resolved mass distributions in 1.5<z<3 galaxies

A Resolved Look at Stars and Gas in Distant Galaxies

Part 2:  Distribution of  stars, star-formation and
              dust in 1.5<z<3 galaxies 

Part 3:   Molecular gas and star formation efficiency 
              at clump scale in a z=1.5 clumpy disk
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Stellar  mass already in place
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BACKGROUND: THE Z=0 MAIN SEQUENCE (MS)

Renzini & Peng 2015

   but see also 
       Noeske+07
       Daddi+07
       Elbaz+07
       Pannella+09
       Oliver+10
       Peng+10
       Karim+11
       Whitaker+12
       Speagle+14,
       ...
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×100 increase

BACKGROUND: EVOLUTION OF THE MS
40

Speagle+14
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Speagle+14
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BACKGROUND: EVOLUTION OF THE MS

Increase with z 
in the degree of  
morphological 
disturbance in 
MS galaxies.

Galaxy 
morphology 
characterised by 
giant, SF clumps

M~108-9M⊙, 
r~0.1-1kpc

CANDELS, Guo+ 2015

Increased merger rate? Not necessarily....

39
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BACKGROUND: EVOLUTION OF THE MS

Schinnerer+16

Also the average gas fraction in galaxies also increases with redshift

38
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Formation of giant clumps and disturbed morphology in non interacting disks is theoretically 
expected in gas-rich/fed high-z galaxies
 e.g. Bournaud+08, Agertz+09, Dekel+09,...
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Ceverino+ 2010

BACKGROUND: GIANT CLUMPS (GC) IN HIGH-Z GALAXIES
37

Forster-Schreiber et al. 2011
Genzel+06, Bournaud+08, ...

And observationally confirmed

Anna CibinelBologna Seminar

Disturbed morphology can be explained by disk instability due to high gas fractions
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BACKGROUND: EVOLUTION OF THE MS

The spatial distribution of  star formation holds insights into the processes driving MS evolution.

Moreno+15

 centrally concentrated in mergers more widespread in gas-fed clumpy galaxiesHigh-redshift Clumpy Discs in Simulations 9

Figure 5. Same as in figure 4 but for Galaxy B. This case shows the smallest disc of the sample. Beyond the high SFR in clumps, there is a relatively high SFR
in other regions spread across the disc, some associated with the elongated transient features. The overall stellar population is rather smooth and concentrated
in the bulge. Two clumps are external satellites with stars and dark matter.

Ceverino+10
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BACKGROUND: EVOLUTION OF THE MS

Schinnerer+16

– 38 –

Fig. 3.— Redshift evolution of the (a) gas fraction µgas = Mgas/M! (left) and (b) depletion

time tdep (right). Our sample is color-coded according to the distance from the main sequence

of star forming galaxies with redder (greener) colors indicating objects below (above) the

main sequence (see color bar in the top right) separated into star forming galaxies (circles)

and candidate AGN hosts (diamonds). The typical error bar of our objects marked by an ’e’

is indicated in the top right corner of each panel. The median values of our z=3.2 sample are

shown by large black triangles, while the median values compensated for the off-set of our

sample from the main sequence are given by the large black star symbols. The median trend

predicted by the 2-SFM model for main sequence galaxies (Sargent et al. 2014) is shown by

the solid grey line, the dashed lines indicate the expected gas fraction (depletion time) for

galaxies lying 1σ above or below the star-forming main sequence. Galaxies within 2σ of the

average main sequence locus are predicted to lie within the light grey band. Note that for

low-z galaxies the contribution of atomic (HI) gas is not included in Mgas. In addition, the

average gas fraction derived from CO line observations (black open circles) and from stacked

dust SEDs (black diamonds) at lower redshifts from the compilation by Genzel et al. (2015)

is shown together with recent results using stacked dust SEDs in the COSMOS field (dark

grey triangles, Bethermin et al. 2015) and sub-mm continuum measurements (black filled

circles, Scoville et al. 2016).

Moreover there is 
mild evolution of  SFE

SFE=SFR/Mgas

    =1/τdepl

Could SFE evolution 
be related to clumps?

35
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Zanella, ..., AC+ 2015

Indirect evidence for SB-like, high SFE in one extremely young (<10Myr) clump at z~2 
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BACKGROUND: EVOLUTION OF THE MS
34
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SFE=SFR/Mgas=1/τdepl
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Speagle+14

BACKGROUND: EVOLUTION OF THE MS

What is the role of  mergers vs. 
instabilities in MS evolution?

Where is the SF occurring in MS 
galaxies?

How is star-formation regulated in
high-z, MS clumpy galaxies?

33
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PART -1: IDENTIFICATION OF HIGH-Z MERGERS
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MORPHOLOGICAL CLASSIFICATION OF HIGH-Z GALAXIES

Genzel+11

Minor merger

Without kinematic information it is hard to distinguish 
“clumpy” disks from mergers on the basis of optical 
morphology, which is dominated by the clumps

32
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MORPHOLOGICAL CLASSIFICATION OF HIGH-Z GALAXIES

Clumps are typically UV-bright, but not very massive. 
   → display lower contrast in (stellar) mass maps than in optical images

z~0 z~1 z~2

Zibetti+09 Hemmati+2014 Wuyts+2012

1192 S. Zibetti, S. Charlot and H.-W. Rix

Figure 8. Stellar mass surface density maps for the nine galaxies.

conversely overestimate M/L by a larger amount in H than in
i band.

Mass estimates based on the fitting formulae of Bell et al. (2003)
are substantially higher than all mass estimates based on our mod-
els, as expected from Figs 3 and 4. In particular, using these fit-
ting formulae, we grossly overestimate the stellar masses of blue
star-forming galaxies, up to by a factor of 2.5. We stress that the
difference cannot be due to the new TP-AGB prescription alone:
the Bell et al. (2003) formulae rely on BC03 SPS models, yet
they overestimates stellar masses even relative to our BC03-based
methods. As discussed in Section 2, the main reason why our esti-
mates differ from Bell et al.’s is the different prior distribution of
SFHs, particularly concerning the age and the relative importance
of bursts. Despite the smaller dynamical range of M/L in Bell et al.’s
models, mass estimates derived from their prescription based on i
and H band, respectively, are in reasonable agreement only for 6/9
galaxies; in the other three cases, they disagree by approximately
0.15 dex (40 per cent). This indicates that Bell et al.’s fitting formu-
lae have, in general, a poor internal consistency if applied pixel by
pixel.

5.3 Mass estimates from colour maps versus global colours

In this section, we investigate the difference in determining the
total stellar mass of a galaxy by integrating resolved stellar mass
maps, like those presented in the previous sections, and by using
global fluxes and colours to estimate M/L, as is usually done. More

specifically, we are going to compare

M∗,resolved =
∑

j

fH,jϒH [(g − i)j , (i − H )j ] (2)

against

M∗,unresolved = ϒH [(g − i)global, (i − H )global]
∑

j

fH,j , (3)

where fH is the H-band surface brightness and the index j
denotes quantities for individual pixels. We call Q the ratio
M∗,unresolved/M∗,resolved and report this number for each galaxy in
the nine panels of Fig. 12. For four of nine galaxies, the ratio Q is
close to 1 within a few per cent, but for the others Q < 0.9 down to
0.6. This indicates that the same mass estimator drawing on global
colours misses 40 per cent of the mass measured in a resolved map.
The source of this difference is illustrated by the histograms of
Fig. 12 and ultimately can be traced to the strong non-linearity of
the relation between colour(s) and M/L. For each galaxy, all pixels
are binned according to their estimated local ϒH . The grey-shaded
histogram represents the mass in each bin as computed from the lo-
cal flux and ϒH . The empty histogram shows the mass contributed
by each bin if ϒH from total fluxes (marked by the vertical dot–
dashed line) were adopted. As obvious, the grey histogram is above
the empty histogram for all bins where ϒH is larger than the global
value and, conversely, it is below for bins where ϒH is smaller. The
area below the grey histogram gives the stellar mass estimate from
resolved mass maps, while the area below the empty histogram gives
the mass based on global colours. For narrow ϒH distributions, the
difference between the pixels where the global M/L overestimates
the mass and those where it underestimates it almost balances: this is

C© 2009 The Authors. Journal compilation C© 2009 RAS, MNRAS 400, 1181–1198

1188 S. Zibetti, S. Charlot and H.-W. Rix

Figure 5. H (red channel) – i (green) – g (blue) colour composite image of the nine galaxies in the sample, ordered according to their Hubble type. Images are
adaptively smoothed with ADAPTSMOOTH to ensure a minimum S/N of 20 at each pixel and foreground stars are masked out, as explained in Section 4. Scales
are in physical kpc. The black rod in each panel corresponds to 50 pixel.

between 1.5 and 1.6 arcsec pixel−1, that severely undersample the
point spread function (PSF). This does not represent a problem for
the following analysis though, as a sufficient physical resolution is
provided anyway (Table 1).

For UKIDSS images, we have used stacks from the third data
release, which is described in detail in Warren et al. (in preparation).
The pipeline processing and science archive are described in Irwin
et al. (in preparation) and Hambly et al. (2008). Sky subtraction and
astrometric calibrations are performed exactly as for GOLD Mine
images. The UKIDSS photometric system is described in Hewett
et al. (2006), and the calibration is described in Hodgkin et al.
(2009). The absolute photometric accuracy is typically around few
0.01 mag. We note that the pixel scale of 0.4 arcsec pixel−1 perfectly
matches SDSS images.

In both GOLD Mine and UKIDSS data sets, the typical depth
reached by the NIR images used in this study is µH ≈ 20.5 mag
arcsec−2 (3σ on an arcsec2).

All fluxes are corrected for Galactic foreground extinction, as
given in NED or the SDSS data base, which are based on Schlegel,
Finkbeiner & Davis (1998).

4 M E T H O D O L O G Y ( I I ) : FRO M M U LT I BA N D
IMAG ES TO MASS MAPS

4.1 Image processing

Images in different bands must be registered and resampled to a
common resolution before pixel-by-pixel colour information can

C© 2009 The Authors. Journal compilation C© 2009 RAS, MNRAS 400, 1181–1198

Can we use the distribution of mass as a kinematic proxy?

Perform morphological classification (using standard techniques ) 
on mass maps rather than optical images
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3 isolated disks

combined in minor/major mergers

1:1

1:2.5

1:6.3

 
1. RAMSES AMR simulations

2. Gas rich, fgas=0.65 (as observed, Daddi+10, Tacconi+10)

3. Moderate stellar feedback

4. Tailored to MASSIV z~2 sample  (Contini+12)

5. Reproduce clumpy structure also in isolated disks

The MIRAGE Simulations (Perret+14)

CALIBRATION ON SIMULATIONS

log(M)
9.810.210.6

30
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CALIBRATION ON SIMULATIONS

 From simulations, generated mock images  (Starburst99) and mass maps  at HUDF depth

B (F435W) z (F850LP) H (F160W) Mass

MERGER

DISK

Caveats 
• no cosmological context 
• no dust included in sims
• possibly lower fgas than 

real galaxies

↓
Flux maps in real galaxies 

likely to be clumpier

Real z~2 galaxy

Cibinel+15

29
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CALIBRATION OF THE MASS-BASED CLASSIFICATION

Measured standard structural parameters on simulated mass maps 

−

⟳ 180°

Asymmetry =

M20 
(second-order 
moment of  the 
20% brightest 

regions)

28

  and calculate 
fractional residual 

flux
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CALIBRATION  OF THE MASS-BASED CLASSIFICATION

Operational dividing 
line between mergers 
and  normal galaxies
based on simulations

(ask me later the reason for 
this specific cut)

Calculated the parameters on entire simulation suite to determine parameter 
space for disks & mergers  

Cibinel+15
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CLASSIFICATION ON REAL GALAXIES

Performed on a sample in HUDF

•Deep rest-frame UV to optical 
photometry 

• ~130 galaxies
•  1.5<zphot/spec<3
•  H>24.5
•  R1/2> 5×PSF
•  log(M)>9.4

SED

Stellar mass maps for real 
galaxies obtained via 
pixel-by-pixel SED fitting 

(e.g. Welikala+08, Zibetti+09 
Wuyts+12):

Cibinel+15

Apr 21, 2017
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Cibinel+15

REAL GALAXIES FOLLOW THE SAME DISTRIBUTION

Disk

Merger

Compact

Visual classification 
of mass maps

M
20

M
A

SS
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TEST ON GALAXIES WITH KNOWN KIN. CLASS

SINS galaxies w. kinemetry 
classification (Forster-Schreiber+09)

Clumpy Disk (Bournaud+08)

Cibinel+15

24
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MASS SELECTED MERGERS

Cibinel+15

H-band Mass H-band Mass

23
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IS THE DISTINCTION DISK VS. MERGER IMPROVED?

Cibinel+15

Comparison with classification performed on the 
H-band images

Symbols=mass-based 
classification 

Merger region highly 
contaminated by 
disks in A-M20

plane measured on 
the H-band

22
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IS THE DISTINCTION DISK VS. MERGER IMPROVED?

Cibinel+15

21
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Up to 50% H-band merger candidates have a disk-like,
smooth mass distribution
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CONCLUSIONS - PART 1

•  The identification of  merger candidates based on asymmetries in the mass 
maps provides a useful alternative to a kinematic analysis

•  Regardless of  the imaging depth (e.g. CANDELS vs. HUDF), the mass-
based classification always results in a lower contamination from clumpy 
disks than an H-band classification.

20
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PART -2: DISTRIBUTION OF STARS & SF
IN MS GALAXIES
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Rujopakarn,..,AC+16

VLA AND ALMA IMAGING OF STAR FORMATION AT Z~2

Combine mass maps for z~2 MS galaxies with long wavelength high-resolution 
follow-ups in HUDF 

ALMA 1300𝜇m, Dunlop+17

Tracing emission of  cold dust 
(indirectly gas/SF)

VLA 6GHz (~5cm), Rujopakarn+16

Tracing radio synchrotron emission from relativistic
 e- from SNe 

→  probes ≲108yr SF (but can be affected by AGN)

Credit: Clem & Adri Bacri-Normier

Image courtesy of  NRAO/AUI

19
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VLA AND ALMA IMAGING OF STAR FORMATION AT Z~2

Combine mass maps for z~2 MS galaxies with long wavelength high-resolution 
follow-ups in HUDF 

19
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A deep ALMA image of the HUDF 877

Figure 12. SFR versus galaxy stellar mass at z !2. The 13 ALMA sources that lie in the redshift range 1 < z < 3 (median redshift z = 2.09) are shown twice,
first adopting the total SFR (i.e. UV+FIR SFR; red points) and then adopting only the raw UV SFR (cyan triangles). Also shown is the average value in three
stellar-mass bins at 1 < z ≤ 3 (derived from stacking as described in the text) for total UV+FIR SFR (black solid squares), raw UV SFR (navy-blue open
squares) and dust-corrected SFR (from the optical–near-infrared SED fitting; green open squares). The binned points are plotted at the median stellar mass of
each bin. Reassuringly, the green and black values agree well in the two lower mass bins, but the SED Av-corrected values fall about a factor of 2 short of the
true ALMA-derived average in the highest mass bin. The solid black line shows a simple relation of the form SFR ∝ M1.0

∗ , with sSFR = 2.2 Gyr−1. The other
curves are proposed fits to the ‘main-sequence’ of star-forming galaxies, at z !2, published by Daddi et al. (2007; solid red line, after conversion to a Chabrier
IMF), Whitaker et al. (2012; dot–dashed magenta line), Whitaker et al. (2014; dot–dashed green curve) and Speagle et al. (2014; dashed blue line).

star-forming galaxies at z !2 derived by Daddi et al. (2007) (SFR
∝ M0.9

∗ , adjusted in mass normalization to account for the change
from Salpeter IMF to Chabrier IMF), the shallower z !2 MS pre-
sented by Whitaker et al. (2012) (SFR ∝ M0.6

∗ ), the revised steeper
polynomial form presented by Whitaker et al. (2014), and the result
of the meta analysis undertaken by Speagle et al. (2014) (calcu-
lated at z !2). All of these (and many more) published relations
are perfectly consistent with our data at log10(M∗/M&) ! 10.7,
proving beyond doubt that the ALMA-detected galaxies lie on
the MS at z !2. However, over the dynamic range probed here,
none fit any better than (or indeed as well as) the simply con-
stant sSFR relation plotted in black (although both the original
Daddi et al. and the revised Whitaker et al. relations are also clearly
acceptable).

In Fig. 12, we also plot the corresponding results for the raw
UV SFR for the individual sources (cyan triangles), and median
values in each stellar mass bin (open navy-blue squares). Finally,
in each mass bin we also plot the median values of dust-corrected
UV SFR derived from the optical–near-infrared SED fitting (open
green squares), as would be obtained in the absence of any di-
rect mm/far-IR information (i.e. based on the values given in col-
umn 5 of Table 4, and analogous results for all galaxies in the
two lower mass bins). In the two lower mass bins the positions of
these green points are reassuringly close to the black points, in-
dicating that dust-corrected SFR from optical–near-infrared SED
fitting works well for moderately obscured lower mass galaxies,
and also confirming that the steepness of the MS at low masses
is not an artefact of the ALMA stacking procedure. However, in

the highest mass bin, the SED-estimated median SFR falls short
of the true ALMA-derived values by a factor !2. This is perhaps
not surprising, as the ratio of median total SFR to median raw
UV-estimated SFR at log10(M∗/M&) = 10.70 can be seen to be
!300. The ALMA-derived results argue against any flattening of
the MS, at least up to stellar masses log10(M∗/M&) ! 11 (provided
quenched galaxies are excluded, although the lack of quenched
high-mass galaxies in the field makes this distinction academic
at z > 2).

8.2 Mass dependence of obscuration

The results discussed in the previous subsection, and presented in
Fig. 12, clearly imply a strong mass dependence for the ratio of
obscured to unobscured star formation. We explore this explicitly,
again focusing on z !2 (i.e. 1 < z ≤ 3), in Fig. 13. Here we plot the
ratio of total SFR (i.e. UV+FIR) to UV–visible SFR as a function of
mass. Again we plot the individual ratios for the 13 ALMA-detected
sources (see column 9 in able 4), and we also plot the ratios for each
of our three mass bins (for the lowest mass bin, an upper limit,
as in Fig. 12), summing all SFR (detected-FIR + stacked-FIR +
total-UV) in each mass bin, and dividing by all the raw UV SFR in
that bin.

It can be seen that the median value of this ratio for the de-
tected sources is 152, or in fact 218 if the two detected galax-
ies in this redshift range with log10(M∗/M&) < 10.3 are disre-
garded (for consistency with the high mass bin for which 10.3 <

log10(M∗/M&) < 11.3). However, the stacked (true total ratio)

MNRAS 466, 861–883 (2017)

Dunlop+17
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VLA AND ALMA IMAGING OF STAR FORMATION AT Z~2

Unobscured 
SF (F606W) H-band

VLA
SF

ALMA
Dust

MassiJH

Rujopakarn,..,AC+16

Peak of  SF & central mass 
concentration co-spatial

Dust (hence gas) too

(Not surprisingly,) SF 
mostly invisible in the 
rest-frame UV 

18

Anna CibinelBologna Seminar



Apr 21, 2017region, consistent with a picture of in situ bulge formation (see
also Barro et al. 2016; Tadaki et al. 2016).

3.4. 4SFR Implies Galaxy-wide Star
Formation-driven Outflows?

The spatially resolved4SFR for 9 of 11 galaxies peaks within
�1.1 kpc of the stellar-mass distribution (with the exception
of UDF3 and 7; Table 3), and all have 4SFR in the range of
0.4–18 Me yr−1 kpc−2 (median 4SFR = 2.5Me yr−1 kpc−2),
the higher end of which is comparable to local starbursts
(Kennicutt 1998). The level of 4SFR found in our main-
sequence sample is significantly below those found in
luminous submm galaxies of 90–100Me yr−1 kpc−2 (Ikarashi
et al. 2015; Simpson et al. 2015), suggesting very different
conditions for star formation between them.

Recent studies show that 4SFR is a strong predictor of star
formation-driven outflows at z=1–2. An increased broad-
fraction of Hα line flux at z∼2 associated with star formation-
driven outflows is found to strongly depend on 4SFR, with a
4SFR of 1 Me yr−1 kpc−2 being the threshold above which the
large broad-line fractions are observed (Newman et al. 2012).
At a similar 4SFR threshold of ≈0.3Me yr−1 kpc−2, Bordoloi
et al. (2014) also found a significant increase in the equivalent
width of the Mg II absorption line at z∼1, which indicates
cool outflowing gas. If 4SFR is indeed a predictor of star
formation-driven outflows at these redshifts, we expect that
main-sequence SFGs like those in our sample, whose galaxy-
average 4SFR are higher than these threshold levels (Table 3),
will harbor outflows across a significant extent comparable to
the areas of stellar-mass buildup (i.e., galaxy-wide). While the
presence of outflows appears to depend on 4SFR, how the
outflow rate depends on4SFR is not well established, especially
for molecular gas in a turbulent galactic environment at z∼2.

If a strong relationship also exists between them, we expect that
the areas exhibiting high 4SFR near galaxy centers will also be
the areas with the largest outflows. Future spatially resolved
observations of cold gas dynamics could provide definitive
evidence whether this intense galaxy-wide star formation also
drives galaxy-wide outflows.

3.5. Remarks on Star Formation in AGN Hosts at z∼2

In Section 3.1 we have shown that the 4 Ms Chandra
observations in the HUDF allows us to detect X-ray AGN
candidates residing in main-sequence SFGs with varying
degrees of radio emission enhancement over the level
corresponding to their SFRs. Six of 11 galaxies in our SFG
sample are detected in X-rays, with the most luminous reaching
L0.5–8 keV;5×1043 ergs s−1. Two of the X-ray detected
SFGs (UDF3 and 11) are only detected in the soft X-ray band
(0.5–2 keV), suggesting that their X-ray emission could
originate solely from star formation. However, UDF11 also
has radio emission enhanced by more than twice the level
associated with star formation (Figure 2 Left; this level of radio
enhancement is 15× the scatter around the emission level
implied by the far-IR/radio correlation, Section 3.1), which
suggests the presence of radio AGN.
Omitting the only ambiguous case of UDF3 from the AGN

subsample, the AGN fraction (5 of 11 galaxies) is still higher
than typically reported (e.g., Xue et al. 2010) at these redshifts,
but not unexpected since AGN activity is known to depend on
both stellar mass and gas mass, as evident by its clear
dependence on star formation of its host even on a galaxy-wide
scale (e.g., Silverman et al. 2009; Brusa et al. 2009). With the
ALMA continuum detections at 1.3 mm preferential to the most
massive galaxies with high SFRs at z∼1–3 (D16), such a
selection is also effective at probing rapidly growing

Figure 3. Left: the extinction-free sizes of SFGs in the HUDF sample broadly follow their stellar-mass size, suggesting a picture of galaxy-wide star formation,
regardless of whether they harbor X-ray AGN (marked with stars). The solid and dotted lines indicate a 1:1 agreement and 2× size difference, respectively. Right:
main-sequence SFGs (this work) are ∼2× larger than submillimeter galaxies that form stars ∼8× more rapidly (the large symbols represent median for each sample).
Above an SFR of 200–300 Me yr−1, SFGs become more compact; the dotted line shows a compactness trend inferred independently of the ratio of the 6.2 μm
aromatic feature luminosity and the total infrared luminosity (Shipley et al. 2016, normalized to this work’s median size).

9

The Astrophysical Journal, 833:12 (11pp), 2016 December 10 Rujopakarn et al.

SIZE OF STAR FORMATION AT Z~2

Rujopakarn,..,AC+16

SF is as extended as already 
existing stars (~2kpc)

and not as compact as in sub-mm 
galaxies (≲	  1kpc)
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CONCLUSIONS - PART 2

• z~2 MS galaxies host, at times intense, star formation at the position of  the 
central mass concentration (see also e.g., Nelson+16) → Bulge formation?

•  Star formation is wide spread in MS galaxies. Different mechanisms or 
conditions for star formation in MS and sub-mm galaxies?

16
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PART -3: MOLECULAR GAS AND STAR FORMATION    
                  EFFICIENCY IN A Z=1.5 CLUMPY DISK

Apr 21, 2017Anna CibinelBologna Seminar

Paper recently submitted: 
Cibinel+17 - arxiv:1703.02550



GIANT CLUMPS - STAR FORMATION EFFICIENCY

Does star formation in clumps occurs in a “sustained” mode as observed in MS galaxies 
or in an intense and rapid mode as observed in some SB? (Daddi+2010, Genzel+2010).

→ Position of  clumps in the             
      Schmidt-Kennicutt plane?

Apr 21, 2017

?
??

??
?

MS
×10 MS

?
?

?

15

Need to measure Mgas for 
clumps → molecular gas 

(CO) observations
at clump scale

Anna CibinelBologna Seminar

SFE=SFR/Mgas=1/τdepl



GIANT CLUMPS - MOLECULAR GAS OBSERVATIONS

Resolved observations of molecular gas content in z>1 galaxies are difficult! 
Available for:

bright/lensed, sub-mm, starburst 
galaxies...

Tacconi+ 2013, Aravena 2015, Freundlich+13

PHIBBS galaxies
...or at ~1” arcsec resolution

 Vlahakis+ 2014, Genzel+13, Hatsukade 2015

Apr 21, 2017
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PUSHING ALMA CAPABILITIES

Apr 21, 2017

Continuum Sensitivity @ ~1.3mm

Dunlop+17

Walter/ 
Aravena+16 

UDF6462

13 𝜇Jy/beam

35 𝜇Jy/beam

7.6𝜇Jy/beam 

~4.5h on source integration

Beam: 0.6”x0.4”

Sensitivity: 
   continuum (~1.3mm)= 7.6𝜇Jy
   line= 0.11mJy (35km/s) 

ALMA Band 6 Observations, 
CO(5-4) line

Observations of  molecular gas content at clump scales is very difficult even 
with ALMA

Cibinel+17 

We observed a z=1.5 clumpy, MS galaxy with ALMA in Cycle 2

13
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CO(5-4): WHY NOT LOWER TRANSITION? 

Apr 21, 2017

1) Easier to observe (because of ν2 dependency of line flux for thermally excited gas)

2) Is a tracer of the high-density, star-forming gas  →  clumps

0 2 4 6 8
0

1

2

3

4

5 entire galaxy
inter-clump gas
main clumps

I C
O

 / 
I C

O
(1

-0
)

Jupper

Bournaud+ 2015

Drawback: gas masses and SFE derived from CO will depend on 
the assumed line excitation (together withαCO).

Daddi+ 2015

Clumpy 
region

Diffuse 
region

Observations

SimulationsClumps
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UDF6462: a typical (~sub M★) z~1.6 clumpy disk galaxy in HUDF

SFRUV+IR ≃40M*/yr   
LIR≃3x1011L⊙◉☉

Apr 21, 2017

THE TARGET GALAXY: UDF6462
11
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UDF6462: a typical z~1.6 clumpy disk galaxy in HUDF

Apr 21, 2017

THE TARGET GALAXY: UDF6462
10
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Kinematically classified as a disk from 
SINFONI Hα observations (Bournaud+ 2008)

And also using the mass-map method

Apr 21, 2017

THE TARGET GALAXY: UDF6462

UDF6462: a typical z~1.6 clumpy disk galaxy in HUDF

9
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SINFONI Hα, 
metallicity  maps

Extremely deep HST observations 
at rest FUV to optical (XDF area)

Resolved stellar mass, SFR, 
extinction, maps

F336W F435W F606W F775W F814W

F850LP F105W F125W F140W F160W

  Bournaud+ 2008

Apr 21, 2017

THE TARGET GALAXY: UDF6462

Cibinel+ 2015

UDF6462: a typical z~1.6 clumpy disk galaxy in HUDF

+ FIR & Radio VLA observations

8
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THE TARGET GALAXY: UDF6462

Red 
Nucleus 6 UV-bright clumps

+
Red, obscured nucleus

Cibinel+17

7
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THE TARGET GALAXY: UDF6462

Red 
Nucleus

Cibinel+17

6
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ALMA CO(5-4) DATA 

Cibinel+17

Detected CO(5-4) emission confined to the red, central 
region ⟷  central mass concentration (see part 2)

Individual clumps 
are not detected.

5
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Cibinel+17

ALMA CO(5-4) DATA 

Clumps undetected also at high spectral resolution & after stacking 

4
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Cibinel+17

L′CO(5-4) - LIR (SFR) CORRELATION

Clumps consistent 
with L′CO(5-4) - LIR 

measured for 
integrated galaxies 
(both SB and MS)

3
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SFE: SCHIMDT-KENNICUTT PLANE
2
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Probing ~1dex fainter clumps 
than other studies of  gas content 
in resolved regions
→ Single out individual clumps

Clumps seem to deviate from 
MS locus

Cibinel+17

×10 MS MS
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SFE: SCHIMDT-KENNICUTT PLANE
2
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Possible Interpretations:

 - genuine high efficiency in clumps
(stellar feedback and disk instability 
torques funneling gas towards the 
galaxy centre could contribute too)

- late stage of gas consumption 
  (100-300 Myr timescale for UV 
   vs. instantaneous gas content tracer)

- UV-bright clumps may have lower   
  SFR than anticipated 

Cibinel+17

×10 MS MS
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• In UDF6262, CO(5-4) tracing star forming gas is observed at the 
center of  the galaxy extending over ~2kpc. 

• Stacking analysis suggests high SFE in high SFR clumps.

• Studies of  molecular gas on clump scales for M★, MS galaxies is 

highly challenging even in the ALMA area

CONCLUSIONS - PART 3
1
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What is the role of  mergers vs. instabilities in MS evolution?

• We have developed a classification schemes based on the resolved 
mass distribution in galaxies which can help distinguish mergers and 
clumpy disks in the lack of  kinematic information

Where is the SF occurring in MS galaxies?

• In main sequence galaxies at z~2 star formation is co-spatial with 
central mass concentration but is extended (~2kpc)

How is star-formation regulated in high-z, MS clumpy galaxies?

• ALMA observations of  6 clumps in a z=1.5 in suggest that they 
could have a high efficiency of  SF.

CONCLUSIONS - PART 1 TO 3
0
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THANK YOU!


