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High-equivalent width [OIII] lines

•

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, WolfRayet stars) to produce the
‘extreme’ ([OIII]+Hβ>1000Å)
emission lines

Smit et al., 2014; 2015

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
z=7.73
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See also the talk by Nicholas Laporte
Stark et al. 2015; 2017

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

Photoionisation
modelling
Mainali
et al.
•

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

(b)

on of UV line ratios associated with metal poor CIV emitters narrow line AGN at z⇠2-4. The filled
RXC J2248-ID3 if we adopt the empirically-motivated line ratio (CIV 1548/CIV 1550=1); the open
er bound on the total CIV 1548,1550 flux adopted using the WFC3/IR grism measurement. The m
Feltre to
et al.
2016; radiation
Mainali et al.
2017(Rig
e mostly separated from the AGN samples, suggesting they are subject
a softer
field.
n models of Feltre et al. (2016). Grey(green) points correspond to flux ratios predicted from the AGN(stel

The origin of ionising photons at z>~5
Spatially resolved spectroscopy
shows stellar origin of ionising
photons at >40-50 eV
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Application of CIII] as a ‘normal’ SF tracer

z=3.5

4194

V. Patrı́cio et al.

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,
3.2 Source plane reconstruction
of the central part of the galaxy (marked with a black dotted rectangle in the
We use the well-constrained mass model derived from the 12 mulLyα image). It is worth noticing
the
C III]invelocity
(which
traces
tiple imagethat
systems
identified
the HST image
and detected
in the the gas
MUSE data cube (Richard et al. 2015) to demagnify the images and
kinematics) is not reproduced
in the Lyα map, since not only kinematics but
recover the intrinsic source morphology. This is done by inverting
the lens equation
putting the observed
pixels
on a regularphotons.
source
also resonant processes influence
theandfrequency
of the
emitted
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 −1
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
−1is confirmed in the 1D spectrum, where
in the C III] line image. This
no other emission line besides Lyα is detected (see Section 4.1).
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IFU observations
show CIII] tracing
gas kinematics concept
for
of a velocity gradient alongproof
the SE/NWof
direction,
with an amplitude
of ±25 km s . In contrast, the central part of the Lyα map is very
ELT
era kmscience
homogeneous with a mean redshift
of 160–170
s . This is only

from Leitherer et al.
−1
Leitherer et al. 2011).
hed lines correspond
Image 1.3 in the HST V+I band, with Lyα (cyan) and C ]
0, O I andFigure
Si II2. λ1303
in the
external
parts
(magenta) MUSE contours in geometric
scale from
3 to 50 σ . The
white of the Lyα halo that the Lyα peak shows typical
marks theto
location
companion in HST (F814W ∼28 AB),
e featurescrosspoint
a of the faintvariations
of at most ±40–50 km s . Assuming that the bulk of
III

clearly detected with MUSE. Although C III] peaks at the same location has

Downloaded from http://mnras.oxfordjou

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).

Figure 5. Spectral lines identified in the central region spectrum. Bl
grey: strong sky residuals. Green dashed lines: absorption lines assoc
system. Blue dashed lines: other absorption lines, some of which we
Lyα C III] and O III] emission lines, several other emission lines, mo
doublet. The magnification provided by lensing as well as the combin
in the continuum, allowing the confident identification of several Si, C

Patricio et al., 2016

Abundance measurements in the UV

log(C/O)

0.0

This work 2.4 < z < 3.4
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SFGs+GHIIRs z~0
DLAs

•

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!
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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 et
is mostly
produced
by high mass stars&(model
B1) and
low-to-intermediate
Amorin
al., 2017;
Perez-Montero
Amorin,
2017
mass stars with an evolving IMF (model E1), respectively. For comparison, we include

VUDS: See talk by Olivier Le Fevre
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Mass / luminosity functions
22

•

Stefanon et al.

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

LF at 4 ! z ! 7

13

Figure 12. The filled coloured squares mark our measurements of the 1/Vmax LF in the four redshift bins as detailed

legend in the bottom-right corner. Error bars include the contribution from Poisson noise and cosmic variance. The so
curve marks the best-fit Schechter function at z ∼ 4, while the dashed curves present the z ∼ 4 Schechter function ev
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 measurement of stellar mass introduces up to ∼ 0.5 dex oﬀset

the larger FWHM and the lower S/N characteri
5.8µm Stefanon
and 8.0µm data,
expect an in
et one
al.,could
2017
scatter in the flux measurements compared to th

20

Salmon et al.

Main-sequence evolution

16

Figure 15. The SFR history (the SFR as a function of redshift) for galaxies selected by their (evolving) number density to
track the evolution in the progenitors of galaxies at z = 3.5 with
log n/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.

Salmon
et al.,
Many
studies
have2015
shown that a constant (comoving)
number-density selection can trace the progenitor and

•

Bayesian SED modelling
including emission lines

•

Number density selection
indicates galaxies on average
have a modestly rising starformation histories
Salmon et al.

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) derived by integrating that SFR history with the Bruzual & Charlot
SPS models. For the z = 4 galaxies with log M? /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.

Hα EW as a sSFR indicator

6
ence bimodality
for H↵ emitters at z ⇠ 4

Caputi
et al.
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Are high EW emission line
galaxies a special population?
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⇤
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Bursty star-formation histories?

z=4-5

Smit et al., 2016

•

Galaxies with ‘bursty’ starformation histories spend
significant amount of their time
at low Hα sSFR, high UV sSFR

•

Extreme emission line galaxies
are unlikely to be short-lived
bursts

•

Binary models (e.g. Eldridge &
Stanway 2012) oﬀer an
alternative explanation.

Bursty star-formation histories?

z=4-5

Smit et al., 2016

Bursty star-formation histories?

z=4-5

Smit et al., 2016

•

Galaxies with ‘bursty’ starformation histories spend
significant amount of their time
at low Hα sSFR, high UV sSFR

•

Extreme emission line galaxies
are unlikely to be all short-lived
bursts

•

Binary models (e.g. Eldridge &
Stanway 2012) oﬀer an
alternative explanation.
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See talks on dust on Thursday

ALMA [CII] non-detections at z>6

z=6.6

Ouchi et al., 2013

see also Ota et al. 2014, Maiolino et al. 2015

Bright [CII] but no dust in UV-bright LBGs
3

HZ2

HZ3

Meurer et al. (1999) (Calzetti like dust)
Pettini et al. (1998) (SMC like dust)
This work, detections
This work, upper limits
This work, mean of undetected

HZ4

HZ6

HZ7

log10(LIR/L1600)

2

HZ8

1

0

HZ5a
-1

HZ8W

z~5.5
-2

HZ9

HZ10

-2

0

N

E

See also subsequent [CII] detections by Willott et al. 2016,
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the morphologies will be affected by Lya, except for HZ10, which is Subaru z9

Capak et al., 2015

ALMA spectroscopic confirmations
z=6.854

z=6.808

Spitzer selected galaxies
show bright [CII] detections
in the epoch of reionization
Smit et al., 2018, Nature, in press

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]
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Smit et al., 2018
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Spatial offsets UV and IR continuum
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Dust geometry also affects the
[CII] morphology

at z∼3 from Coppin et al. (2015).
at In
z∼3
order
from
to estimate
Coppin ettheal. (20
(conservatively)
allowed
systematic uncertainty on L8–1000, we
systematic
uncertainty
on L8–1000
the dust emission parameters to vary
the dust
between
emission
α=1.5–2.5,
parameters to
include more
γ=1.2–2.0, and Td=27–47 Kto
γ=1.2–2.0,
and extreme
Td=27–47

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.

Himiko revisited: faint but detectable [CII]

cycle 0 + cycle 1
combined & tapered

Lyα

(b)

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

z=6.6

[CII]

et al. (2013). This tension can be explained with the fact
that, not having a priori knowledge on the location of

Himiko revisited: faint but detectable [CII]
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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).

Carniani, Maiolino, Smit & Amorin,, submitted

3.3. Multi-component system
Given the multi-clump shape of Himiko in the restframe UV images and the extended [Cii] emission detected in the smoothed ALMA observations, in this section we investigate the morphology of [Cii] emission and
its connection with the UV and Lyα counterparts.
A channel map analysis performed on the non-
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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

z~7 [CII] emitters appear to have similar
kinematics to z~2 Hα emitting galaxies

Smit et al., 2018, Nature, in press

Rotation vs. chaotic motion

[Cii] in CR
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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 respect 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.

What fraction of the galaxy
population is chaotic vs. settled?
Larger ALMA / NIRSpec IFU
samples needed

than the beam, meaning that these clumps are unresolved and hence have a size r1/2,[CII] < 2.2 kpc. We
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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

