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High-equivalent width [OIII] lines 

Smit et al., 2014; 2015

• Deep Spitzer imaging revealed 
the detailed shape of the 
spectral energy distribution of 
z~7 galaxies in modest 
samples of galaxies


• Large fraction of sources 
(~50%) indicate a hard 
radiation field (e.g. AGN, Wolf-
Rayet stars) to produce the 
‘extreme’ ([OIII]+Hβ>1000Å) 
emission lines



Early detections of high ionisation lines at z>5

Vanzella et al. 2010

• Similar ‘high’ EW lines 
expected in the UV: e.g. CIII], 
CIV, OIII], SiIII], NIV], NV, HeII


• Initial rest-frame UV 
spectroscopy of high-ionising 
lines were rare, found 
serendipitously and often 
assumed to be associated 
with AGN



High ionisation lines found at z~6-8

Stark et al. 2015; 2017
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OIII] h1660?

See also the talk by Nicholas Laporte

see also Shibuya et al., 2017; Zabl et al., 2015



Photoionisation modelling6 Mainali et al.

(b)

(a) (b)

Figure 4. (Left:) Comparison of UV line ratios associated with metal poor CIV emitters narrow line AGN at z⇠2-4. The filled red
circle shows the line ratios of RXC J2248-ID3 if we adopt the empirically-motivated line ratio (CIV�1548/CIV�1550=1); the open red
circle corresponds to an upper bound on the total CIV��1548,1550 flux adopted using the WFC3/IR grism measurement. The metal
poor star forming systems are mostly separated from the AGN samples, suggesting they are subject to a softer radiation field. (Right:)
Comparison to photoionization models of Feltre et al. (2016). Grey(green) points correspond to flux ratios predicted from the AGN(stellar)
photoionization models in Feltre et al. (2016). The red (blue) dashed line represents 1-� (3-�) lower limits on the line ratios, demonstrating
that the data are better explained by a stellar radiation field.

de Mink et al. 2014) indicate that the lifetimes and high-
energy ionizing output of massive stars at low metallicity
may be vastly di↵erent (and higher) than classically as-
sumed, potentially explaining the large luminosities now
being detected in high ionization nebular lines.
Large samples of galaxies with intercombination metal

line detections at high spectral resolution can constrain
z > 6 Ly↵ velocity o↵sets, a critical input for e↵orts
to infer the IGM ionization state from Ly↵ emitters.
Our measurement of �v = 235 km s�1 in a sub-L? ob-
ject (MUV = �20.1) at z = 6.11 falls between exist-
ing measurements of high-luminosity objects with large
Ly↵ o↵sets and low-luminosity objects with small o↵sets
at z > 6. In a partially neutral IGM, a large veloc-
ity o↵set will allow line radiation to redshift further into
the damping wing by the time it encounters intergalactic
hydrogen, thereby reducing IGM attenuation relative to
systems with smaller o↵sets (Dijkstra & Wyithe 2010).
This MUV-�v relationship (Figure 3b) will thus help cre-
ate a luminosity-dependent Ly↵ fraction, consistent with
emerging measurements (Stark et al. 2017). This issue
should be further clarified through increasing samples
expected in the near future.
To summarize, the detections of CIV and OIII] in a

z > 6 galaxy, possibly hints at a markedly di↵erent un-
derlying stellar population in typical galaxies at z > 6
relative to those studied at lower redshift. The detec-
tion of high ionization UV features in RXC J2248-ID3
likely suggests that they are more common in the reion-
ization era than previously expected. Taken together,
this implies that extrapolations from lower redshifts may
be missing a significant and qualitative change in the na-
ture of of photon production in the epoch of reionization.

DPS acknowledges support from the National Science
Foundation through the grant AST-1410155. We are
grateful to Dawn Erb for providing Ly↵ velocity o↵set
data from Erb et al. (2014).
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• New development of line 
ratio diagnostics in the 
rest-frame UV can 
replace the BPT 
diagnostics to 
differentiate between 
AGN & star-formation


• Most z>6 galaxies with 
deep rest-frame UV 
spectroscopy indicate 
likely SF origin of 
photons



The origin of ionising photons at z>~5

~2 kpc
MUSE SINFONI

Si IV C IVSi II

Smit et al., 2017

Spatially resolved spectroscopy 
shows stellar origin of ionising 
photons at >40-50 eV z=4.9



Application of CIII] as a ‘normal’ SF tracer
4202 V. Patrı́cio et al.

Figure 10. ISM metallicity trends of various indices from Leitherer et al.
(2011). Green dots: data from local galaxies (fig. 15 of Leitherer et al. 2011).
Red line: equivalent width obtained for system 1 (dashed lines correspond
to the error). In order, the panels represent the Si II λ1260, O I and Si II λ1303
blend, C II λ1334 , Si II λ1526 features. All the above features point to a
low-metallicity object, when compared with the local sample.

possible merger. They argue that low-metallicity gas inflow induced
by the merging could explain the offset in the metallicity–mass re-
lation of those outliers. The close presence of the companion (see
Section 3) and high SFR might suggest that an earlier interaction
could be a valid scenario for this high-redshift galaxy, but we cannot
exclude other possible explanations.

4.3 Resolved properties

In this subsection, we make use of the full power of MUSE and
explore the spatial extent of Lyα emission as well as the spectral
variations seen in both Lyα and other non-resonant lines across the
galaxy. We focus this analysis on image 1.3, which covers the full
extent of the source.

4.3.1 Emission line spatial variation

We define a small cube, centred on image 1.3, from which we
extract the spectrum of each spaxel, fitting the Lyα line with an
asymmetric Gaussian profile (see Section 4.1), and other nebular
lines (C III] λλ1907, 09, O III] λλ1661, 66, N IV] λλ1483, 86 ) with a
single Gaussian. All nebular lines are fitted simultaneously, using a
single common redshift. We repeat this process following a quadtree
method, spatially binning the small cube in 2 × 2 and 4 × 4 pixels,
depending on the quality of the Lyα (or nebular lines) fit. This
allows us to investigate fainter parts of the galaxy, although with a
lower spatial resolution. The resulting maps can be seen in Fig. 11,
with the peak shifts measured relative to the systemic redshift.

Apart from the companion, which is consistently blueshifted rela-
tive to the central part of the main body by approximately 30 km s−1,
there is no clear trend in the Lyα map. The C III] λλ1907, 09 map
(inset in Fig. 11) shows variations on small spatial scales, with hints

Figure 11. Lyα velocity map relative to systemic velocity. Small insert on
left bottom corner: C III] velocity map, also relative to the systemic velocity,
of the central part of the galaxy (marked with a black dotted rectangle in the
Lyα image). It is worth noticing that the C III] velocity (which traces the gas
kinematics) is not reproduced in the Lyα map, since not only kinematics but
also resonant processes influence the frequency of the emitted photons.

of a velocity gradient along the SE/NW direction, with an amplitude
of ±25 km s−1. In contrast, the central part of the Lyα map is very
homogeneous with a mean redshift of 160–170 km s−1. This is only
in the external parts of the Lyα halo that the Lyα peak shows typical
variations of at most ±40–50 km s−1. Assuming that the bulk of
the Lyα emission in this galaxy is produced from recombination
in H II regions inside the ISM, we can interpret the velocity field
shown by the C III] λλ1907, 09 map as the intrinsic velocity field of
the Lyα emission, since C III] λλ1907, 09 is a nebular line produced
in the same H II regions as Lyα. In other words, if Lyα were non-
resonant, it would display the same velocity map as C III] λλ1907,
09. Undergoing multiple scatterings in the surrounding neutral gas,
the Lyα radiation imprints the relative velocity of the scattering
medium between its production site and its last scattering location:
Lyα transfer in a static medium leads to a double-peaked profile;
if the scattering medium is globally infalling on to the Lyα source,
the emergent Lyα profile is blueshifted; and if the gas is outflowing,
Lyα is redshifted (e.g. Neufeld 1990; Dijkstra 2014). The fact that
the Lyα spectrum emerging from our halo is redshifted in every
location is a probe that it scattered on to outflowing gas with respect
to its production site. The asymmetric blue tail of the low ionization
absorption lines confirms that there is outflowing gas in the ISM of
this galaxy, at least in front of the stellar continuum, although the
strongest absorption is not blueshifted, tracing also static gas. On
top of the bulk velocity of the scattering medium, the width and the
shift of the maximum of the Lyα peak correlate with the column
density of the scattering medium (e.g. Verhamme et al. 2015). From
the velocity map, the shift is between ∼150 and 200 km s−1 ev-
erywhere, which is typical of high-redshift LAEs (Hashimoto et al.
2015) tracing typical column densities of the order of log(NHI)∼20.

As previously stated, the companion Lyα peak shows a small but
significant shift relative to the main body (∼30 km s−1). Assuming
that the two bodies are embedded in the same gas envelope, with
the same column density and dust distribution, this difference would
imply that the companion is in motion relatively to the main body.
However, as stated above, since we do not have non-resonant lines
that directly trace the kinematics of the companion, it is also possible
to image a scenario where medium around the companion is less
optically thick than around the main body, which would equally
explain the observed shift.

MNRAS 456, 4191–4208 (2016)
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4194 V. Patrı́cio et al.

Figure 2. Image 1.3 in the HST V+I band, with Lyα (cyan) and C III]
(magenta) MUSE contours in geometric scale from 3 to 50 σ . The white
cross marks the location of the faint companion in HST (F814W ∼28 AB),
clearly detected with MUSE. Although C III] peaks at the same location has
the HST continuum, Lyα appears offset by ∼0.4 arcsec. The bottom left
circles show the FWHM of the MUSE PSF.

system, we also detail the corrections applied to recover the undis-
torted morphology of the galaxy as well as its intrinsic flux.

3.1 Line image analysis

In order to study the Lyα emission morphology we extract an image
around the Lyα line (5480–5490 Å, observed) from the data cube,
choosing the spectral width that maximize its signal-to-noise ratio.
We correct this image by subtracting a continuum line image, pro-
duced by averaging two other images, one blueward and the other
redward of Lyα. An equivalent procedure is used to create a line
image of the C III] emission (8580–8595 Å), carefully choosing the
red and blue continuum images to avoid emission lines and sky
residuals.

All five multiple images of system 1 detected with HST are seen
both in Lyα and C III] line images, with smaller spatial extension in
C III] and an offset of up to ∼0.4 arcsec between the Lyα and C III]
peaks (see Fig. 2). We adopt the same nomenclature as Richard
et al. (2015) to refer to the multiple images, from the most magni-
fied image – 1.1 and 1.2 – to the least. All multiple images show
consistent spatially extended emission in Lyα up to 4 arcsec in im-
age 1.3. A small companion (identified as system 2 in Richard et al.

2015) is also clearly visible near each image, about 2.3–3.2 arcsec
away from the main component, and is associated with a very faint
(F814W ∼ 28 AB) HST point source (Fig. 2).

3.2 Source plane reconstruction

We use the well-constrained mass model derived from the 12 mul-
tiple image systems identified in the HST image and detected in the
MUSE data cube (Richard et al. 2015) to demagnify the images and
recover the intrinsic source morphology. This is done by inverting
the lens equation and putting the observed pixels on a regular source
plane grid, while conserving surface brightness. All five multiple
images are comparable to each other in the source plane, though
some small differences in configuration arise due to the position of
the caustic lines along the extension of the galaxy and the source
plane point spread function (PSF) shape (see Fig. 3). The small
offset between Lyα and continuum peak emission is confirmed in
all images (∼0.6 kpc). The relative position of the companion in
all five multiple images is well reproduced by the model, which
confirms that this smaller source is physically close to the main
body (∼11.2 kpc). The companion is approximately seven times
intrinsically fainter in Lyα than the main body and it is not detected
in the C III] line image. This is confirmed in the 1D spectrum, where
no other emission line besides Lyα is detected (see Section 4.1).

Although images 1.1 and 1.2 have a very high magnification
factor, since they are very close to the critical line, neither is a
complete image of the original source. Conversely, image 1.3, the
second brightest image, is very nearly a complete image of the
source, thus we will focus the spatial analysis on this observation.
Image 1.5 is the only truly complete image of the galaxy, but is
also the least magnified. In this multiple image, an additional, faint,
Lyα structure can be seen towards the north-east (green circle in the
right panel of Fig. 3), which is not expected to be seen in images
1.1, 1.2 and 1.3 since it lies outside of the caustic line.

3.3 Spectrum extraction and magnification factors

To maximize the signal-to-noise ratio in the extracted spectrum, we
use the C III] line image to define a 3σ surface brightness threshold
at ∼2.8 × 10−19 erg s−1 cm−2 arcsec−2. This level encloses three
compact regions at the peak of images 1.1, 1.2 and 1.3, all probing
the same physical region in the source plane (within 500 pc) despite
having different magnification factors. Light contamination by clus-
ter members is a concern at the location of images 1.1 and 1.2 and
we correct it by subtracting a scaled cluster member spectrum, using
the spectral slope of image 1.3 (further from cluster members) as a
reference. We find that the continuum slope of this decontaminated
spectrum is in good agreement with the fit from Christensen et al.

Figure 3. Source plane reconstruction of the Lyαline image. Dashed yellow: caustic lines. Blue contours: C III] line image reconstruction. Black contours:
continuum near Lyαimage reconstruction. The ellipses on the lower right corners correspond to the source plane PSF, obtained by reconstructing the 2D moffat
profile of the measured seeing (at the wavelength of Lyα) into the source plane. The small differences between the source plane images are well explained by
the different PSF shapes. Note that images 1.1 and 1.2 are radial images and only cover the western half of the source.
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Patricio et al., 2016

4196 V. Patrı́cio et al.

Figure 5. Spectral lines identified in the central region spectrum. Black: observed spectrum central region. Grey line: pipeline-propagated variance. Shaded
grey: strong sky residuals. Green dashed lines: absorption lines associated with the z = 3.5 galaxy. Red dashed lines: emission lines associated with the same
system. Blue dashed lines: other absorption lines, some of which we associate with intervening systems over the line of sight (see Appendix A). Besides the
Lyα C III] and O III] emission lines, several other emission lines, more rarely seen at higher redshifts, were identified, such as the Si III], Si II∗ and the N IV]
doublet. The magnification provided by lensing as well as the combination of spectra from several multiple images, provides a high signal-to-noise ratio also
in the continuum, allowing the confident identification of several Si, C and O absorption lines.
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IFU observations 
show CIII] tracing 
gas kinematics - 

proof of concept for 
ELT era science

z=3.5



Abundance measurements in the UV

 
 

Fig. 3 | The C/O vs. O/H relation. The orange and blue shadowed areas correspond to the 
trend followed by metal-poor and metal-rich stars of the Milky Way’s halo and disk, 
respectively19. Dotted and dashed thick curves show models from Mattsson et al. (2012)19, 
where carbon is mostly produced by high mass stars (model B1) and low-to-intermediate 
mass stars with an evolving IMF (model E1), respectively. For comparison, we include 
abundances compiled in previous studies17,19,20 from the literature for both strongly lensed 

and non-lensed galaxies at 1<z<3, damped Lyman-α (DLA) systems, and local star-forming 
galaxies and giant extragalactic HII regions (GHIIRs). In all cases metallicities were obtained 
through measurements of Te, while C/O values were estimated using the same index C3O3 
used in the present work. Error bars account for observational (emission line ratios) and 
methodological (statistical) 1s uncertainties.  
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Amorin et al., 2017; Perez-Montero & Amorin, 2017

• Measurement of [C/O] and 
[O/H] from CIII], CIV and 
OIII]


• Only information available 
for z>12 galaxies with JWST


• New calibrations will need 
to be tested through 
comparisons with traditional 
rest-frame optical methods!

VUDS: See talk by Olivier Le Fevre

z~3



• HII regions 

• Stellar mass build-up 

• Dust & gas

Overview



Mass / luminosity functions
22 Stefanon et al.

Figure 12. The filled coloured squares mark our measurements of the 1/Vmax LF in the four redshift bins as detailed by the
legend in the bottom-right corner. Error bars include the contribution from Poisson noise and cosmic variance. The solid blue
curve marks the best-fit Schechter function at z ∼ 4, while the dashed curves present the z ∼ 4 Schechter function evolved in
luminosity following the evolution in mass of the halo mass function relative to the z ∼ 4 HMF.

servations - e.g. Smit et al. 2014; Rasappu et al. 2016;
Faisst et al. 2016). Such systematics in the measure-
ment of stellar mass introduces up to ∼ 0.5 dex offset
in the number densities for the higher redshift bins. To
further complicate the picture, recent works have shown
that when the correction for nebular line contamination
is applied on a statistical basis, irrespective of the spe-
cific SEDs, it can even boost the stellar mass measure-
ments by up to ∼ 0.2 − 0.3 dex (Stefanon et al. 2015;
Stefanon 2017; Nayyeri et al. 2017).
One possible way for circumventing this problem is

estimating the stellar mass exclusively from the 5.8µm
and 8.0µm bands. These bands cover a region of the
SEDs of z ! 4 galaxies free from contamination by
strong nebular lines. However, the larger PSF FWHM
of Spitzer/IRAC 5.8µm and 8.0µm bands compared to
the 3.6µm and 4.5µm bands may introduce blending
effects in the flux measurements. Labbé et al. (2015)
have shown that mophongo, the software we adopted to
measure the fluxes in the IRAC bands, does not intro-
duce any substantial systematics in the flux measure-
ment, even in very crowded regions. Nonetheless, given

the larger FWHM and the lower S/N characterizing the
5.8µm and 8.0µm data, one could expect an increased
scatter in the flux measurements compared to the bluer
IRAC bands.
Through the M∗/Lz′ we derived in the present work,

the S/N cuts we applied to the flux in the IRAC 5.8µm
and 8.0µm bands identify a range in stellar mass where
their measurements can be considered reliable. The LF
and SMF from this work, then, can be regarded as a
indicative of most of the current SMF measurements
at z ≥ 4, as they are based on the subsample of objects
with the highest S/N measurements in those bands more
sensitive to the stellar mass and with reduced contam-
ination from nebular emission. This is visible in Fig-
ure 11: at z ∼ 5 and above the lowest stellar mass over
which our SMFs are defined is ≈ 5 − 10× higher than
most current SMF determinations. Specifically, this also
means that stellar masses below our low-mass limits are
necessarily based on either very low S/N measurements
in the IRAC 5.8µm and 8.0µm bands or on (still uncer-
tain) correction for nebular emission contamination, or
a combination of the two.

Stefanon et al., 2017

Rest-frame z′ LF at 4 ! z ! 7 13

Figure 8. Stacked SEDs. Each panel refers to a redshift bin, as indicated by the labels. In each panel, the filled colored squares
with error bars represent the SED from the stacking analysis, while the grey curve marks the best-fitting FAST template.
The open symbols mark those bands excluded from the fit as potentially contaminated by nebular emission or whose stacked
measurement was considered unreliable due to the presence of either the Lyman or Balmer break (see the main text for details).
For the z ∼ 4 sample, the stacked SEDs from the UltraVISTA catalog are plotted with shades of magenta, while the stacks
from the GOODS-N/S sample are plotted with shades of blue. In each panel the photometric redshift from EAzY and the
mass-to-light ratio (M/L) in units of M⊙/L⊙,z′ for each stacked SED are also reported and share the color of the corresponding
SED. The inset in the z ∼ 4 panel presents the relation between the UV slope (β) and the absolute magnitude Mz′ for the
stacked SEDs in the four redshift bins. Colors match the redshift and luminosity bin.

• Extreme emission 
lines contaminate the 
measurement of rest-
frame optical stellar 
light - need JWST/
NIRCam!



Main-sequence evolution

Salmon et al., 2015

• Bayesian SED modelling 
including emission lines


• Number density selection 
indicates galaxies on average 
have a modestly rising star-
formation histories 

16 Salmon et al.

Figure 11. The SFR–stellar mass relation for the CANDELS galaxy samples. The darker-shaded regions indicate a higher number
of individual objects in bins of stellar mass and SFR. Yellow circles are medians in bins of mass and yellow error bars are their �MAD
confidence range (see Table 3). The median SFR of a wider, high-mass bin is also shown by the dashed black circle. The white hatched
regions mark the limit above which completeness e↵ects become negligible. We measure a slope of ⇠0.6 (see Table 5.2), with no evidence
for evolution over the redshift range z ⇠6 to 4. The purple error bars show the 68% range of errors from the Monte Carlo simulations
described in § 5.2.1.

Table 3
SFR – Stellar Mass Relation Median Values

z ⇠ 4

log(M?/M�) 9.00 9.25 9.50 9.75 10.00 10.25 > 10.375a

log(Median SFR/M� yr�1) 0.71 0.90 1.01 1.04 1.35 1.51 1.87
�MAD

b 0.36 0.41 0.35 0.24 0.27 0.25 0.24
Monte Carlo �c 0.26 0.33 0.31 0.31 0.27 0.29 —

z ⇠ 5

log(M?/M�) 9.00 9.25 9.50 9.75 10.00 10.25 > 10.375

log(Median SFR/M� yr�1) 0.88 1.04 1.12 1.23 1.46 1.62 1.85
�MAD 0.42 0.38 0.41 0.43 0.31 0.37 0.33
Monte Carlo � 0.25 0.33 0.36 0.28 0.27 0.25 —

z ⇠ 6

log(M?/M�) 9.00 9.25 9.50 9.75 10.00 > 10.125 —–

log(Median SFR/M� yr�1) 0.92 1.07 1.27 1.40 1.47 1.79 —–
�MAD 0.19 0.21 0.35 0.26 0.07 0.35 —–
Monte Carlo � 0.43 0.34 0.32 0.36 0.27 —– —–

aA larger stellar mass bin from the edge of the previous bin to log(M?/M�) = 11
bThe �MAD scatter (see § 2.2) in SFR for this stellar mass bin
cThe average range in the bootstrapped errors calculated by the Monte Carlo on stellar mass and SFR (see § 5.2.1).

The fitted values for a and b are given in Table 5.2. We
also show the fitted values for b when the slope is fixed
to be a = 1, since the slope and intercept are often de-
generate. We find that the slope and normalization in
the SFR–mass relation shows no indication for evolution,
with slopes of a = 0.54± 0.16 at z ⇠ 6 and 0.70± 0.21 at
z ⇠ 4. Furthermore, the scatter in SFR at fixed stellar
mass shows no evidence for evolution, with a range of
�(log SFR/M�yr�1) = 0.2� 0.4 dex from the median.
We must consider the possibility that the scatter in

SFR at fixed mass is higher, and we are simply miss-
ing galaxies with low SFR due to incompleteness. We
consider this unlikely because even if star formation

ceased in some fraction of the galaxies, the galaxies
would require 0.5 � 1 Gyr to have their SFR drop be-
low a detectable threshold in the WFC3 IR data. These
timescales are comparable to the period of time spanned
by our subsamples (i.e. the lookback time between z =
4.5 and 3.5 is only 480 Myr), so it seems unlikely galaxies
would “instantly” move from the observed SFR–mass se-
quence to undetectable values. For example, if such low-
SFR objects existed at z = 4 their progenitors should be
seen at z = 5 and 6 as they are fading, inducing a larger
scatter in SFR–stellar mass. This work finds no evidence
for such a population in our sample. Parenthetically,
we note that some studies report evidence for massive,
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Figure 15. The SFR history (the SFR as a function of red-
shift) for galaxies selected by their (evolving) number density to
track the evolution in the progenitors of galaxies at z = 3.5 with
logn/Mpc�3 = �4. The galaxies from each redshift subsample
z = 4, 5, and 6 are indicated as blue, green, and orange points
respectively. The larger salmon-colored circles and error bars show
the median SFR and �MAD in bins of �z = 0.5. An average rising
star formation history is derived for this redshift range that can
be represented by a power law  = t� where � = 1.4 ± 0.1. This
evolution is somewhat shallower than that found by Papovich et
al. (2011), but consistent within the error budget.

Many studies have shown that a constant (comoving)
number-density selection can trace the progenitor and
descendant evolution both to relatively low and high
redshifts (e.g., van Dokkum et al. 2010; Papovich et al.
2011; Lundgren et al. 2014; Leja et al. 2013b; Patel et al.
2013; Tal et al. 2014). In addition, recent studies have
suggested using an evolving number-density selection to
better track the progenitor populations of galaxies (e.g.,
Leja et al. 2013a; Behroozi et al. 2013a). Here, we use the
parameterization of Behroozi et al. (2013a), who provide
simple functions to track the number density evolution
of the progenitors of galaxies.
This number density evolution is used to select the pro-

genitors of galaxies in our sample. Figure 13 shows the
cumulative stellar mass functions for the galaxies in our
3.5 < z < 6.5 CANDLES samples in bins of redshift.
The results of Duncan et al. (2014) show that the ob-
jects in this field are complete for masses greater than
logM?/M� = 8.55, 8.85, and 8.85 dex at z ⇠ 4, 5 and 6
respectively. We assume a survey area of 170 arcmin2 as
described by Koekemoer et al. (2011) and the co-moving
volume is calculated at each redshift assuming an uni-
form depth across each field. These cumulative func-
tions are used to determine the stellar mass at which the
galaxies of that redshift range achieve a given evolving
number density as described by Behroozi et al. (2013a).
As indicated in the figure, we take the galaxies with stel-
lar mass logM?/M� = 10.2 dex at z = 3.75, which have
a number density of log n/Mpc�3 = �4, and identify
the galaxies at higher redshift that have a stellar mass
that corresponds to the appropriate (de-evolved) number

Figure 16. The median values of SFR and stellar mass relation
from Figure 11 are shown, color coded by redshift. The gray region
line is not a fit to the points, but is instead the implied relation
(with errors) using the measured SFR history (from Fig. 15) de-
rived by integrating that SFR history with the Bruzual & Charlot
SPS models. For the z = 4 galaxies with logM?/M� = 10.2 dex
there is good agreement between the observed SFR–mass relation
and the implied value from the SFR history. This is reassuring as
the derived star formation history corresponds to the progenitors
of galaxies of this mass at this redshift. At lower stellar masses, the
SFR–mass relation implied from the derived star formation history
underproduces the SFR, but we attribute this to the fact that the
SFR history of lower-mass galaxies evolves less steeply with time.

density at that redshift.
Figure 14 illustrates our criteria to select objects ac-

cording to an evolving number density. We use the Fig-
ure 13 stellar mass limits to find a best-fit curve across
3.5 < z < 6.5. Then, we select objects from our data that
are ± 0.25 dex in stellar mass about this relation. For
the remainder of this work, we refer to these objects as
“evolving number density–selected”. We will later com-
pare these briefly to objects selected at “constant number
density” as such samples have received attention in the
recent literature.
Figure 15 shows the average SFR as a function of red-

shift for the evolving number density–selected galaxies.
The SFR clearly increases as a function of time (decreas-
ing redshift). We fit this evolution with a power law,
 (t) ⇠ (t/⌧)� where � = 1.4 ± 0.1 and ⌧ = 92 ± 14
Myr. If our sample is incomplete at low stellar masses
(logM?/M� < 9.5 dex), then this would influence the
measured power, �. Based on Figure 13, the lower-mass
objects will su↵er greater incompleteness for objects of
low SFR. This could mean that the intrinsic power-law
slope is steeper than the one we measure here. We also
note that we observe little di↵erence between this evo-
lution and that derived from using a constant-number
density-selection.
Lastly, we can explore whether the SFR evolution de-



Hα EW as a sSFR indicator
A clear starburst/main-sequence bimodality for H↵ emitters at z ⇠ 4� 5 5
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Figure 1. Left: (H↵ + [NII] + [SII]) ((H↵ + [NII]) at z > 4.8) rest EW versus stellar mass for the “H↵ excess” galaxies at
3.9  z  4.9. The big purple circles show the median EW values at di↵erent stellar masses and the error bars indicate the two
central quartiles of the EW distribution in each stellar mass bin. The vertical dashed line indicates the SMUVS 50% stellar-mass
completeness at 3.9  z  4.9. Right: Fraction of SMUVS 3.9  z  4.9 galaxies with “H↵ excess” versus stellar mass.

.

We converted the 3.6µm flux excess of each galaxy
with “H↵ excess” into the corresponding (H↵ + [NII] +
[SII]) rest-frame EW. For galaxies at z > 4.8, the ex-
cess corresponds to (H↵ + [NII]) only. We constructed
a grid of 3.6µm photometric excesses corresponding to
di↵erent rest EW for each galaxy SED template (char-
acterised by a SFH and age) at di↵erent redshifts. To
do this, we modelled each line complex as a single Gaus-
sian, with rest-frame widths of 40 and 180 Å for the (H↵

+ [NII]) and (H↵ + [NII] + [SII]), respectively. Note
that the exact values of these widths are irrelevant, as
they cancel out when recovering the corresponding line
EW and fluxes, as discussed by Shim et al. (2011).
We convolved the galaxy SED templates, each with an
added line complex of di↵erent rest EW, with the IRAC
3.6µm filter transmission curve. In each case, we mea-
sured the resulting IRAC 3.6µm magnitude and worked
out the magnitude di↵erence with respect to the original
SED template with no emission lines. Finally, we con-
sidered each real galaxy photometric redshift and best
SED model parameters to infer the corresponding line
complex EW from the observed 3.6µm flux excess, by
interpolating the values in the model grid.
Figure 1 (left) shows the derived (H↵ + [NII] + [SII])

((H↵ + [NII]) at z > 4.8) rest EW versus stellar mass for
our “H↵ excess” galaxies. The stellar masses shown in
this and all the remaining plots in this paper are those
obtained from the original LePhare SED fitting (i.e.,
those including the 3.6µm band and line emission). We
see that these rest EW span values between ⇠ 150 Å
and several thousand Å. The median values vary with

stellar mass: they are hEWi ⇡ 1000 Å for galaxies with
M⇤ = (1 � 4) ⇥ 109 M�, but only hEWi ⇡ 400 Å for
galaxies with M⇤ = (1.5 � 4) ⇥ 1010 M�. These values
are broadely consistent with those obtained by Smit et
al. (2016).
The incidence of “H↵ excess” sources also changes

with stellar mass. As we can see from Figure 1 (right),
the fraction of sources with “H↵ excess” reaches 37%�
40% at M⇤ = 109 � 1010 M�, but decreases to ⇡ 18% at
M⇤ ⇠ 5⇥ 1010 M�. As we analyze in next section, these
variations with stellar mass indicate that star formation
is relatively more important in intermediate-mass than
massive galaxies at 3.9  z  4.9.
Interestingly, the “H↵ excess” incidence rises again at

M⇤ >⇠ 6 ⇥ 1010 M�, albeit with moderate median EW.
This reversing trend is puzzling and may suggest that
star formation does not subside in the most massive
galaxies before it does in the more typical massive ones.
As we discuss below, an alternative and more likely ex-
planation is that the 3.6µm flux excess in the most mas-
sive galaxies is linked to the presence of active galactic
nuclei (AGN).

4.2. The SFR-M
⇤
and sSFR-M

⇤
planes

4.2.1. SFR from H↵ emission

From the (H↵ + [NII] + [SII]) EW we can derive
an H↵-based star formation rate for each “H↵ excess”
galaxy. To do this, we obtained emission line fluxes
assuming that the modelled SED continuum is con-
stant over the entire line complex wavelength range.
We also assumed that the extinction is the same for

6 Caputi et al.
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Figure 2. Left: SFR based on the derived H↵ luminosities for “H↵ excess” galaxies (circles) and upper limits derived for
galaxies with no 3.6µm excess (triangles), versus stellar mass, at 3.9  z  4.9. The asterisks indicate galaxies that are 24µm
detected, so they may have an AGN component in the IRAC bands. The “H↵ excess” galaxies are clearly distributed in two
clouds, which correspond to the galaxy main sequence and starbursts at those redshifts. The red lines show the results of linear
regressions done on the two clouds separately, considering only galaxies with 9.2  log10(M

⇤)  10.8. Right: the corresponding
sSFR versus stellar mass diagram. The purple triangles indicate upper limits for the median sSFR per stellar mass bin, obtained
considering all galaxies, i.e. the derived sSFR for “H↵ excess” galaxies and upper limits for those with no 3.6µm excess.

the continuum and the lines at the same wavelengths,
which should be reasonable for the bulk of our galax-
ies (e.g., Reddy et al. 2010; Shivaei et al. 2015).
To obtain the net H↵ contribution to these fluxes, we
considered that f(H↵)= 0.63f(H↵ + [NII] + [SII]) and
f(H↵)= 0.81f(H↵+[NII]), which is valid for solar metal-
licities (Anders & Fritze-van Alvensleben 2003). Then
we converted the clean, derived H↵ luminosities into
SFRs using the Kennicutt (1998) relation:

SFR(H↵) (M� yr�1) = 7.936⇥ 10�42 ⇥ LH↵ (erg s�1)
(1)

where the resulting SFR correspond to a Salpeter (1955)
IMF over (0.1-100) M�, so we divided them by a factor
1.69 to re-scale them to a Chabrier IMF.
Figure 2 shows the resulting SFR and sSFR ver-

sus stellar mass diagrams, which span more than three
decades in stellar mass. In these plots we include the
SFR and sSFR based on the derived H↵ luminosities
for the “H↵ excess” galaxies and upper limits for all
other galaxies at 3.9  z  4.9. These upper limits
are based on the minimum line-complex EW that we
can detect from flux excess in the 3.6µm band. The
vertical dashed lines indicate the 50% stellar-mass com-
pleteness level of our sample, which is log10M⇤ ⇡ 9.2 at
3.9  z  4.9. Note that the 80% stellar-mass complete-
ness level is log10M⇤ ⇡ 9.6, but no main conclusion in

this paper would change if we restricted our analysis to
this higher stellar mass limit.
The asterisks on the SFR-M⇤ plot indicate galaxies

that have a 24µm counterpart within a 2 arcsec ra-
dius in the Mid Infrared Photometer for Spitzer (MIPS;
Rieke et al. 2004) S-COSMOS catalogue (Sanders et al.
2007). These sources correspond mostly to galaxies with
log10(M⇤) > 10.8. Given the limited depth of the 24µm
catalogue, the detection of sources at 3.9  z  4.9 sug-
gests that they are likely AGN. Unfortunately, an SED
power-law analysis in the IRAC bands is not useful to
study this issue further because of a k-correction e↵ect:
the maximum contribution of an AGN mid-IR power
law is beyond the IRAC bands at such high redshifts, so
only the hottest dust AGN could be manifested as IR
power-law sources in IRAC (Caputi 2013). But one of
the 24µm-detected most massive galaxies in our sample
is indeed an X-ray source (Civano et al. 2016) spectro-
scopically confirmed to be at z = 4.596, which indicates
its AGN nature. Therefore, as a matter of precaution,
we flagged the 24µm detected sources in our sample
and excluded all galaxies with log10(M⇤) > 10.8 from
further analysis. This high fraction of 24µm detections
among the most massive “H↵ excess” galaxies supports
our AGN hypothesis also based on the reversing trend
discussed in Section 4.1, which shows that the 3.6µm
incidence becomes higher at the highest mass end, after

SMUVS: See talk by Karina

Caputi et al., 2017

Are high EW emission line 
galaxies a special population?

see also Shim+2011; Stark+2013; Marmol-Queralto+2015
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Bursty star-formation histories?

• Galaxies with ‘bursty’ star-
formation histories spend 
significant amount of their time 
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• Extreme emission line galaxies 
are unlikely to be short-lived 
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• Binary models (e.g. Eldridge & 
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• HII regions 

• Stellar mass build-up 

• Dust & gas

Overview

See talks on dust on Thursday



ALMA [CII] non-detections at z>6

Ouchi et al., 2013 see also Ota et al. 2014, Maiolino et al. 2015
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Bright [CII] but no dust in UV-bright LBGs
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star-formation history is much smaller, ,40%, because the majority of
star-formation is in low luminosity (,L*) galaxies that were already
assumed to have little or no dust extinction (see Methods section
‘Effects of evolving dust on the global star-formation history’,
Extended Data Fig. 4).

In contrast to the dust emission, we find .3s detections of the [C II]
line in all nine normal galaxies (Fig. 3). The line emission is spectrally
resolved in all cases, with [C II] velocity dispersions of 63–163 km s21,
and marginally resolved at our spatial resolution of ,0.5–0.9 arcsec,
indicating galaxies with dynamic masses (Mdyn) of ,109–1011 solar
masses (M[; see Methods sections ‘Reduction of ALMA data’ and
‘Derivation of physical parameters’). We also detect two optically faint
[C II] emitters at redshifts consistent with the targeted objects. HZ5a is
detected near HZ5 at a redshift consistent with the in-falling gas seen
in the optical spectra of HZ524. HZ8W corresponds to an optically faint
companion to HZ8 and has a similar redshift. Taken together, the
direct and serendipitous detections suggest ubiquitous and enhanced
[C II] emission in early galaxies similar to that seen in local low-metal-
licity systems12 (Fig. 4).

The [C II] enhancement in local systems is caused by a lower dust-to-
gas ratio which allows the ultraviolet radiation field to penetrate a
larger volume of molecular cloud12. Our significantly lower IRX
values and enhanced [C II]/FIR ratios would suggest a similar effect
is happening in high redshift galaxies. But other possible causes of
the transition in obscuration properties with redshift have been
suggested25: evolution in metal abundances that changes the
intrinsic ultraviolet slope; changes in the dust properties; and dif-
ferences in the dust geometry. The systems in this study were
selected to have broad ultraviolet absorption features in their spec-
tra that indicate a relatively homogeneous metal abundance of
,0.25 times the solar value. At this metallicity, the ultraviolet spec-
tral slopes are expected to be similar to those of solar metallicity

1ʺ

HZ5a

N

E

HZ8W

HZ1 HZ2 HZ3 HZ4

HZ5 HZ6 HZ7 HZ8

HZ9 HZ10

Figure 1 | Optical, [C II] and continuum maps of the sources HZ1–HZ10.
The [C II] line detections (red contours) and weak ,158 mm FIR continuum
detections (blue contours) are shown with the rest-frame ultraviolet images as
the background. The images are 50 3 50 (scale bar at bottom left) and the
contours are 2, 6 and 10 s with [C II] line profiles for each source shown in

Fig. 3. The background images are from HST-ACS in the F814W17 band where
the morphologies will be affected by Lya, except for HZ10, which is Subaru z9
band. All objects are detected in [C II], showing that a large amount of gas is
present in these systems, but only four are detected in continuum.
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Figure 2 | IRX–b measurements of z . 5 objects. The deficit of infrared
emission in our sample is evident in the presented infrared excess
versus ultraviolet slope (IRX–b) relation when compared with models.
Detections are indicated in red, upper limits in orange, the mean IRX
ratio (obtained by combining undetected sources) in blue, and
A1689-zD111 in maroon. Error bars are 1s, and include standard
measurement error and systematic uncertainty added in quadrature.
The Meurer29 relation, which assumes Calzetti-like dust and is
consistent with typical galaxies at z , 3, is shown as a black solid line,
while a model for lower-metallicity SMC-like dust model20 is shown as a
dashed line.
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See also subsequent [CII] detections by Willott et al. 2016, 
Knudsen et al. 2016, Pentericci et al. 2016, Bradac et al. 2017



ALMA spectroscopic confirmations

Smit et al., 2018, Nature, in press

z=6.854

z=6.808

Spitzer selected galaxies 
show bright [CII] detections 
in the epoch of reionization



Spatially resolved detections of [CII]
Smit et al., 2018

UV more compact morphology than 
suggested by resolved [CII] 

detections - need NIRCam to see 
older stellar populations

Bower et al., 2017



Spatially resolved detections of [CII]
Bower et al., 2017Smit et al., 2018
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Figure 1. HST/WFC3 color (F105W (blue), F125W (green), F160W (red)) cut-outs from the 10 pointings. The two serendip-
itous [C II] detections HZ5a and HZ8W and other sub-components are indicated by white arrows.

book3 was used to convert the raw data frames into
the final flat-fielded and flux-calibrated science prod-
ucts. Thereby we used the Pyraf/STSDAS calfw3 task
to create a bad pixel array and to perform the bias
and dark current subtraction of the read-outs. Geomet-
ric distortions have been corrected for using the latest
distortion solutions (March 22 2012) provided by the
STScI/WFC3 web-page and the exposures are joined
using the Pyraf/STSDAS AstroDrizzle task. We use
the HST/ACS F814W images available on the COSMOS
field for the astrometric alignment of the frames to reach
sub-arcsecond precision (Cooke et al. in prep). Figure 1
shows HST/WFC3 3�color cut-outs of each of the 10
pointings.

3. MEASUREMENTS & SIMULATIONS

3 http://www.stsci.edu/hst/wfc3/analysis

The UV continuum slope � for star forming galaxies
at high-z is dominated by the line-of-sight dust column
density, which attenuates the UV light of the star form-
ing regions4. It is therefore a valid tool to study the ISM
column density of galaxies (Meurer et al. 1999; Kong
et al. 2004; Casey et al. 2014). Furthermore, � is the
only estimate of the dust content available for the vast
majority of galaxies at z > 3 due to the relative insen-
sitivity of contemporary optical and IR surveys. The
� can be combined with IRX, which is sensitive to the
total amount of dust, to form the IRX�� relation which
can be used to infer the evolution of ISM properties.
The measurement of � at high redshifts is not triv-

ial due to the scarcity of photometric bands covering

4 Note that � also depends on internal properties of a galaxy
such as the age and metallicity of a stellar population as well as
its star-formation history. However, these a↵ect less the overall �
at high redshifts as compared to dust (see figure 13 in Bouwens
et al. 2012)

UV more compact morphology than 
suggested by resolved [CII] 

detections - need NIRCam to see 
older stellar populations



Spatial offsets UV and IR continuum

3. ANALYSIS

3.1. Spectral Energy Distribution Fitting

We make use of extensive multi-wavelength imaging of
SSA22, including CFHT, Subaru (Hayashino et al. 2004;
Matsuda et al. 2011; Yamada et al. 2012; Kubo et al. 2013),
and Spitzer-IRAC (Webb et al. 2009) imaging, to obtain UV
through mid-infrared photometry of the targets. We then fit the
spectral energy distributions (SEDs) using CIGALE14 (Noll
et al. 2009; Serra et al. 2011). We use stellar population
templates from Bruzual & Charlot (2003) with the double-burst
star formation history and a Chabrier (2003) initial mass
function. Extinction is implemented using Calzetti et al.
(2000),and thermal dust emission uses the model of Casey
et al. (2012). Since only one photometry point was available in
the far-infrared, the mid-infrared power-law slope, α, dust
emissivity index, γ, and dust temperature, Td, were fixed at 2.0,
1.6, and 37 K, respectively. Our choice of Td=37 K is based
on a stacked Herschel+SCUBA-2 SED of thousands of LBGs

at z∼3 from Coppin et al. (2015). In order to estimate the
systematic uncertainty on L8–1000, we (conservatively) allowed
the dust emission parameters to vary between α=1.5–2.5,
γ=1.2–2.0, and Td=27–47 Kto include more extreme
sources (e.g., Saintonge et al. 2013). This resulted in the
additional systematic uncertainty of 0.14 dex in the integrated
infrared luminosity. The derived physical properties are
summarized in Table 1. The best-fit SED for SSA22a-C16 is
shown in the top panel of Figure 3. For the ALMA non-
detections, we averaged the UV-mid-IR photometry and fit the
SED in the same way using the stacked ALMA flux. The
corresponding best fit for the “average” LBG is shown in the
bottom panel of Figure 3. It is interesting to note that the
average mass of the ALMA non-detected LBGs,
Må=(1.61± 1.08)×109Me, is a factor 20 lower than that
of the LBG we directly detected with ALMA–
Må=(3.16± 0.36)×1010Me.

3.2. Infrared Excess

We estimate the SFR for SSA22a-C16, following Madau
& Dickinson (2014), with #= ´ LSFRUV UV 1500 and

#= ´- - -LSFR8 1000 8 1000 8 1000, where # = ´1.15UV
- - - - -

:M10 yr erg s Hz28 1 1 1 1( ) and # = ´- 4.58 1000
- - - -

:M10 yr erg s44 1 1 1( ) , with νL1500=(8.8± 0.3)×
1010 Le and L8–1000=(8.4± 2.3)×1010 Le.

15 We find
SFRUV=19± 1Me yr−1 and SFR8–1000=15± 4Me yr−1,
giving a total SFR=34± 4Me yr−1. Recall that IRX≡
LFIR/LUV, with LFIR=(4.8± 1.3)×1010 Le = (0.57×
L8–1000). The corresponding infrared excess is thus (IRX)=
0.56± 0.15, and the UV slope (evaluated by fitting the
continuum slope of the best-fit SED over rest-frame
1250–2500 Å) is β=−1.25± 0.03. Thus, we can place this
galaxy in context with other systems at low- and high-z by
placing it on the IRX–β plot (Figure 4). Averaged over the
galaxy it can be seen that our source falls significantly below
the MHC99 IRX relation. The stacked detection (and
individual upper limits) is more consistent with MHC99,
although they are generally bluer and there is still clearly a high
degree of scatter in IRX for a fixed β. One route to
understanding the origin of the scatter in IRX–β is to use our

Figure 1. First panel: the ALMA 870 μm contours overlaid on the HST F814W image. The contours are 2, 2.5, 3, 3.5, and 4σ. The ALMA synthesized beam of
0 46×0 44 (PA=−33°. 32) is shown in the top left corner. Second panel: the HST image was convolved with the ALMA synthesized beam of our observations in
order to construct a resolved IRX map.Third panel: the IRX map with a pixel size of 0 05. The ALMA flux at each pixel was translated to LFIR using the best-fit SED
from the top panel in Figure 3. Similarly, the HST flux at each pixel was translated to LUV using the same SED. The IRX peaks at ;1.5 and decreases to 0.5 across
the LBG, with values outside the contour being 2σ upper limits. Fourth panel: the RGB plot for SSA22a-C16 with red, green, and blue channels representing ALMA
Band 7, HST/WFC3 F160W, and HST/ACS F814W bands, respectively.

Figure 2. Average amplitude vs. uv-distance for SSA22a-C16, evaluated in
bins of 150 kλ. An unresolved source has a constant amplitude for all
baselines, but the data are better fit by a Gaussian (FWHM 0 94), indicating
that we have resolved the dust emission in this source.

(The data used to create this figure are available.)

14 http://cigale.lam.fr/
15 The Madau & Dickinson (2014) calibration of SFRUV is for 1500 Å.
However, note that the MHC99 definition of the IRX uses 1600 Å.
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3. ANALYSIS

3.1. Spectral Energy Distribution Fitting

We make use of extensive multi-wavelength imaging of
SSA22, including CFHT, Subaru (Hayashino et al. 2004;
Matsuda et al. 2011; Yamada et al. 2012; Kubo et al. 2013),
and Spitzer-IRAC (Webb et al. 2009) imaging, to obtain UV
through mid-infrared photometry of the targets. We then fit the
spectral energy distributions (SEDs) using CIGALE14 (Noll
et al. 2009; Serra et al. 2011). We use stellar population
templates from Bruzual & Charlot (2003) with the double-burst
star formation history and a Chabrier (2003) initial mass
function. Extinction is implemented using Calzetti et al.
(2000),and thermal dust emission uses the model of Casey
et al. (2012). Since only one photometry point was available in
the far-infrared, the mid-infrared power-law slope, α, dust
emissivity index, γ, and dust temperature, Td, were fixed at 2.0,
1.6, and 37 K, respectively. Our choice of Td=37 K is based
on a stacked Herschel+SCUBA-2 SED of thousands of LBGs

at z∼3 from Coppin et al. (2015). In order to estimate the
systematic uncertainty on L8–1000, we (conservatively) allowed
the dust emission parameters to vary between α=1.5–2.5,
γ=1.2–2.0, and Td=27–47 Kto include more extreme
sources (e.g., Saintonge et al. 2013). This resulted in the
additional systematic uncertainty of 0.14 dex in the integrated
infrared luminosity. The derived physical properties are
summarized in Table 1. The best-fit SED for SSA22a-C16 is
shown in the top panel of Figure 3. For the ALMA non-
detections, we averaged the UV-mid-IR photometry and fit the
SED in the same way using the stacked ALMA flux. The
corresponding best fit for the “average” LBG is shown in the
bottom panel of Figure 3. It is interesting to note that the
average mass of the ALMA non-detected LBGs,
Må=(1.61± 1.08)×109Me, is a factor 20 lower than that
of the LBG we directly detected with ALMA–
Må=(3.16± 0.36)×1010Me.

3.2. Infrared Excess

We estimate the SFR for SSA22a-C16, following Madau
& Dickinson (2014), with #= ´ LSFRUV UV 1500 and

#= ´- - -LSFR8 1000 8 1000 8 1000, where # = ´1.15UV
- - - - -

:M10 yr erg s Hz28 1 1 1 1( ) and # = ´- 4.58 1000
- - - -

:M10 yr erg s44 1 1 1( ) , with νL1500=(8.8± 0.3)×
1010 Le and L8–1000=(8.4± 2.3)×1010 Le.

15 We find
SFRUV=19± 1Me yr−1 and SFR8–1000=15± 4Me yr−1,
giving a total SFR=34± 4Me yr−1. Recall that IRX≡
LFIR/LUV, with LFIR=(4.8± 1.3)×1010 Le = (0.57×
L8–1000). The corresponding infrared excess is thus (IRX)=
0.56± 0.15, and the UV slope (evaluated by fitting the
continuum slope of the best-fit SED over rest-frame
1250–2500 Å) is β=−1.25± 0.03. Thus, we can place this
galaxy in context with other systems at low- and high-z by
placing it on the IRX–β plot (Figure 4). Averaged over the
galaxy it can be seen that our source falls significantly below
the MHC99 IRX relation. The stacked detection (and
individual upper limits) is more consistent with MHC99,
although they are generally bluer and there is still clearly a high
degree of scatter in IRX for a fixed β. One route to
understanding the origin of the scatter in IRX–β is to use our

Figure 1. First panel: the ALMA 870 μm contours overlaid on the HST F814W image. The contours are 2, 2.5, 3, 3.5, and 4σ. The ALMA synthesized beam of
0 46×0 44 (PA=−33°. 32) is shown in the top left corner. Second panel: the HST image was convolved with the ALMA synthesized beam of our observations in
order to construct a resolved IRX map.Third panel: the IRX map with a pixel size of 0 05. The ALMA flux at each pixel was translated to LFIR using the best-fit SED
from the top panel in Figure 3. Similarly, the HST flux at each pixel was translated to LUV using the same SED. The IRX peaks at ;1.5 and decreases to 0.5 across
the LBG, with values outside the contour being 2σ upper limits. Fourth panel: the RGB plot for SSA22a-C16 with red, green, and blue channels representing ALMA
Band 7, HST/WFC3 F160W, and HST/ACS F814W bands, respectively.

Figure 2. Average amplitude vs. uv-distance for SSA22a-C16, evaluated in
bins of 150 kλ. An unresolved source has a constant amplitude for all
baselines, but the data are better fit by a Gaussian (FWHM 0 94), indicating
that we have resolved the dust emission in this source.

(The data used to create this figure are available.)

14 http://cigale.lam.fr/
15 The Madau & Dickinson (2014) calibration of SFRUV is for 1500 Å.
However, note that the MHC99 definition of the IRX uses 1600 Å.
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Dust geometry also affects the 
[CII] morphology 
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TABLE 1
ALMA data summary

dataset ton antennae beam σcont σline

[h] [µJy] [µJy]
(a) (b) (c) (d) (e)

2011.0.00115.S 3.2 25 0.81′′×0.57′′ 17 130
2012.1.00033.S 3.2 44 0.28′′×0.22′′ 11 98

combined 6.4 44 0.39′′×0.31′′ 9 88
combined and uv-tapered 6.4 44 0.48′′×0.40′′ 11 101
Notes: (a) On-source exposure time. (b) Number of antennae. (c)
Angular resolution. (d) Continuum sensitivity at λrest =158 µm. (e)
Sensitivity in a spectral channel of 100 km/s.

(a) (b)

Fig. 1.— (a) The left panel shows the [Cii] map of Himiko obtained by integrating the uv-tapered cube over a velocity range between
-320 and -50 km/s relative to the Lyα redshift, zLyα = 6.595. Contours are shown in steps of 1σ = 70 µJy beam−1 starting at ±2σ (white
dashed contours are for negative fluxes). The zoom of the central 3′′×3′′ around the location of the source is shown in the right panel,
where the grey background image shows the HST/WFC3 J125 observation, while the red contours indicate the [Cii] emission with the same
levels as in the left panel. Lyα intensity levels from Ouchi et al. (2013) are indicated with green contours. The ALMA beam is indicated
the in bottom-left corners of both panels. (b) The top panel shows the Lyα profile obtained from the X-shooter optical spectrum, while
the [Cii] spectrum is shown in the bottom panel. The velocities are relative to the Lyα redshift inferred by Ouchi et al. (2009). The dashed
green line indicates the velocity inferred from the [Cii] profile. The grey shaded region indicates the 1σ error as a function of velocity.

trum over a region within the 2σ [Cii] contours shown in
Figure 1a. The resulting spectrum, with a spectral re-
binning of 40 km/s, is presented in Figure 1b, together
with the optical spectrum of the Lyα line obtained from
X-shooter observations (Zabl et al. 2015). The line is
offset by −145± 15 km/s relative to the zLyα and has a
line width of 130±30 km/s. The velocity offsets between
Lyα and [Cii] emission is similar to those estimated in
other high-z [Cii]-emitting sources observed with ALMA
(Maiolino et al. 2015; Pentericci et al. 2016; Matthee
et al. 2017). While the [Cii] line is a good tracer of the
systemic velocity of galaxies in the early Universe, the
Lyα profile is affected by intergalactic medium (IGM)
absorption; galactic outflows can also shift the peak of
the line by up to few hundred km/s. Zabl et al. (2015)
discuss that the strong blue asymmetry of the Lyα profile
is likely associated with the ISM/IGM absorption and,
therefore, its centroid/peak results into an apparent red-
shift slightly higher than the systemic systemic redshift
estimated from [Cii], but fully consistent once the Lyα
asymmetry is taken into account.
The integrated intensity of the [Cii] line is

S[CII]∆v = 108± 12 mJy km/s. The resulting [Cii] lumi-
nosity L[CII] = (1.2± 0.2)×108 L⊙, which is about two
times higher than the upper limit estimated by Ouchi

et al. (2013). This tension can be explained with the fact
that, not having a priori knowledge on the location of
the [Cii] emission (spatially and spectrally) Ouchi et al.
(2013) extracted an upper limit with an arbitrary line
width and not taking into account fluctuations which
may have been potentially associated with a real sig-
nal. This issue may be common also to other [Cii] non-
detections in the literature, in the sense that some of the
upper limits estimated in the past may be too low.
The measured [Cii] luminosity is comparable to those

measured in some other z > 6 star-forming galaxies with
similar SFRUV. In particular it is akin to the L[CII] ob-
served in the CR7 (Matthee et al. 2017), which is a LAE
with properties similar to Himiko (MUV = -21.2, SFR =
44M⊙ yr−1). In contrast to previous claims, our detec-
tion places Himiko along the local L[CII]-SFR given by
De Looze et al. (2014), as illustrated in Fig.2.
Recent cosmological simulations by Vallini et al. (2015)

and Olsen et al. (2017) show that at fixed SFR the [Cii]
luminosity in galaxies decreases with the decreasing of
the metallicity content. By using their best-fit relations
we obtain a rough estimate of gas metallicity for Himiko
of Z ∼ 0.15Z⊙, which is in line with that obtained from
the spectral-energy-distribution fitting (Z ∼ 0.2Z⊙; Zabl

Lyα

[CII]
z=6.6

cycle 0 + cycle 1  
combined & tapered

Carniani, Maiolino, Smit & Amorin,, submitted



4 Carniani et al.

Fig. 2.— L[CII] versus SFR diagram. The green line shows the
relations for local star-forming galaxies by De Looze et al. (2014),
while the dotted grey line is the best-fit relation for Z = 0.15Z⊙
galaxies simulated by Vallini et al. (2015). The location of Himiko’s
total emission is shown with the large red circle. The location of
Himiko’s subclumps is shown with red squares. We also report the
location of CR7 and its subclumps. The dotted circle shows the
previous upper limit on the [Cii] emission for Himiko obtained by
Ouchi et al. (2013).

et al. 2015).

3.3. Multi-component system

Given the multi-clump shape of Himiko in the rest-
frame UV images and the extended [Cii] emission de-
tected in the smoothed ALMA observations, in this sec-
tion we investigate the morphology of [Cii] emission and
its connection with the UV and Lyα counterparts.
A channel map analysis performed on the non-

smoothed combined cube, which has an angular reso-
lution of 0.39′′×0.31′′, reveals that the extended [Cii]
emission discussed in the previous Section is the result
of two distinct components, which will be referred to as
A[CII] and B[CII]. The flux maps and spectra of these two
components are shown in Figure 3.
We identify the component A[CII] with a S/N=5 in

the channel map from -100 km/s to -365 km/s. The
centroid of the emission is spatially offset by ∼0.2′′ to-
ward the West relative to the UV position of the (bright-
est) clump-A, but it is fully consistent with the peak
of the extended Lyα nebula observed by Ouchi et al.
(2013) (yellow diamond in Fig.3). We exclude that
this [Cii] component is directly associated with the UV
clump A since the [Cii] emission level at the location
of the UV emission is lower than 2σ. As we will dis-
cuss later, positional offsets between UV and FIR line
emission are not so rare in primeval galaxies (Maiolino
et al. 2015; Willott et al. 2015; Carniani et al. 2017).
By fitting a 2D elliptical Gaussian profile to the chan-
nel map, we find that the [Cii] emission of component
A[CII] is spatially resolved with a beam-deconvolved size
of (0.68± 0.10)′′ × (0.41± 0.10)′′, which corresponds to
a physical size of ∼ 3.7 kpc. The [Cii] profile peaks at
−175± 30 km/s and has a line width of 240± 80 km/s.
We measure L[CII]= (0.85 ± 0.13) × 108 L⊙ that corre-
sponds to the ∼70% of the total [Cii] luminosity inferred
for Himiko.

The other component, B[CII], peaks at −175±30 km/s
and is narrower ( FWHM = 70 ± 20 km/s) than the
former component. The knot of the [CII] emission is
co-aligned with the UV position of clump-B, indicating
that [CII] and UV emission arise from the same region.
Since components B[CII] and A[CII] overlap in velocity,
the flux map B[CII] shows also a tail emission extending
to the west that is assocaited with the A[CII] component.
The core of the B[CII] emission is not spatially resolved
indicating the the [Cii] line is powered by a compact
source with physical size < 2 kpc. For this component
we infer a [Cii] luminosity L[CII]= (0.50±0.13)×108 L⊙.
Since around the Lyα redshift we do not detect any

emission close to the UV clumps A and C, we search for
line emission in the ALMA cube between -1000 km/s and
1000 km/s relative to the redshift of Lyα and with level
of significance > 3σ. Only a putative detection is found
at ∼ −500 km/s and located at the UV position of the
clump C. Because of the low significance (S/N=3.2), the
emission can be spurious due to noise fluctuation, hence
we consider it as a non detection. For the two UV clumps
A and C, we therefore infer an upper limit on the [Cii]
luminosity L[CII]< 0.2× 108 L⊙ where we assume a line
width of 100 km/s.
We note that while the [Cii] emission in clump B(=

B[CII]) is fully consistent with the local L[CII]–SFR rela-
tion, clumps A, C and A[CII] are scattered outside the lo-
cal relation (Figure 2), as observed in other high-z galax-
ies (e.g. Maiolino et al. 2015).
As discussed in Carniani et al. (2017), positional offsets

between UV and [Cii] emission may be ascribed to spa-
tially distinct regions of the galaxy, and of their circum-
galactic environment, characterised by different physical
properties. For instance, the low [Cii] luminosity at the
location of the UV regions can be interpreted as a con-
sequence of a local low metal enrichment level in these
star-forming regions, but also in terms of strong feed-
back ionizing or expelling gas (Vallini et al. 2015; Katz
et al. 2016; Olsen et al. 2017). Spatially-offset [Cii] emis-
sion may also be explained in terms of dust obscura-
tion and/or outflowing/inflowing gas. In the former sce-
nario [Cii] is excited in-situ by star-formation whose UV
emission is heavily dust-obscured. In this context we
note that Ouchi et al. (2013) infer a dust attenuation
for Himiko of E(B-V)=0.15, which can hide a significant
fraction of star forming regions traced by the UV emis-
sion. On the other hand, the spatially-offset [Cii] can
be associated to a satellite clumps in the process of ac-
creting, or clumps expelled by galactic outflows; in these
cases the [Cii] emission is excited by the UV radiation
of the closest star-formation region (e.g. clump A). This
last scenario is also supported by the fact that Himiko
reveals a triple major merger event whose extended Lyα
nebula emission may be powered by both star formation
and galactic winds (Ouchi et al. 2013; Zabl et al. 2015).
In summary UV and [Cii] emission can trace dif-

ferent regions that should be treated as different sub-
components of the same system. A detailed discussion of
multiple sub-components observed in z > 5 star-forming
galaxies, as well as their offset relative to the star form-
ing regions traced by the UV emission, is presented in a
companion paper (Carniani et al. in prep.).

Himiko revisited: faint but detectable [CII]
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Gas motion shows rotation

Cycle 5 ALMA allocation:  
20 hr program targeting [CII] 
at high resolution, PI: Smit Smit et al., 2018, Nature, in press



Dynamical properties

Smit et al., 2018, Nature, in press

z~7 [CII] emitters appear to have similar 
kinematics to z~2 Hα emitting galaxies
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Figure 7. [Cii] velocity map (at a 22 ⇥ 22 kpc scale) in
the rest-frame of clump A, based on the first moment map
collapsed for frequencies with �614 to +96 km s�1 with re-
spect to the Ly↵ redshift (see Fig. 1 for the corresponding
[Cii] flux map). Contours show the 3, 4 and 5� threshold
and velocity maps are shown for > 3� detections. The map
is driven by the the strongly blue-shifted component C-2.

than the beam, meaning that these clumps are unre-
solved and hence have a size r1/2,[CII] < 2.2 kpc. We
measure an observed size of r1/2,[CII],obs = 3.7+0.6

�0.6 kpc
for clump A (4 % of the measurements result in an un-
resolved size, meaning that clump A is resolved at ⇡ 2�
significance) and r1/2,[CII],obs = 4.4+0.9

�0.6 kpc for clump
C-2 (resolved at ⇡ 3.5� significance). We deconvolve
the sizes of A and C-2 to obtain the intrinsic size with
r�,[CII] =

p
r2
obs

� 2.22. Resulting sizes are listed in Ta-
ble 1. Dynamical masses are computed following Wang
et al. (2013):

Mdyn/M�(sin i)2 = 1.94⇥ 105 ⇥v2

FWHM,[CII]
⇥ r1/2,[CII],

(2)
where Mdyn is the dynamical mass in M�, i is the in-
clination angle, vFWHM,[CII] the line-width in km s�1

and r1/2,[CII] the size in kpc (half-light radius). This re-
sults in dynamical masses (uncorrected for inclination)
ranging from (3.9 ± 1.7) ⇥ 1010 M� for component A,
(2.4 ± 1.9) ⇥ 1010 M� for clump C-2 and < 0.7 ⇥ 1010

M� for < 0.4 ⇥ 1010 M� for clumps B and B-2, respec-
tively. These dynamical mass estimates are lower than
typical quasar host galaxies at z ⇡ 6 (Wang et al. 2013),
and comparable to star-forming galaxies at z ⇡ 7 with

Figure 8. IR continuum map at 230-250 GHz centered on
the position of CR7. The black contours show the 2, 3�
level, where 1� = 7µJy beam�1. We also show HST rest-
frame UV (F814W+F110W+F160W) contours at the 2, 3,
4� levels to highlight the positions of known (foreground)
sources. Sources are annotated with their photometric red-
shifts estimated by Laigle et al. (2016). No dust continuum is
detected at CR7, although a ⇡ 2� signal is detected around
potential clump D. Dust continuum is also clearly detected
in a foreground source at z = 0.84.

similar SFRs as CR7 (e.g. Pentericci et al. 2016; Smit
et al. 2017).

5. IR CONTINUUM

5.1. Blind detections

We combine the flux in all four spectral windows from
our ALMA coverage to search for dust continuum emis-
sion. In the entire image, we find two detections with
S/N > 3, but they are not associated with CR7. One
detection is 3.500 north-east of CR7 (associated with ID
number 339509 in the catalog from Laigle et al. 2016,
photo�z = 0.84 and visible in Fig. 8), while the other
is 18.500 to the south-west (ID number 335753 in Laigle
et al. 2016, photo � z = 3.10, not visible in the image).
The positions of these foreground galaxies confirm the
astrometric correction described in §3.2. We note that
we detect a tentative (3�) line at 250.484 GHz at the
position of ID 339509 that is identified as CO(4-3) with
⌫0 = 461.041 GHz at z = 0.841, perfectly consistent
with its photometric redshift.

As visible in Fig. 8, there is a ⇡ 2.7� continuum
detection ⇡ 200 to the south-east of CR7, nearby a faint

Rotation vs. chaotic motion

Matthee et al., submitted
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z=6.6z=5.6

What fraction of the galaxy 
population is chaotic vs. settled? 

Larger ALMA / NIRSpec IFU 
samples needed



Summary

• Detection of high-ionisation lines indicate a hard radiation 
field in the highest redshift galaxies 

Star-formation is now thought to be at the origin of this emission 

• Stellar mass build-up appears smooth and rising at z>4 - 
but much more to do still with JWST 

• Bright and extended [CII] emitters are now found in the 
Epoch of Reionisation 

kinematics of these galaxies suggest that turbulent rotation discs 
might already be present 800 million years after the Big Bang 


