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Summary. The cooling and collapse of Population III objects is investigated in the 
framework of ‘flat’ standard cosmological model. We have assumed that the 
significant component of fluctuations was isothermal and that the cooling of the 
collapsing cloud was due to the H2 molecule. We have taken into account the 
pressure inside the cloud. The only parameter in our models is the cloud’s mass. 
Our numerical solutions show that the first bound systems were of about a million 
solar masses. In the range of 105-107M© there are four different modes of the 
behaviour of the cloud’s radius, depending on the mass: expansion, expansion 
followed by collapse because of the cooling, collapse after oscillations due to the 
pressure, and a direct contraction. It is suggested that the different ways to 
collapse gave rise to different fragmentation processes and hence to different star 
systems with a similar mass. We find that the collapse was delayed by the 
pressure, and the first clouds completed their contraction at redshift 100-140. 

1 Introduction 

In this paper we reconsider the problem of the masses that first collapsed to form bound systems, 
the so-called Population III objects. 

The formation of structures in the post-recombination gaseous medium is commonly explained 
by gravitational instabilities experienced by primordial density fluctuations. In a self-gravitating 
collapsing cloud the temperature tends to increase with contraction. A cooling mechanism is 
required to lower the pressure opposing gravity (Jeans criterion). The condition for efficient 
cooling is that the cooling time-scale be shorter than the free-fall time-scale (Yoneyama 1972). 
The difficulty in cooling the post-recombination clouds is due to the simplicity of the chemical 
composition of the cold medium. The main cooling agent is the hydrogen molecule that is formed 
during the collapse (Takayanagy & Nishimura 1960). According to Peebles & Dicke (1968) the 
first objects to form were the globular clusters. Recent works on that subject are by Hutchins 
(1976); Silk (1977, 1983); Carlberg (1981); Palla, Salpeter & Stabler (1983) and Lepp & Shull 
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The Holy Grail: 
Locating the First Galaxies?

A commonly promoted idea for isolating first generation 
systems has been to search for chemically pristene examples 

Neutron star 
mergers &



Rapid (<60 Myr) SN Enrichment in Early Mini-Halos

Smith et al (2015) (also Richardson et al 2013, Wise et al 2012, c.f. Cen & Riquelme 2008)
Identifying rare pristene (Pop III) galaxies will be very hard



Planck Indicates Late and Fast Reionisation

Planck (2016) find τ = 0.058 � 0.012 corresponding to <z> ~8.3 � 0.5

Models indicate reionisation began at z~10-12 and ended at 6 

CMB polarisation probes foreground Thomson scattering 
from the start of reionisation to the present epoch.
Optical depth of scattering τ constrains the mean redshift 
<z> and (model dependent) duration of reionisation

Planck 
satellite

Reionisation begins

TodayPlanck Collaboration: Planck constraints on reionization history

�z = 0.5), for the various data combinations are:

⌧ = 0.053+0.014
�0.016 , lollipop

5 ; (4)

⌧ = 0.058+0.012
�0.012 , lollipop+PlanckTT ; (5)

⌧ = 0.058+0.011
�0.012 , lollipop+PlanckTT+lensing ; (6)

⌧ = 0.054+0.012
�0.013 , lollipop+PlanckTT+VHL . (7)

We can see an improvement of the posterior width when adding
temperature anisotropy data to the lollipop likelihood. This
comes from the fact that the temperature anisotropies help to fix
other ⇤CDM parameters, in particular the normalization of the
initial power spectrum As, and its spectral index, ns. CMB lens-
ing also helps to reduce the degeneracy with As, while getting
rid of the tension with the phenomenological lensing parameter
AL when using PlanckTT only (see Planck Collaboration XIII
2016), even if the impact on the error bars is small. Comparing
the posteriors in Fig. 6 with the constraints from PlanckTT alone
(see figure 45 in Planck Collaboration XI 2016) shows that in-
deed, the polarization likelihood is su�ciently powerful that it
breaks the degeneracy between ns and ⌧. The impact on other
⇤CDM parameters is small, typically below 0.3� (as shown
more explicitly in Appendix B). The largest changes are for
⌧ and As, where the lollipop likelihood dominates the con-
straint. The parameter �8 shifts towards slightly smaller val-
ues by about 1�. This is in the right direction to help resolve
some of the tension with cluster abundances and weak galaxy
lensing measurements, discussed in Planck Collaboration XX
(2014) and Planck Collaboration XIII (2016); however, some
tension still remains.

Combining with VHL data gives compatible results, with
consistent error bars. The slight shift toward lower ⌧ value (by
0.3�) is related to the fact that the PlanckTT likelihood alone
pushes towards higher ⌧ values (see Planck Collaboration XIII
2016), while the addition of VHL data helps to some extent in
reducing the tension on ⌧ between high-` and low-` polarization.

Fig. 5. Posterior distribution for ⌧ from the various combinations
of Planck data. The grey band shows the lower limit on ⌧ from
the Gunn-Peterson e↵ect.

As mentioned earlier, astrophysics constraints from mea-
surements of the Gunn-Peterson e↵ect provide strong evidence

5In this case only, other⇤CDM parameters are held fixed, including
As exp (�2⌧).

Fig. 6. Constraints on ⌧, As, ns, and �8 for the ⇤CDM cosmol-
ogy from PlanckTT, showing the impact of replacing the lowP
likelihood from Planck 2015 release with the new lollipop
likelihood. The top panels show results without lensing, while
the bottom panels are with lensing.

that the IGM was highly ionized by a redshift of z ' 6. This
places a lower limit on the optical depth (using Eq. 1), which
in the case of instantaneous reionization in the standard ⇤CDM
cosmology corresponds to ⌧ = 0.038.

4.2. Kinetic Sunyaev-Zeldovich effect

The Thomson scattering of CMB photons o↵ ionized elec-
trons induces secondary anisotropies at di↵erent stages of the
reionization process. In particular, we are interested here in
the e↵ect of photons scattering o↵ electrons moving with bulk
velocity, which is called the “kinetic Sunyaev Zeldovich” or
kSZ e↵ect. It is common to distinguish between the “homoge-
neous” kSZ e↵ect, arising when the reionization is complete
(e.g., Ostriker & Vishniac 1986), and “patchy” (or inhomoge-
neous) reionization (e.g., Aghanim et al. 1996), which arises
during the process of reionization, from the proper motion of
ionized bubbles around emitting sources. These two compo-
nents can be described by their power spectra, which can be
computed analytically or derived from numerical simulations. In
Planck Collaboration XI (2016), we used a kSZ template based
on homogeneous simulations, as described in Trac et al. (2011).

In the following, we assume that the kSZ power spectrum is
given by

DkSZ
` = Dh�kSZ

` +Dp�kSZ
` , (8)

whereD` = `(` + 1)C`/2⇡ and the superscripts “h-kSZ” and “p-
kSZ” stand for “homogeneous” and “patchy” reionization, re-
spectively. For the homogeneous reionization, we use the kSZ
template power spectrum given by Shaw et al. (2012) calibrated
with a simulation that includes the e↵ects of cooling and star-
formation (which we label “CSF”). For the patchy reionization
kSZ e↵ect we use the fiducial model of Battaglia et al. (2013).

In the range ` = 1000–7000, the shape of the kSZ power
spectrum is relatively flat and does not vary much with the de-
tailed reionization history. The relative contributions (specifi-
cally “CSF” and “patchy”) to the kSZ power spectrum are shown
in Fig 7 and compared to the “homogeneous” template used in
Planck Collaboration XI (2016), rescaled to unity at ` = 3000.
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lensing measurements, discussed in Planck Collaboration XX
(2014) and Planck Collaboration XIII (2016); however, some
tension still remains.

Combining with VHL data gives compatible results, with
consistent error bars. The slight shift toward lower ⌧ value (by
0.3�) is related to the fact that the PlanckTT likelihood alone
pushes towards higher ⌧ values (see Planck Collaboration XIII
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that the IGM was highly ionized by a redshift of z ' 6. This
places a lower limit on the optical depth (using Eq. 1), which
in the case of instantaneous reionization in the standard ⇤CDM
cosmology corresponds to ⌧ = 0.038.

4.2. Kinetic Sunyaev-Zeldovich effect

The Thomson scattering of CMB photons o↵ ionized elec-
trons induces secondary anisotropies at di↵erent stages of the
reionization process. In particular, we are interested here in
the e↵ect of photons scattering o↵ electrons moving with bulk
velocity, which is called the “kinetic Sunyaev Zeldovich” or
kSZ e↵ect. It is common to distinguish between the “homoge-
neous” kSZ e↵ect, arising when the reionization is complete
(e.g., Ostriker & Vishniac 1986), and “patchy” (or inhomoge-
neous) reionization (e.g., Aghanim et al. 1996), which arises
during the process of reionization, from the proper motion of
ionized bubbles around emitting sources. These two compo-
nents can be described by their power spectra, which can be
computed analytically or derived from numerical simulations. In
Planck Collaboration XI (2016), we used a kSZ template based
on homogeneous simulations, as described in Trac et al. (2011).

In the following, we assume that the kSZ power spectrum is
given by

DkSZ
` = Dh�kSZ

` +Dp�kSZ
` , (8)

whereD` = `(` + 1)C`/2⇡ and the superscripts “h-kSZ” and “p-
kSZ” stand for “homogeneous” and “patchy” reionization, re-
spectively. For the homogeneous reionization, we use the kSZ
template power spectrum given by Shaw et al. (2012) calibrated
with a simulation that includes the e↵ects of cooling and star-
formation (which we label “CSF”). For the patchy reionization
kSZ e↵ect we use the fiducial model of Battaglia et al. (2013).

In the range ` = 1000–7000, the shape of the kSZ power
spectrum is relatively flat and does not vary much with the de-
tailed reionization history. The relative contributions (specifi-
cally “CSF” and “patchy”) to the kSZ power spectrum are shown
in Fig 7 and compared to the “homogeneous” template used in
Planck Collaboration XI (2016), rescaled to unity at ` = 3000.
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Fig. 4. Left: Evolution of the ionization fraction for several functions, all having the same optical depth, ⌧ = 0.06: green and blue are
for redshift-symmetric instantaneous (�z = 0.05) and extended reionization (�z = 0.7), respectively; red is an example of a redshift-
asymmetric parameterization; and light blue and magenta are examples of an ionization fraction defined in redshift bins, with two
bins inverted between these two examples. Right: corresponding EE power spectra with cosmic variance in grey. All models have
the same optical depth ⌧ = 0.06 and are essentially indistinguishable at the reionization bump scale.

panded around a given fiducial model for CEE
` . Moreover, the po-

tential bias on the ⌧ measurement when analysing a more com-
plex reionization history using a simple sharp transition model
(Holder et al. 2003; Colombo & Pierpaoli 2009) is considerably
reduced for the (lower) ⌧ values as suggested by the Planck re-
sults. Consequently, we do not consider the non-parametric ap-
proach further.

4. Measuring reionization observables

Reionization leaves imprints in the CMB power spectra, both
in polarization at very large scales and in intensity via the sup-
pression of TT power at higher `. Reionization also a↵ects the
kSZ e↵ect, due to the re-scattering of photons o↵ newly liberated
electrons.

4.1. Large-scale CMB polarization

Thomson scattering between the CMB photons and free elec-
trons generates linear polarization from the quadrupole moment
of the CMB radiation field at the scattering epoch. This occurs
at recombination and also during the epoch of reionization. Re-
scattering of the CMB photons at reionization generates an ad-
ditional polarization anisotropy at large angular scales, because
the horizon size at this epoch subtends a much larger angular
size. The multipole location of this additional anisotropy (essen-
tially a bump) in the EE and T E angular power spectra relates to
the horizon size at the new “last-rescattering surface” and thus
depends on the redshift of reionization. The height of the bump
is a function of the optical depth or, in other words, of the history
of the reionization process. Such a signature (i.e., a polarization
bump at large scales) was first observed by WMAP, initially in
the T E angular power spectrum (Kogut et al. 2003), and later in
combination with all power spectra (Hinshaw et al. 2013).

In Fig. 3 we show for the “instantaneous” reionization case
(specifically the redshift-symmetric parameterization with �z =
0.5) power spectra for the E-mode polarization power spec-
trum CEE

` and the temperature-polarization cross-power spec-
trum CT E

` . The curves are computed with the CLASS Boltzmann

solver (Lesgourgues 2011) using ⌧ values ranging from 0.04 to
0.08. For the range of optical depth considered here and given
the amount of cosmic variance, the T E spectrum has only a
marginal sensitivity to ⌧, while in EE the ability to distinguish
di↵erent values of ⌧ is considerably stronger.

In Fig. 4 (left panel), the evolution of the ionized fraction
xe during the EoR is shown for five di↵erent parameterizations
of the reionization history, all yielding the same optical depth
⌧ = 0.06. Despite the di↵erences in the evolution of the ioniza-
tion fraction, the associated CEE

` curves (Fig. 4, right panel) are
almost indistinguishable. This illustrates that while CMB large-
scale anisotropies in polarization are only weakly sensitive to the
details of the reionization history, they can nevertheless be used
to measure the reionization optical depth, which is directly re-
lated to the amplitude of the low-` bump in the E-mode power
spectrum.

We use the Planck data to provide constraints on the
Thomson scattering optical depth for “instantaneous” reioniza-
tion. Figure 5 shows the posterior distributions for ⌧ obtained
with the di↵erent data sets described in Sect. 2 and compared
to the 2015 PlanckTT+lowP results (Planck Collaboration XIII
2016). We show the posterior distribution for the low-` Planck
polarized likelihood (lollipop) and in combination with the
high-` Planck likelihood in temperature (PlanckTT). We also
consider the e↵ect of adding the SPT and ACT likelihoods
(VHL) and the Planck lensing likelihood, as described in
Planck Collaboration XV (2016).

The di↵erent data sets show compatible constraints on the
optical depth ⌧. The comparison between posteriors indicates
that the optical depth measurement is driven by the low-` like-
lihood in polarization (i.e., lollipop). The Planck constraints
on ⌧ for a ⇤CDM model when considering the standard “instan-
taneous” reionization assumption (symmetric model with fixed
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Cosmic Dawn: The Beginning of Reionisation

Figure 1. Cumulative redshift evolution of the reionization optical depth ⌧(z) for several possible
reionization scenarios. The yellow solid and dot-dashed lines illustrate the PCA-A scenario for the
case of two fiducial models constant in redshift. The two upper dot-dashed lines refer also to the
PCA-A parameterization but with redshift-dependent fiducial models. The two lower colored solid
lines depict the PCA-B scenarios, while the solid black line and the blue contours show the mean
value and the 1, 2 and 3� allowed regions within the PCHIP prescription.

In order to unravel the origin of this early reionization component present when using
the PCA-A description, several tests have been carried out. Firstly, we have eliminated
the physical limits in the PCA amplitudes, finding very similar results. Secondly, we have
simulated mock Planck data with the hyperbolic tangent description and then fitted these
data to a PCA-A modeling, using different fiducial models. We always find two bumps in
the recovered xe, one located between z = 10 and z = 15 and a second one located between
z = 20 and z = 25. Upcoming measurements from the Planck satellite could disentangle if
this early reionization component is truly indicated by the data or instead it is due to the
adopted modeling or to other effects (i.e. systematics).

Furthermore, this early reionization component is definitely absent when other possible
reionization histories are used in the analyses. For instance, in the case of PCA-B parame-
terizations (see Eqs. (2.10) and (2.3)), there is no early reionization contribution, as ⌧(z) is
negligibly small for z > 10. The same happens for the PCHIP method, in which the mean
reconstructed value of ⌧(z) is also very small at high redshifts, showing little evidence for an
early reionization component (see also Ref. [26]). Notice that the value of ⌧ today is smaller
in the PCA-B approaches than in the PCA-A and PCHIP descriptions. However, this behavior
is the expected one, as the PCA-B scenarios are very close to those explored by the Planck
collaboration in Ref. [11], where it was found that the current value of ⌧ is 0.058± 0.012 for
the hyperbolic tangent case, in perfect agreement with our findings here (the mean value is
⌧ = 0.068 for the very same model). The differences between the PCA-A and PCA-B cases
can be understood from the fact that the case B imposes a more restrictive functional form
on the ionization history.
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Figure 10. Constraints on the EoR history, including all of the above-mentioned observational priors: (i) the dark fraction (McGreer et al. 2015), (ii) CMB
optical depth (Planck Collaboration XLVII 2016); (iii) Ly↵ fraction evolution (Mesinger et al. 2015); (iv) LAE clustering (Ouchi et al. 2010; Sobacchi &
Mesinger 2015); (v) damping wing in ULAS J1120+0641 (Greig et al., in prep); (vi) patchy kSZ (George et al. 2015). In order to aid the visual representation
of the respective constraints we present the 2� contours for the CMB optical depth and the patchy kSZ signal as the boundaries of the 1� limits are masked
by the constraints from the combined EoR history (c.f. Figs. 4 and 9). For all other observations we present the 1� limits and constraints.

throughout reionisation rules out large values of ⇣ (i.e. fesc), as
reionisation would otherwise occur too early to be consistent with
the Planck observations.

In Fig. 12, we illustrate how such an empirically-motivated
prior on Tmin

vir can impact our constraints on ⇣ (or fesc). The red
curve corresponds to the 1D marginalised PDF from our Gold Sam-
ple (as in Fig. 5), showing that ⇣ is essentially unconstrained due
to its degeneracy with Tmin

vir . On the other hand, the blue curve in-
cludes the more stringent, step-function prior of Tmin

vir  105 K.
The constraints on the ionising efficiencies are improved consider-
ably with the addition of the Tmin

vir  105 K prior: fesc = 0.14+0.26
�0.09

(or ⇣ = 28+52
�18).

A word of caution about this approach is in order. As dis-
cussed above, our three-parameter model serves to provide a set
of functions, x̄HI(z), to describe the reionisation history. As long
as the space of x̄HI(z) functions is “reasonably” exhaustive, it can
be directly compared with EoR observations with the resulting con-
straints being fairly robust (i.e. not strongly dependent on the phys-
ical interpretation of the EoR parameters themselves). In contrast,

of Tmin
vir , for a given M

min
UV , obtained with abundance matching under the

fiducial assumption of a constant duty cycle; or (ii) an ionising photon es-
cape fraction which increases towards fainter galaxies (e.g. Paardekooper
et al. 2015), compensating for their less-efficient star formation. In any case,
the calculation shown here is only approximate, and should be taken as a
proof-of-concept for future studies when better observations of the faint end
of the LF at higher redshifts, as well as insights into the scaling of fesc with
halo mass, are available.

Figure 11. Parameter constraints corresponding to Fig. 10. As in Fig. 4, the
dashed blue curve in the bottom right panel shows the marginalised 1D PDF
for Tmin

vir , but narrowing the adopted range for a flat prior on the ionising
efficiency to 0 < ⇣ < 100 (arguably a more plausible range).

constraints on the EoR parameters themselves are much more un-
certain, relying on both: (i) the accuracy of the EoR parametri-
sation; and (ii) the numerous assumptions necessary to connect
the faint galaxy population driving reionisation to the rare bright
objects we actually observe. The results presented in this section
should therefore be interpreted as a proof-of-concept.
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Fig. 11. Posterior distributions on the end and beginning of
reionization, i.e., zend and zbeg, using the redshift-symmetric pa-
rameterization without (blue) and with (green) the prior zend > 6.

reionization redshifts; marginalizing over �z thus shifts the pos-
terior distribution to slightly larger zre values.

In addition to the posteriors for zre and �z using the redshift-
symmetric parameterization, the distributions of the end and
beginning of reionization, zend (i.e., z99 %) and zbeg (i.e., z10 %),
are plotted in Fig. 11. In such a model, the end of reionization
strongly depends on the constraint at low redshift. On the other
hand, the constraints on zbeg depend only slightly on the low-
redshift prior. These results show that the Universe is ionized at
less than the 10 % level above z = 9.4 ± 1.2.

5.2. Redshift-asymmetric parameterization

We now explore more complex reionization histories using
the redshift-asymmetric parameterization of xe(z) described in
Sect. 3. In the same manner as in Sect. 5.1, also examine the
e↵ect of imposing the additional constraint from the Gunn-
Peterson e↵ect.

The distributions of the two parameters, zend and zbeg, are
plotted in Fig. 12. With the redshift-asymmetric parameteriza-
tion, we obtain zbeg = 10.4+1.9
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which disfavours any major contribution to the ionized fraction
from sources that could form as early as z >⇠ 15.
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In Fig. 13, we interpret the results in terms of reionization
redshift and duration of the EoR, finding

zre = 8.0+0.9
�1.1 (uniform prior) , (16)

zre = 8.5+0.9
�0.9 (prior zend > 6) . (17)

These values are within 0.4� of the results for the redshift-
symmetric model. For the duration of the EoR, the upper limits
on �z are

�z < 10.2 (95 % CL, unform prior) , (18)
�z < 6.8 (95 % CL, prior zend > 6) . (19)
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prior zend > 6.

5.3. Combination with the kSZ effect

In order to try to obtain better constraints on the reionization
width, we now make use of the additional information coming
from the amplitude of the kinetic SZ e↵ect. Since Planck alone
is not able to provide accurate limits on the kSZ amplitude, we
combine the Planck likelihoods in temperature and polarization
with the measurements of the CMB TT power spectrum at high
resolution from the ACT and SPT experiments, “VHL.”

Using the redshift-symmetric model, when adding the VHL
data, we recover essentially the same results as in Sect. 5.1. The
reionization redshift is slightly lower, as suggested by the results
on ⌧ (see Eq. 7 and the discussion in Sect. 4.1). We also see the
same degeneracy along the �z direction.

With the addition of kSZ information, we are able to break
the degeneracy with �z. This might allow us to determine how
much kSZ power originated during reionization (i.e., patchy
kSZ) and how much at later times, when the Universe became
fully ionized (i.e., homogeneous kSZ). We use the templates
from Shaw et al. (2012) and Battaglia et al. (2013) for the ho-
mogeneous and patchy kSZ contributions, respectively, with the
dependency on ⇤CDM cosmological parameters as described in
Sect. 4.2. Those specific relations rely on a redshift-symmetric
model for the description of the EoR. Note, however, that the
results presented here are derived from specific simulations of
the reionization process, and so explicit scalings need to be
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An absorption profile centred at 78 megahertz in the 
sky-averaged spectrum
Judd D. Bowman1, Alan E. E. Rogers2, Raul A. Monsalve1,3,4, Thomas J. Mozdzen1 & Nivedita Mahesh1

After stars formed in the early Universe, their ultraviolet light is 
expected, eventually, to have penetrated the primordial hydrogen 
gas and altered the excitation state of its 21-centimetre hyperfine 
line. This alteration would cause the gas to absorb photons from 
the cosmic microwave background, producing a spectral distortion 
that should be observable today at radio frequencies of less than  
200 megahertz1. Here we report the detection of a flattened 
absorption profile in the sky-averaged radio spectrum, which is 
centred at a frequency of 78 megahertz and has a best-fitting full-
width at half-maximum of 19 megahertz and an amplitude of 0.5 
kelvin. The profile is largely consistent with expectations for the 
21-centimetre signal induced by early stars; however, the best-fitting 
amplitude of the profile is more than a factor of two greater than 
the largest predictions2. This discrepancy suggests that either the 
primordial gas was much colder than expected or the background 
radiation temperature was hotter than expected. Astrophysical 
phenomena (such as radiation from stars and stellar remnants) are 
unlikely to account for this discrepancy; of the proposed extensions 
to the standard model of cosmology and particle physics, only 
cooling of the gas as a result of interactions between dark matter 
and baryons seems to explain the observed amplitude3. The low-
frequency edge of the observed profile indicates that stars existed 
and had produced a background of Lyman-α photons by 180 million 
years after the Big Bang. The high-frequency edge indicates that 
the gas was heated to above the radiation temperature less than 
100 million years later.

Observations with the Experiment to Detect the Global Epoch of 
Reionization Signature (EDGES) low-band instruments, which began 
in August 2015, were used to detect the absorption profile. Each of the 
two low-band instruments consists of a radio receiver and a zenith- 
pointing, single-polarization dipole antenna. Spectra of the brightness 
temperature of the radio-frequency sky noise, spatially averaged over 
the large beams of the instruments, were recorded between 50 MHz 
and 100 MHz. Raw spectra were calibrated, filtered and integrated over 
 hundreds of hours. Automated measurements of the reflection coeffi-
cients of the antennas were performed in the field. Other measurements  
were performed in the laboratory, including of the noise waves and 
reflection coefficients of the low-noise amplifiers and additional  
calibration constants. Details of the instruments, calibration, verifica-
tion and model fitting are described in Methods.

In Fig. 1 we summarize the detection. It shows the spectrum 
observed by one of the instruments and the results of model fits. 
Galactic synchrotron emission dominates the observed sky noise, 
 yielding a power-law spectral profile that decreases from about 
5,000 K at 50 MHz to about 1,000 K at 100 MHz for the high Galactic 
latitudes shown. Fitting and removing the Galactic emission and  
ionospheric contributions from the spectrum using a five-term,  
physically motivated foreground model (equation (1) in Methods) 
results in a residual with a root-mean-square (r.m.s.) of 0.087 K.  

The absorption profile is found by fitting the integrated spectrum 
with the foreground model and a model for the 21-cm signal  
simultaneously. The best-fitting 21-cm model yields a symmetric 
U-shaped absorption profile that is centred at a frequency of 
78 ±  1 MHz and has a full-width at half- maximum of −

+19 MHz2
4 , an 

amplitude of . − .+ .0 5 K0 2
0 5  and a flattening factor of τ= −

+7 3
5 (where the 

bounds provide 99% confidence intervals including estimates of  
systematic uncertainties; see Methods for model definition). 
Uncertainties in the parameters of the fitted profile are estimated 
from statistical uncertainty in the model fits and from  systematic 
differences between the various validation trials that were performed 
using observations from both instruments and several  different data 
cuts. The 99% confidence intervals that we report are calculated as 
the outer bounds of (1) the marginalized statistical 99% confidence 
intervals from fits to the primary dataset and (2) the range of best- 
fitting values for each parameter across the validation trials. Fitting 
with both the foreground and 21-cm models lowers the residuals to 
an r.m.s. of 0.025 K. The fit shown in Fig. 1 has a signal-to-noise ratio 
of 37, calculated as the best-fitting amplitude of the profile divided 
by the statistical uncertainty of the amplitude fit, including the cova-
riance between model parameters. Additional analyses of the 

1School of Earth and Space Exploration, Arizona State University, Tempe, Arizona 85287, USA. 2Haystack Observatory, Massachusetts Institute of Technology, Westford, Massachusetts 01886, USA. 
3Center for Astrophysics and Space Astronomy, University of Colorado, Boulder, Colorado 80309, USA. 4Facultad de Ingeniería, Universidad Católica de la Santísima Concepción, Alonso de Ribera 
2850, Concepción, Chile.
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Figure 1 | Summary of detection. a, Measured spectrum for the reference 
dataset after filtering for data quality and radio-frequency interference. 
The spectrum is dominated by Galactic synchrotron emission.  
b, c, Residuals after fitting and removing only the foreground  
model (b) or the foreground and 21-cm models (c). d, Recovered  
model profile of the 21-cm absorption, with a signal-to-noise  
ratio of 37, amplitude of 0.53 K, centre frequency of 78.1 MHz and  
width of 18.7 MHz. e, Sum of the 21-cm model (d) and its residuals (c).
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observations using restricted spectral bands yield nearly identical 
best-fitting absorption profiles, with the highest signal-to-noise ratio 
reaching 52. In Fig. 2 we show representative cases of these fits.

We performed numerous hardware and processing tests to validate 
the detection. The 21-cm absorption profile is observed in data that 
span nearly two years and can be extracted at all local solar times and 
at all local sidereal times. It is detected by two identically designed 
instruments operated at the same site and located 150 m apart, and 
even after several hardware modifications to the instruments, includ-
ing orthogonal orientations of one of the antennas. Similar results for 
the absorption profile are obtained by using two independent pro-
cessing pipelines, which we tested using simulated data. The profile is 
detected using data processed via two different calibration techniques:  
absolute calibration and an additional differencing-based post- 
calibration process that reduces some possible instrumental errors. It 
is also detected using several sets of calibration solutions derived from 
 multiple laboratory measurements of the receivers and using  multiple 
on-site measurements of the reflection coefficients of the antennas. 
We modelled the sensitivity of the detection to several possible  
calibration errors and in all cases recovered profile amplitudes that 
are within the reported confidence range, as summarized in Table 1.  
An EDGES high-band instrument operates between 90 MHz and 
200 MHz at the same site using a nearly identical receiver and a scaled 
version of the low-band antennas. It does not produce a similar  feature 
at the scaled frequencies4. Analysis of radio-frequency interference 
in the observations, including in the FM radio band, shows that  
the absorption profile is inconsistent with typical spectral contribu-
tions from these sources.

We are not aware of any alternative astronomical or atmospheric 
mechanisms that are capable of producing the observed profile. H ii 
regions in the Galaxy have increasing optical depth with wavelength, 
blocking more background emission at lower frequencies, but they 
are observed primarily along the Galactic plane and generate mono-
tonic spectral profiles at the observed frequencies. Radio-frequency 
recombination lines in the Galactic plane create a ‘picket fence’ of 
narrow absorption lines separated by approximately 0.5 MHz at the 
observed frequencies5, but these lines are easy to identify and filter 
in the EDGES observations. The Earth’s ionosphere weakly absorbs 
radio signals at the observed frequencies and emits thermal radiation 
from hot electrons, but models and observations imply a broadband 
effect that varies depending on the ionospheric conditions6,7, including 
diurnal changes in the total electron content. This effect is fitted by 
our foreground model. Molecules of the hydroxyl radical and nitric 
oxide have spectral lines in the observed band and are present in the 
atmosphere, but the densities and line strengths are too low to produce 
substantial absorption.

The 21-cm line has a rest-frame frequency of 1,420 MHz. Expansion 
of the Universe redshifts the line to the observed band according to 
ν =  1,420/(1 +  z) MHz, where z is the redshift, which maps uniquely 
to the age of the Universe. The observed absorption profile is the con-
tinuous superposition of lines from gas across the observed redshift 
range and cosmological volume; hence, the shape of the profile traces 
the history of the gas across cosmic time and is not the result of the 

properties of an individual cloud. The observed absorption profile is 
centred at z ≈  17 and spans approximately 20 >  z >  15.

The intensity of the observable 21-cm signal from the early 
Universe is given as a brightness temperature relative to the micro-
wave background8:
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where xHi is the fraction of neutral hydrogen, Ωm and Ωb are the matter 
and baryon densities, respectively, in units of the critical density for a 
flat universe, h is the Hubble constant in units of 100 km s−1 Mpc−1, 
TR is the temperature of the background radiation, usually assumed to 
be from the background produced by the afterglow of the Big Bang, 
TS is the 21-cm spin temperature that defines the relative population 
of the hyperfine energy levels, and the factor of 0.023 K comes from 
atomic-line physics and the average gas density. The spin temperature 
is affected by the absorption of microwave photons, which couples TS 
to TR, as well as by resonant scattering of Lyman-α  photons and atomic 
collisions, both of which couple TS to the kinetic temperature of the 
gas TG.

The temperatures of the gas and the background radiation are 
 coupled in the early Universe through Compton scattering. This 
 coupling becomes ineffective in numerical models9,10 at z ≈  150, 
after which primordial gas cools adiabatically. In the absence of 
stars or non-standard physics, the gas temperature is expected to be 
9.3 K at z =  20, falling to 5.4 K at z =  15. The radiation temperature 
decreases more slowly owing to cosmological expansion, following 
T0(1 + z) with T0 =  2.725, and so is 57.2 K and 43.6 K at the same  
redshifts,  respectively. The spin temperature is initially coupled to the 
gas temperature as the gas cools below the radiation temperature, but 
eventually the decreasing density of the gas is insufficient to main-
tain this coupling and the spin temperature returns to the radiation 
temperature.
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Figure 2 | Best-fitting 21-cm absorption profiles for each hardware case. 
Each profile for the brightness temperature T21 is added to its residuals and 
plotted against the redshift z and the corresponding age of the Universe. 
The thick black line is the model fit for the hardware and analysis 
configuration with the highest signal-to-noise ratio (equal to 52; H2;  
see Methods), processed using 60–99 MHz and a four-term polynomial 
(see equation (2) in Methods) for the foreground model. The thin solid 
lines are the best fits from each of the other hardware configurations  
(H1, H3–H6). The dash-dotted line (P8), which extends to z >  26, is 
reproduced from Fig. 1e and uses the same data as for the thick black line 
(H2), but a different foreground model and the full frequency band.

Table 1 | Sensitivity to possible calibration errors

Error source
Estimated  
uncertainty

Modelled 
error level

Recovered  
amplitude (K)

LNA S11 magnitude 0.1 dB 1.0 dB 0.51
LNA S11 phase (delay) 20 ps 100 ps 0.48
Antenna S11 magnitude 0.02 dB 0.2 dB 0.50
Antenna S11 phase (delay) 20 ps 100 ps 0.48
No loss correction N/A N/A 0.51
No beam correction N/A N/A 0.48

The estimated uncertainty for each case is based on empirical values from laboratory 
 measurements and repeatability tests. Modelled error levels were chosen conservatively to 
be five and ten times larger than the estimated uncertainties for the phases and magnitudes, 
 respectively. LNA, low-noise amplifier; S11, input reflection coefficient; N/A, not applicable.
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Extended Data Figure 2 | Low-band antennas. a, The low-1 antenna 
with the 30 m ×  30 m mesh ground plane. The darker inner square is the 
original 10 m ×  10 m mesh. The control hut is 50 m from the antenna.  
b, A close view of the low-2 antenna. The two elevated metal panels form 

the dipole-based antenna and are supported by fibreglass legs. The balun 
consists of the two vertical brass tubes in the middle of the antenna. The 
balun shield is the shoebox-sized metal shroud around the bottom of the 
balun. The receiver is under the white metal platform and is not visible.

Wouthuysen-Field coupling of 21cm spin 
temperature and Lyman alpha radiation from first 
sources produces  21cm absorption of CMB

EDGES experiment (Bowman et al 2018) claims 
surprisingly deep 21cm absorption over 15<z<20

EDGES experiment

01/03/2018 A surprising chill before the cosmic dawn

https://www.nature.com/articles/d41586-018-02310-9 3/6

Figure 1 | Temperature changes during the evolution of the Universe. The first two phases of the Universe
were the ‘dark age’, before stars formed (grey), and the cosmic dawn (yellow), when clouds of hydrogen in early
structures collapsed to form stars. The temperature of radiation (T ) left over from the Big Bang has declined
slowly over time. The spin temperature (T ) of hydrogen that has not formed stars reflects the excitation state of
the hydrogen atoms (solid blue line shows previous estimates of T  based on models). Bowman et al.  use
observations to estimate T , and find that it dropped to lower values (red solid line) than predicted by models.
Barkana  proposes that this could be evidence for a previously unrecognized, non-gravitational interaction
between normal and dark matter. Such interactions would mean that the ‘kinetic’ temperature of gas (T ) in the
Universe also dropped to a lower minimum (red dashed line) than is predicted by known physics (blue dashed
line). (Adapted from ref. 12.)

A long-standing theory  that still awaits testing predicts that absorption of UV radiation from early stars by nearby clouds of
hydrogen could have driven T  back down to T , but not lower. In other words, the cosmic dawn would make the gas seem
colder when observed at radio frequencies. This would create an absorption feature in the spectrum of the background
radiation left over from the Big Bang.

Bowman et al. now report the possible detection of just such an absorption signal. The authors measured T , averaged over
much of the sky and over a contiguous range of radio frequencies; each frequency provides a window on a different time in the
Universe’s past. The measurement is very difficult because it must be performed using an extremely well-calibrated VHF radio
antenna and receiver, to enable the weak cosmological signal to be separated from much stronger celestial signals and from
those within the electronics systems of the apparatus used.

The putative absorption signal extends over a wide frequency range, one end of which looks as far back as 180 million years
ago, in good agreement with theoretical predictions . Remarkably, however, the peak amplitude of the absorption is two to
three times larger than predicted by the most optimistic models, and the absorption profile is flat-bottomed, rather than
curvilinear and Gaussian-like, which is also at odds with models.
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Fig. 5.— The evolution of the cosmic SFR density at high redshift integrated down to a UV luminosity of MUV = �17.0 (SFR
> 0.3 M� yr�1). Lower redshift measurements (gray dots) have been updated from ALMA constraints in Bouwens et al. (2016a) assuming
an evolving dust temperature and they include a small contribution from ULIRGS. Also shown are the measurements from Ishigaki et al.
(2015, pink triangle) and McLeod et al. (2016, blue triangles), which have been corrected to our integration limit and UV luminosity to
SFR conversion factor. The new measurement from the combination of all HST fields (filled dark red circle) confirms the rapid, accelerated
evolution of the SFRD between z ⇠ 8 to z ⇠ 10, as has previously been found in the HUDF+GOODS fields (Oesch et al. 2014; Bouwens
et al. 2015). The evolution is significantly faster than at lower redshift (gray shaded region), which is not unexpected given the fast evolution
of the halo mass function over this redshift range (see Sect 4.4). To illustrate this, the orange shaded region shows the relative evolution
of the cumulative DM halo mass function integrated down to log Mh/M� = 9.5� 10.5 and normalized at the z ⇠ 8 SFRD value. Clearly,
the evolution of the DM halos is in very good agreement with the substantial decrease in the SFRD at z > 8.

4.3. The Cosmic SFRD at z ⇠ 10

The evolution of the cosmic SFRD at z > 8 has been
a matter of debate in the recent literature. In particu-
lar, several authors claimed a shallower evolution than
has been inferred from the combination of the XDF and
GOODS datasets by our team. However, most of these
studies were based on the analysis of individual, small
fields, and an even smaller number of candidates than
studied here. Given the large survey volume in the com-
bined HST dataset, we can now establish the best possi-
ble constraint on the SFRD at z ⇠ 10 based on the UV
LFs we derived in the previous section.
Thanks to the lensing magnification in the HFF cluster

fields, we have further constrained the UV LF to fainter
limits than possible with the HUDF/XDF dataset, al-
lowing us to derive the SFRD to lower limits than in
our previous analyses without any extrapolation. We
use an updated conversion factor from UV luminosity to
star-formation rate as discussed in Madau & Dickinson
(2014): K

UV

= 1.15⇥ 10�28 M� yr�1/erg s�1 Hz�1. We
then integrate the UV LF down to M

UV

= �17, which
corresponds to a SFR limit of 0.3M� yr�1, given this
adopted conversion factor K

UV

.
The resulting SFRD values at z ⇠ 10 based on the

di↵erent assumptions about the UV LF Schechter func-
tion parameters are tabulated in Table 5. In partic-
ular, our best-fit UV LF results in a SFRD value of
log ⇢̇⇤ = �3.29 ± 0.16 M� yr�1 Mpc�3. This is in very
good agreement with our previous measurements, where

we already pointed out the accelerated evolution at z > 8
(Oesch et al. 2014; Bouwens et al. 2016b). As can be
seen from the table, the SFRD also does not change sig-
nificantly between our di↵erent assumptions about the
Schechter function parameters. We consistently find val-
ues around log ⇢̇⇤ = �3.3 M� yr�1 Mpc�3.
It is interesting to compare this measurement to the

SFRD at lower redshift. Fig. 5 also shows these mea-
surements based on new dust correction factors moti-
vated by ALMA observations and adding a small contri-
bution from dusty galaxies. In particular, we plot the
values assuming an evolving dust temperature from Ta-
ble 10 in Bouwens et al. (2016a), which were integrated
to the same UV luminosity limit. All numbers were ad-
justed slightly to account for the di↵erent conversion fac-
tor K

UV

.
A power law fit to the z ⇠ 4 � 8 values results in a

SFRD evolution / (1 + z)�4.2. When extrapolating this
to z ⇠ 10, our measurement lies a factor 5-6⇥ below this
trend, similar to our earlier findings, but in contrast to
some recent claims by other authors (e.g., McLeod et al.
2016). As noted earlier, the previous measurements of
the z ⇠ 10 SFRD that found values consistent with a sim-
ple extrapolation of the lower redshift evolution were all
based on very small samples or on very limited search vol-
umes. For example, the SFRD measurement by McLeod
et al. (2016) was only based on one single point in the
UV LF (also shown in Fig 2), and did not include any
constraints from the wider area CANDELS data. The
combination of all the HST legacy fields in our analysis
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ABSTRACT

We present an analysis of all prime HST legacy fields spanning > 800 arcmin2 for the search of
z ⇠ 10 galaxy candidates and the study of their UV luminosity function (LF). In particular, we
present new z ⇠ 10 candidates selected from the full Hubble Frontier Field (HFF) dataset. Despite
the addition of these new fields, we find a low abundance of z ⇠ 10 candidates with only 9 reliable
sources identified in all prime HST datasets that include the HUDF09/12, the HUDF/XDF, all the
CANDELS fields, and now the HFF survey. Based on this comprehensive search, we find that the UV
luminosity function decreases by one order of magnitude from z ⇠ 8 to z ⇠ 10 at all luminosities over
a four magnitude range. This also implies a decrease of the cosmic star-formation rate density by an
order of magnitude within 170 Myr from z ⇠ 8 to z ⇠ 10. We show that this accelerated evolution
compared to lower redshift can entirely be explained by the fast build-up of the dark matter halo
mass function at z > 8. Consequently, the predicted UV LFs from several models of galaxy formation
are in good agreement with this observed trend, even though the measured UV LF lies at the low
end of model predictions. In particular, the number of only 9 observed candidate galaxies is lower, by
⇠ 50%, than predicted by galaxy evolution models. The di↵erence is generally still consistent within
the Poisson and cosmic variance uncertainties. However, essentially all models predict larger numbers
than observed. We discuss the implications of these results in light of the upcoming James Webb
Space Telescope mission, which is poised to find much larger samples of z ⇠ 10 galaxies as well as
their progenitors at less than 400 Myr after the Big Bang.

Subject headings: galaxies: evolution — galaxies: formation — galaxies: high-redshift — galaxies:
gravitational lensing

1. INTRODUCTION

Understanding the formation and evolution of the first
generations of galaxies in the early universe is still one of
the most challenging and intriguing questions of modern
observational astronomy. Thanks to the availability of
sensitive near-infrared data taken with the Hubble Space
Telescope’s (HST ) Wide Field Camera 3 (WFC3) over
the last few years, the exploration of galaxies has now
reached z ⇠ 10 � 12, less than 500 Myr after the Big
Bang (e.g. Bouwens et al. 2011a, 2016b; Ellis et al. 2013;
Coe et al. 2013; Oesch et al. 2014, 2016; McLeod et al.
2016; Ishigaki et al. 2017).
In particular, out to z ⇠ 8, large galaxy samples have

now been identified and used for the study of galaxy build
up (e.g. Bouwens et al. 2011b, 2015; Bradley et al. 2014;
Finkelstein et al. 2012a; Schenker et al. 2013; McLure
et al. 2013; Schmidt et al. 2014; Barone-Nugent et al.
2014; Stefanon et al. 2017b). These galaxy samples en-
abled accurate measurements of the UV LF and the
SFRD, from which a consensus picture emerged. Be-
tween z ⇠ 8 and z ⇠ 3, there is general agreement that
galaxies build up at a remarkably steady rate of about

1 Based on data obtained with the Hubble Space Telescope op-
erated by AURA, Inc. for NASA under contract NAS5-26555.

2 Geneva Observatory, University of Geneva, Ch. des Mail-
lettes 51, 1290 Versoix, Switzerland; pascal.oesch@unige.ch

3 Leiden Observatory, Leiden University, NL-2300 RA Leiden,
Netherlands

4 UCO/Lick Observatory, University of California, Santa
Cruz, CA 95064, USA

a factor 2⇥ growth per redshift bin (see e.g. Stark 2016;
Finkelstein 2016, for recent reviews).
At even higher redshift, z > 8, the situation becomes

less clear, mainly due to small galaxy samples in previous
datasets. While the analysis of the full HUDF09/12 and
CANDELS GOODS data revealed a rapid, accelerated
evolution of the SFRD by ⇠ 10⇥ from z ⇠ 8 to z ⇠ 10
in only 170 Myr (see e.g. Oesch et al. 2012a, 2014, but
see also Ellis et al. 2013), the two detections of z > 9
galaxies in the small volume probed by the CLASH sur-
vey (Zheng et al. 2012; Coe et al. 2013) were consistent
with less evolution from z ⇠ 8 to z ⇠ 10 (see also McLeod
et al. 2016). However, these early results had large uncer-
tainties since they were mostly based on a few individual
sources identified in small survey volumes.
Apart from the astrophysical implication of these dif-

ferent results on the z > 8 SFRD, understanding the
evolution of the galaxy number counts to z > 8 is partic-
ularly important in preparation for the next milestone in
extragalactic astronomy, the launch of the James Webb
Space Telescope (JWST ). Given the limited lifetime of
JWST, it is crucial to obtain reliable predictions of how
the UV LF evolves to z > 8 in order to prepare the most
e�cient surveys and maximally exploit the telescope.
The HFF program (Lotz et al. 2017) is ideally suited to

provide new constraints by providing additional search
volume and larger samples of galaxies at z ⇠ 10. The
HFF exploits the lensing magnification of six massive
foreground clusters in order to probe intrinsically very
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But is there a way to estimate ages of z~9 galaxies?

Several hundred z > 7 candidates identified in various HST deep and cluster 
fields but only a dozen spectroscopically confirmed



MACS1149_JD1: A Lensed z~9 Frontier Field Galaxy

H(160W) = 25.7 ± 0.07; Magnification μ ≈ 10

Zheng et al (2012, 2017), Hoag et al (2018)

Earlier workers noted the IRAC ch2 
excess which, given the photometric 
redshift uncertainties, could arise from 
nebular [O III] emission or a Balmer break



[O III] Contamination versus Balmer break

Beyond a redshift z=9.0, [O III] moves out of the IRAC ch 2 band
Courtesy: Guido Roberts-Borsani



MACS1149_JD1: z=9.1096 

Figure 1 | ALMA [OIII] contours and spectrum of MACS1149-JD1. (Top) Zoom on an HST image

(F160W) with the ALMA [OIII] contours overlaid. Contours are drawn at 1� intervals from ±3 to +6�

where � = 17.5 mJy km s�1 beam�1. Negative contours are shown by the dashed line. Ellipse at the

lower left corner indicates the synthesized beam size of ALMA. (Bottom) ALMA [OIII] 88 µm spectrum in

frequency space with a resolution of ⇠ 42 km s�1.
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Extended Data Figure 2 | X-Shooter observations and the Ly↵ spectra of MACS1149-JD1. (up-

per panel) Orientation of the X-Shooter slit (white dashed rectangle) demonstrating the successful acquisi-

tion of MACS1149-JD1 via the alignment of the slit to follow its lensed elongation as well as the inclusion

of a bright foreground galaxy. (middle panel) X-Shooter 2D spectra of MACS1149-JD1 with the position

of Ly↵ marked with a green arrow, and the two negative counterparts with red arrows on the full exposure.

Sky lines are highlighted by blue rectangles. (lower panel) 1D extracted spectra in a 0”.8 aperture. Ly↵ is

indicated in yellow, 2� is in grey and the sky lines are marked by blue rectangles.
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(F160W) with the ALMA [OIII] contours overlaid. Contours are drawn at 1� intervals from ±3 to +6�
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lower left corner indicates the synthesized beam size of ALMA. (Bottom) ALMA [OIII] 88 µm spectrum in
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VLT ALMA Band 7 

Hashimoto, Laporte, RSE et al (2018)

Spectroscopic confirmation 
from ALMA/VLT demonstrates 
IRAC ch2 excess is due to 
starlight not nebular emission.
Balmer break is a valuable age 
indicator depending on SF 
history
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and its deconvolved size is (0.82″ ± 0.25″) × (0.30″ ± 0.14″). The  
corresponding intrinsic size is (3.7 ± 1.1)µ−0.5 kpc × (1.4 ± 0.9)µ−0.5 kpc,  
assuming that lensing effects are equal for the major and minor axes. 
Assuming that MACS1149-JD1 is a dispersion-dominated system, we 
derive a dynamical mass of (4 ± 3) × (10/µ)0.5 × 109 M⊙, where M⊙ is 
the mass of the Sun.

No dust continuum is detected above a 3σ upper limit of 
Sν,90µm < 5.3 × (10/µ) µJy per beam, where Sν,90µm corresponds to the 
flux density at a rest-frame wavelength of 90 µm. For a dust temperature 
of Td = 40 K and emissivity index βd = 1.5, the total infrared luminosity 
is smaller than 7.7(10/µ) × 109 L⊙ after correcting for the contribution 
of the cosmic microwave background11. Assuming a representative dust 
mass absorption coefficient12, we derive a 3σ upper limit on a dust mass 
of 5.3(10/µ) × 105 M⊙.

The spectral energy distribution (SED) of MACS1149-JD1 has a 
prominent excess signal6 in the Spitzer Infrared Array Camera (IRAC) 

channel-2 band at 4.5 µm. Previous spectroscopic studies on sources 
exhibiting such ‘IRAC excess’13–15 have claimed that such an excess 
probably arises from intense emission in the [O iii] 5,007-Å line. 
However, the origin of the IRAC excess of MACS1149-JD1 remains 
unclear owing to the inaccuracy of the photometrically estimated  
redshift6,7,16. Our precisely determined redshift of z = 9.1 rules out the  
[O iii] 5,007-Å line as the source of the excess because the wavelength 
of this line has < 1% transmission in the IRAC channel-2 bandpass. 
Given recent evidence that the [O iii] line at 88 µm may not give an 
accurate indication of the systemic velocity of distant star-forming  
galaxies17, we also present tentative evidence for Lyman α (Lyα) emis-
sion from MACS1149-JD1, obtained with the X-shooter18 spectrograph 
at the European Southern Observatory’s Very Large Telescope using 
6.5 h of data taken between February and April 2017. A 4σ-signifi-
cance detection at a wavelength of 12,271.51 Å, corresponding to Lyα 
at z = 9.0942 ± 0.0019, provides a further valuable constraint on the 
source redshift.

Our detailed analysis (see Methods) shows that strong Hβ and  
[O iii] 4,959 Å lines in IRAC channel 2 cannot reproduce the excess 
within the likely redshift range of the source because, for the required 
young ages, the IRAC channel-1 flux would also be considerably 
boosted by strong nebular continuum emission and [O ii] 3,727-Å 
line emission. Such young models are further disfavoured by additional 
constraints from the measured ultraviolet continuum slope and the 
ALMA upper limit on the dust attenuation. Therefore, we conclude 
that the IRAC excess can only arise from the stellar continuum around 
the Balmer break at about 4,000 Å.

Although MACS1149-JD1 is elongated by the effects of gravitational 
lensing, there is some evidence of two components in the HST image 
(Fig. 1), so the IRAC excess at 4.5 µm may originate from a separate 
source. The peak of the ALMA [O iii] emission is coincident with the 
brighter component (Fig. 1), whereas the less-well located Lyα emission 
and IRAC flux could arise in either component. However, the wide 
wavelength coverage of the SED enables us to reject the possibility that 
a low redshift interloper contributes to the 4.5-µm excess (see Methods 
for detailed analyses).

Table 1 | Properties of MACS1149-JD1
Parameters Values

RA 11 h 49 min 33.58 s
dec.  + 22° 24′ 45.7″
Redshift, z[O III] 9.1096 ± 0.0006
[O III] line width, FWHM[O III] (km s−1) 154 ± 39
[O III] luminosity, L[O III] ( × 107 L⊙) (7.4 ± 1.6) × (10/µ)
90-µm continuum flux (µJy per beam)  < 5.3 × (10/µ) (3σ)
Star formation rate (M⊙ yr−1) µ. × /− .

+ .4 2 (10 )1 1
0 8

Stellar mass ( × 109 M⊙) µ. × /− .
+ .1 08 (10 )0 18

0 53

Dust massa ( × 105 M⊙)  < 5.2 × (10/µ) (3σ)
Dynamical massb ( × 109 M⊙) (4 ± 3) × (10/µ)0.5

Redshift, zLyα 9.0944 ± 0.0019
Velocity offset ∆vLyα (km s−1) −450 ± 60
Lyα line width FWHMLyα (km s−1) 144 ± 56
Lyα luminosity LLyα ( × 107 L⊙) (12.4 ± 3.2) × (10/µ)
µ, Lensing magnification; RA, right ascension; dec., declination.
aWe assume a dust temperature of Td = 40 K, a spectral index of βd = 1.5 and a dust-emitting 
region of a single beam size.
bThis value is derived under the assumption that lensing effects are equal for the major and 
minor axes.
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Fig. 2 | The SED of MACS1149-JD1. The [O iii] flux provides a constraint 
on the star formation rate at the epoch of observation, while the SED 
gives valuable evidence of its earlier star formation history. The model 
shown involves a burst of star formation of duration τ = 100 Myr within 
the interval 12 < z < 15 and reproduces the required excess flux at 4.5 
µm. A much younger component reproduces the strength of [O iii] 
emission observed at z ≈ 9. a, Black squares show (from left to right) 
F125W, F140W and F160W data from HST7, a 2σ upper limit for the Ks 
band from VLT/HAWK-I16, and 3.6-µm and 4.5-µm fluxes from Spitzer/

IRAC7. The horizontal and vertical error bars show the wavelength range 
of the filters and 1σ measurement uncertainties, respectively. The red 
solid line indicates the SED model and the corresponding magnitudes are 
shown by yellow crosses. Blue and black lines represent the contributions 
from the young and old component, respectively. b, The black square is 
the observed [O iii] emission line flux and its 1σ uncertainty, while the 
yellow cross indicates the model prediction. c, The black square shows the 
2σ upper limit for the dust continuum flux density, and the yellow cross 
indicates the model prediction.
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and its deconvolved size is (0.82″ ± 0.25″) × (0.30″ ± 0.14″). The  
corresponding intrinsic size is (3.7 ± 1.1)µ−0.5 kpc × (1.4 ± 0.9)µ−0.5 kpc,  
assuming that lensing effects are equal for the major and minor axes. 
Assuming that MACS1149-JD1 is a dispersion-dominated system, we 
derive a dynamical mass of (4 ± 3) × (10/µ)0.5 × 109 M⊙, where M⊙ is 
the mass of the Sun.

No dust continuum is detected above a 3σ upper limit of 
Sν,90µm < 5.3 × (10/µ) µJy per beam, where Sν,90µm corresponds to the 
flux density at a rest-frame wavelength of 90 µm. For a dust temperature 
of Td = 40 K and emissivity index βd = 1.5, the total infrared luminosity 
is smaller than 7.7(10/µ) × 109 L⊙ after correcting for the contribution 
of the cosmic microwave background11. Assuming a representative dust 
mass absorption coefficient12, we derive a 3σ upper limit on a dust mass 
of 5.3(10/µ) × 105 M⊙.

The spectral energy distribution (SED) of MACS1149-JD1 has a 
prominent excess signal6 in the Spitzer Infrared Array Camera (IRAC) 

channel-2 band at 4.5 µm. Previous spectroscopic studies on sources 
exhibiting such ‘IRAC excess’13–15 have claimed that such an excess 
probably arises from intense emission in the [O iii] 5,007-Å line. 
However, the origin of the IRAC excess of MACS1149-JD1 remains 
unclear owing to the inaccuracy of the photometrically estimated  
redshift6,7,16. Our precisely determined redshift of z = 9.1 rules out the  
[O iii] 5,007-Å line as the source of the excess because the wavelength 
of this line has < 1% transmission in the IRAC channel-2 bandpass. 
Given recent evidence that the [O iii] line at 88 µm may not give an 
accurate indication of the systemic velocity of distant star-forming  
galaxies17, we also present tentative evidence for Lyman α (Lyα) emis-
sion from MACS1149-JD1, obtained with the X-shooter18 spectrograph 
at the European Southern Observatory’s Very Large Telescope using 
6.5 h of data taken between February and April 2017. A 4σ-signifi-
cance detection at a wavelength of 12,271.51 Å, corresponding to Lyα 
at z = 9.0942 ± 0.0019, provides a further valuable constraint on the 
source redshift.

Our detailed analysis (see Methods) shows that strong Hβ and  
[O iii] 4,959 Å lines in IRAC channel 2 cannot reproduce the excess 
within the likely redshift range of the source because, for the required 
young ages, the IRAC channel-1 flux would also be considerably 
boosted by strong nebular continuum emission and [O ii] 3,727-Å 
line emission. Such young models are further disfavoured by additional 
constraints from the measured ultraviolet continuum slope and the 
ALMA upper limit on the dust attenuation. Therefore, we conclude 
that the IRAC excess can only arise from the stellar continuum around 
the Balmer break at about 4,000 Å.

Although MACS1149-JD1 is elongated by the effects of gravitational 
lensing, there is some evidence of two components in the HST image 
(Fig. 1), so the IRAC excess at 4.5 µm may originate from a separate 
source. The peak of the ALMA [O iii] emission is coincident with the 
brighter component (Fig. 1), whereas the less-well located Lyα emission 
and IRAC flux could arise in either component. However, the wide 
wavelength coverage of the SED enables us to reject the possibility that 
a low redshift interloper contributes to the 4.5-µm excess (see Methods 
for detailed analyses).

Table 1 | Properties of MACS1149-JD1
Parameters Values

RA 11 h 49 min 33.58 s
dec.  + 22° 24′ 45.7″
Redshift, z[O III] 9.1096 ± 0.0006
[O III] line width, FWHM[O III] (km s−1) 154 ± 39
[O III] luminosity, L[O III] ( × 107 L⊙) (7.4 ± 1.6) × (10/µ)
90-µm continuum flux (µJy per beam)  < 5.3 × (10/µ) (3σ)
Star formation rate (M⊙ yr−1) µ. × /− .

+ .4 2 (10 )1 1
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Stellar mass ( × 109 M⊙) µ. × /− .
+ .1 08 (10 )0 18
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Dust massa ( × 105 M⊙)  < 5.2 × (10/µ) (3σ)
Dynamical massb ( × 109 M⊙) (4 ± 3) × (10/µ)0.5

Redshift, zLyα 9.0944 ± 0.0019
Velocity offset ∆vLyα (km s−1) −450 ± 60
Lyα line width FWHMLyα (km s−1) 144 ± 56
Lyα luminosity LLyα ( × 107 L⊙) (12.4 ± 3.2) × (10/µ)
µ, Lensing magnification; RA, right ascension; dec., declination.
aWe assume a dust temperature of Td = 40 K, a spectral index of βd = 1.5 and a dust-emitting 
region of a single beam size.
bThis value is derived under the assumption that lensing effects are equal for the major and 
minor axes.
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Fig. 2 | The SED of MACS1149-JD1. The [O iii] flux provides a constraint 
on the star formation rate at the epoch of observation, while the SED 
gives valuable evidence of its earlier star formation history. The model 
shown involves a burst of star formation of duration τ = 100 Myr within 
the interval 12 < z < 15 and reproduces the required excess flux at 4.5 
µm. A much younger component reproduces the strength of [O iii] 
emission observed at z ≈ 9. a, Black squares show (from left to right) 
F125W, F140W and F160W data from HST7, a 2σ upper limit for the Ks 
band from VLT/HAWK-I16, and 3.6-µm and 4.5-µm fluxes from Spitzer/

IRAC7. The horizontal and vertical error bars show the wavelength range 
of the filters and 1σ measurement uncertainties, respectively. The red 
solid line indicates the SED model and the corresponding magnitudes are 
shown by yellow crosses. Blue and black lines represent the contributions 
from the young and old component, respectively. b, The black square is 
the observed [O iii] emission line flux and its 1σ uncertainty, while the 
yellow cross indicates the model prediction. c, The black square shows the 
2σ upper limit for the dust continuum flux density, and the yellow cross 
indicates the model prediction.
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and its deconvolved size is (0.82″ ± 0.25″) × (0.30″ ± 0.14″). The  
corresponding intrinsic size is (3.7 ± 1.1)µ−0.5 kpc × (1.4 ± 0.9)µ−0.5 kpc,  
assuming that lensing effects are equal for the major and minor axes. 
Assuming that MACS1149-JD1 is a dispersion-dominated system, we 
derive a dynamical mass of (4 ± 3) × (10/µ)0.5 × 109 M⊙, where M⊙ is 
the mass of the Sun.

No dust continuum is detected above a 3σ upper limit of 
Sν,90µm < 5.3 × (10/µ) µJy per beam, where Sν,90µm corresponds to the 
flux density at a rest-frame wavelength of 90 µm. For a dust temperature 
of Td = 40 K and emissivity index βd = 1.5, the total infrared luminosity 
is smaller than 7.7(10/µ) × 109 L⊙ after correcting for the contribution 
of the cosmic microwave background11. Assuming a representative dust 
mass absorption coefficient12, we derive a 3σ upper limit on a dust mass 
of 5.3(10/µ) × 105 M⊙.

The spectral energy distribution (SED) of MACS1149-JD1 has a 
prominent excess signal6 in the Spitzer Infrared Array Camera (IRAC) 

channel-2 band at 4.5 µm. Previous spectroscopic studies on sources 
exhibiting such ‘IRAC excess’13–15 have claimed that such an excess 
probably arises from intense emission in the [O iii] 5,007-Å line. 
However, the origin of the IRAC excess of MACS1149-JD1 remains 
unclear owing to the inaccuracy of the photometrically estimated  
redshift6,7,16. Our precisely determined redshift of z = 9.1 rules out the  
[O iii] 5,007-Å line as the source of the excess because the wavelength 
of this line has < 1% transmission in the IRAC channel-2 bandpass. 
Given recent evidence that the [O iii] line at 88 µm may not give an 
accurate indication of the systemic velocity of distant star-forming  
galaxies17, we also present tentative evidence for Lyman α (Lyα) emis-
sion from MACS1149-JD1, obtained with the X-shooter18 spectrograph 
at the European Southern Observatory’s Very Large Telescope using 
6.5 h of data taken between February and April 2017. A 4σ-signifi-
cance detection at a wavelength of 12,271.51 Å, corresponding to Lyα 
at z = 9.0942 ± 0.0019, provides a further valuable constraint on the 
source redshift.

Our detailed analysis (see Methods) shows that strong Hβ and  
[O iii] 4,959 Å lines in IRAC channel 2 cannot reproduce the excess 
within the likely redshift range of the source because, for the required 
young ages, the IRAC channel-1 flux would also be considerably 
boosted by strong nebular continuum emission and [O ii] 3,727-Å 
line emission. Such young models are further disfavoured by additional 
constraints from the measured ultraviolet continuum slope and the 
ALMA upper limit on the dust attenuation. Therefore, we conclude 
that the IRAC excess can only arise from the stellar continuum around 
the Balmer break at about 4,000 Å.

Although MACS1149-JD1 is elongated by the effects of gravitational 
lensing, there is some evidence of two components in the HST image 
(Fig. 1), so the IRAC excess at 4.5 µm may originate from a separate 
source. The peak of the ALMA [O iii] emission is coincident with the 
brighter component (Fig. 1), whereas the less-well located Lyα emission 
and IRAC flux could arise in either component. However, the wide 
wavelength coverage of the SED enables us to reject the possibility that 
a low redshift interloper contributes to the 4.5-µm excess (see Methods 
for detailed analyses).

Table 1 | Properties of MACS1149-JD1
Parameters Values

RA 11 h 49 min 33.58 s
dec.  + 22° 24′ 45.7″
Redshift, z[O III] 9.1096 ± 0.0006
[O III] line width, FWHM[O III] (km s−1) 154 ± 39
[O III] luminosity, L[O III] ( × 107 L⊙) (7.4 ± 1.6) × (10/µ)
90-µm continuum flux (µJy per beam)  < 5.3 × (10/µ) (3σ)
Star formation rate (M⊙ yr−1) µ. × /− .

+ .4 2 (10 )1 1
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Stellar mass ( × 109 M⊙) µ. × /− .
+ .1 08 (10 )0 18

0 53

Dust massa ( × 105 M⊙)  < 5.2 × (10/µ) (3σ)
Dynamical massb ( × 109 M⊙) (4 ± 3) × (10/µ)0.5

Redshift, zLyα 9.0944 ± 0.0019
Velocity offset ∆vLyα (km s−1) −450 ± 60
Lyα line width FWHMLyα (km s−1) 144 ± 56
Lyα luminosity LLyα ( × 107 L⊙) (12.4 ± 3.2) × (10/µ)
µ, Lensing magnification; RA, right ascension; dec., declination.
aWe assume a dust temperature of Td = 40 K, a spectral index of βd = 1.5 and a dust-emitting 
region of a single beam size.
bThis value is derived under the assumption that lensing effects are equal for the major and 
minor axes.
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Fig. 2 | The SED of MACS1149-JD1. The [O iii] flux provides a constraint 
on the star formation rate at the epoch of observation, while the SED 
gives valuable evidence of its earlier star formation history. The model 
shown involves a burst of star formation of duration τ = 100 Myr within 
the interval 12 < z < 15 and reproduces the required excess flux at 4.5 
µm. A much younger component reproduces the strength of [O iii] 
emission observed at z ≈ 9. a, Black squares show (from left to right) 
F125W, F140W and F160W data from HST7, a 2σ upper limit for the Ks 
band from VLT/HAWK-I16, and 3.6-µm and 4.5-µm fluxes from Spitzer/

IRAC7. The horizontal and vertical error bars show the wavelength range 
of the filters and 1σ measurement uncertainties, respectively. The red 
solid line indicates the SED model and the corresponding magnitudes are 
shown by yellow crosses. Blue and black lines represent the contributions 
from the young and old component, respectively. b, The black square is 
the observed [O iii] emission line flux and its 1σ uncertainty, while the 
yellow cross indicates the model prediction. c, The black square shows the 
2σ upper limit for the dust continuum flux density, and the yellow cross 
indicates the model prediction.
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MACS1149_JD1 is ~290 Myr old at z=9.1 è zF ~15 ± 2

[O III] 
constraint  
on recent SF

Dust 
continuum 
upper limit

To reproduce Balmer break, UV SED/[O III] & dust continuum upper limit, we require 
most of the rest-frame optical light to be due to ~109 M¤ of stars 290 Myr old

Hashimoto, Laporte, RSE et al (2018)



JD1 Questions/Caveats
How uncertain is the age, e.g. as a function of assumed SF histories?

- Unable to reproduce the Balmer break with constant or rising SFHs

Do the stellar population diagnostics come from same spatial location?

- Hard to convincingly determine due to low IRAC resolution
- Velocity offset between Lyα and [O III] 88μm may imply two components

Could IRAC ch2 excess be due to extremely intense Hβ/[O III] 4959A?

- Only for very young SF; intense [O II] would produce `inverted Balmer
break’

Is JD1 an outlier in terms of structure formation?

- Most models predict rising SFHs over 8<z<15 and lower stellar masses
- Katz et al (2019) can reproduce the basic properties in hydro simulations



More Balmer Break Candidates..no spectra yet

P. Oesch, Observatoire UniGEMIAPP, April 2018

Constraints on Cosmic Dawn From Balmer Breaks

�32

Even z~9-10 galaxies often show prominent Balmer break. At these redshifts, it is 
unlikely to come from strong optical line emission
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24

26

28

30

GN−z10−1

zbest = 10.2 (χ2 = 4.9)

zlow = 2.1 (χ2 = 47.5)

m
AB

26

28

30

GN−z10−2

zbest = 9.9 (χ2 = 9.4)

zlow = 2.6 (χ2 = 24.2)

m
AB

26

28

30

GN−z10−3

zbest = 9.5 (χ2 = 3.9)

zlow = 0.6 (χ2 = 16.5)

m
AB

0.5 1.0 2.0 4.0 6.0

26

28

30

GN−z9−1

zbest = 9.2 (χ2 = 8.3)

zlow = 2.2 (χ2 = 30.0)

observed wavelength [µm]

m
AB

10−6

10−4

10−2

100

z

p(
z)

p(z<5) < 0.01%

10−6

10−4

10−2

z

p(
z)

p(z<5) = 0.06%

10−6

10−4

10−2

z

p(
z)

p(z<5) = 0.19%

0 2.5 5 7.5 10 12.5
10−6

10−4

10−2

z

p(
z)

p(z<5) < 0.01%

Fig. 3.— Spectral energy distribution fits to the HST and
Spitzer/IRAC photometry of the four GOODS-N z ∼ 9−10 galaxy
candidates (left) together with the redshift likelihood functions
(right). The measurements and their upper limits (2σ) are shown
in dark red. Best-fit SEDs are shown as blue solid lines, in addi-
tion to the best low redshift solutions in gray. The corresponding
SED magnitudes are shown as filled circles. For all sources, the
z ≥ 9 solution fits the observed fluxes significantly better than any
of the possible low-redshift SEDs. The integrated likelihoods for
zphot < 5 are all < 0.2% as shown by the labels in the right panels.

2011; van der Wel et al. 2011; Hayes et al. 2012). Sources
with extreme rest-frame optical line emission may also
contaminate z ! 9 samples if the z ∼ 10 candidate UDFj-
39546284 (Bouwens et al. 2011a; Oesch et al. 2012a) is
any guide. In that case, the extremely deep support-
ing data did not result in any detection shortward of
the H160 band, but other evidence (tentative detection
of an emission line at 1.6µm and the high luminosity of
UDFj-39546284) indicates that an extreme emission line
galaxy at z ∼ 2.2 is a more likely interpretation of the
current data (see Bouwens et al. 2013a; Ellis et al. 2013;
Brammer et al. 2013; Capak et al. 2013).
In our SED analysis in Section 3.2, we specifically in-

cluded line emission in order to test for contamination
from strong emission line sources. Indeed, for two of the
candidates, the best-fit low-redshift photometric redshift
solutions are obtained from a combination of extreme
emission lines and high dust extinction. However, all
candidates are detected (although sometimes faintly) in
several non-overlapping filters. For example, with the
exception of GN-z10-1, all sources show some flux in the
J125 filter, as well as a clear detection in H160. It is
therefore unlikely that the detected HST flux originates
from emission lines alone. Furthermore, three of the four
candidates show robust detections in the IRAC bands,
which further limits the likelihood of contamination by
pure line emitters. For example, GN-z10-1 (the bright-
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Wavelength µm
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GN−z10−2
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GN−z9−1 (simulated)

Wavelength µm
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Fig. 4.— 2D WFC3/IR grism G141 spectra for the three sources
for which data are available. These are GN-z10-1 (top two panels),
GN-z10-2 (middle two panels) and GN-z9-1 (bottom panels) as la-
belled in the plots. The spectra of these sources are expected to
run along the center of each panel in the horizontal direction. The
spectra were smoothed slightly with a Gaussian. No significant line
emission is detected for any of the three sources. Below the origi-
nal data, we show a panel with a simulation of pure emission line
sources at five different wavelengths, as indicated by red tick marks,
with a line flux corresponding to the H160 photometry (5.5×10−17

erg s−1 cm−2 for the brightest source, and 2.5×10−17 erg s−1 cm−2

for the fainter two). Despite some residual contamination from a
foreground source in the spectrum of GN-z10-2, such strong emis-
sion lines would have been significantly detected at > 4σ. The
grism data rule out pure emission line source contamination for
these three sources.

est source), shows evidence for a flat continuum from the
HST H160 to the IRAC 3.6µm and 4.5µm bands. As
can be seen from Figure 3, while this can be mimicked
with the combination of [O III]/Hβ contamination in the
H160 band and continuum emission in the IRAC chan-
nels, the shorter wavelength flux limits rule out such a
lower redshift solution.
Taken together, the likelihood that the sources here are

lower-redshift emission line galaxies is low. The emission
line constraints from the IRAC filters are discussed fur-
ther in Section 5 where we present galaxy stellar mass
estimates.

3.3.2. Constraints from HST Grism Data

Quantitative constraints on pure emission line sources
can be obtained from the WFC3/G141 grism observa-
tions over GOODS-N from HST program 11600 (PI:
Wiener). These spectra cover ∼ 1.05 − 1.70 µm at low
resolution, reaching a 5σ emission line flux limit for com-
pact sources of∼ 2−5×10−17 erg s−1cm−2 (see Brammer
et al. 2012). If the H160-band flux originated from a sin-
gle emission line, the observed magnitudes of our sources
(H160 = 26.0−26.8 mag) would correspond to line fluxes
of 2.5−5.5×10−17 erg s−1cm−2. These lines should thus
be detectable as ∼ 5σ features. We have therefore an-

Oesch+1324
SED Fitting: these sources started 
to form first stars: z>12-15But what about…? 

GN-z11 (Oesch et al 2016) 

8 Oesch et al.

TABLE 2
Summary of Measurements for GN-z11

R.A. 12 : 36 : 25.46
Dec. +62 : 14 : 31.4
Redshift zgrism 11.09+0.08

−0.12
a

UV Luminosity MUV −22.1± 0.2
Half − Light Radiusb 0.6± 0.3 kpc
logMgal/M⊙ c 9.0± 0.4
log age/yr c 7.6± 0.4
SFR 24± 10 M⊙ yr−1

AUV < 0.2 mag
UV slope β (fλ ∝ λβ) −2.5± 0.2d

a Age of the Universe at z = 11.09 using our cosmol-
ogy: 402 Myr
b From Holwerda et al. (2015)
c Uncertainties are likely underestimated, since our
photometry only partially covers the rest-frame opti-
cal for GN-z11
d See also Wilkins et al. (2016)

to estimate how many such galaxies we could have ex-
pected based on (1) the currently best estimates of the
UV LF at z > 8 and (2) based on theoretical models and
simulations.
Our target was found in a search of the GOODS fields,

which amount to ∼ 160 arcmin2. However, in a sub-
sequent search of the three remaining CANDELS fields
no similar sources were found with likely redshifts at
z ! 10 (Bouwens et al. 2015a). We therefore use the
full 750 arcmin2 of the CANDELS fields with match-
ing WFC3/IR and ACS imaging for a volume estimate,
which amounts to 1.2×106 Mpc3 (assuming ∆z = 1).
Using the simple trends in the Schechter parameters of

the UV LFs measured UV at lower redshift (z ∼ 4 − 8)
and extrapolating these to z = 11, we can get an empir-
ical estimate of the number density of very bright galax-
ies at z ∼ 11. This amounts to 0.06 (Bouwens et al.
2015b) or 0.002 (Finkelstein et al. 2015) expected galax-
ies brighter thanMUV = −22.1 in our survey correspond-
ing to less than 0.3 per surveyed square degree. Simi-
larly, recent empirical models (Mashian et al. 2016; Ma-
son et al. 2015; Trac et al. 2015) predict only 0.002−0.03
galaxies as bright as GN-z11 in our survey or 0.01−0.2
per deg2. All the assumed LF parameters together with
the resulting estimates of the number of expected bright
galaxies Nexp are listed in Table 3.
The above estimates illustrate that our discovery of

the unexpectedly luminous galaxy GN-z11 may challenge
our current understanding of galaxy build-up at z > 8.
A possible solution is that the UV LF does not follow
a Schechter function form at the very bright end as has
been suggested by some authors at z ∼ 7 (Bowler et al.
2014), motivated by inefficient feedback in the very early
universe. However, current evidence for this is still weak
(see discussion in Bouwens et al. 2015b). Larger area
studies will be required in the future (such as the planned
WFIRST High Latitude Survey; Spergel et al. 2015) sur-
veying several square degrees to determine the bright end
of the UV LF to resolve this puzzle.

5. SUMMARY

In this paper we present HST slitless grism spectra
for a uniquely bright z > 10 galaxy candidate, which
we previously identified in the GOODS-North field, GN-
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Fig. 7.— The redshift and UV luminosities of known high-
redshift galaxies from blank field surveys. Dark filled squares corre-
spond to spectroscopically confirmed sources, while small gray dots
are photometric redshifts (Bouwens et al. 2015b). GN-z11 clearly
stands out as one of the most luminous currently known galaxies at
all redshifts z > 6 and is by far the most distant measured galaxy
with spectroscopy (black squares; see Oesch et al. 2015b, for a full
list of references). Wider area surveys with future near-infrared
telescopes (such as WFIRST) will be required to determine how
common such luminous sources really are at z > 10.

TABLE 3
Assumed LFs for z ∼ 10− 11 Number Density Estimates

Reference φ ∗ /10−5 M∗ α Nexp

[Mpc−3] [mag] (< −22.1)

Bouwens et al. (2015b) 1.65 -20.97 -2.38 0.06
Finkelstein et al. (2015) 0.96 -20.55 -2.90 0.002
Mashian et al. (2016) 0.25 -21.20 -2.20 0.03
Mason et al. (2015) 0.30 -21.05 -2.61 0.01
Trac et al. (2015) 5.00 -20.18 -2.22 0.002

Note. — The parameters φ∗, M∗, and α represent the three
parameters of the Schechter UV LF taken from the different papers.

z11. Our 2D data show clear flux longward of ∼ 1.47 µm
exactly along the trace of the target galaxy and zero
flux at shorter wavelengths, thanks to our comprehensive
and accurate treatment of contamination by neighboring
galaxies. The interpretation that we indeed detect the
continuum flux from GN-z11 is supported by the mor-
phology of the spectrum, the fact that the counts fall off
exactly where the sensitivity of the G141 grism drops, as
well as the consistency of the observed counts with the
H-band magnitude of GN-z11 (see e.g. Fig 3).
The grism spectrum, combined with the photometric

constraints, allows us to exclude plausible low-redshift
SEDs for GN-z11 at high confidence. In particular, we
can invalidate a low redshift SED of an extreme line emit-
ter galaxy at z ∼ 2 (see section 3 and Fig 4). Instead,
the grism spectrum is completely consistent with a very
high-redshift solution at zgrism = 11.09+0.08

−0.12 (see Figures
3 and 5). This indicates that this galaxy lies at only
∼ 400 Myr after the Big Bang, extending the previous
redshift record by ∼ 150 Myr.
GN-z11 is not only the most distant spectroscopically

measured source, but is likely even more distant than
all other high-redshift candidates with photometric red-
shifts, including MACS0647-JD at zphot = 10.7+0.6

−0.4 (Coe
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Fig. 5.— Grism Spectrum of GN-z11. The top panel shows the (negative) 2D spectrum from the stack of our cycle 22 data (12 orbits)
with the trace outlined by the dark red lines. For clarity the 2D spectrum was smoothed by a Gaussian indicated by the ellipse in the lower
right corner. The bottom panel is the un-smoothed 1D flux density using an optimal extraction rebinned to one resolution element of the
G141 grism (93 Å). The black dots show the same further binned to 560 Å, while the blue line shows the contamination level that was
subtracted from the original object spectrum. We identify a continuum break in the spectrum at λ = 1.47± 0.01 µm. The continuum flux
at λ > 1.47 µm is detected at ∼ 1 − 1.5σ per resolution element and at 3.8σ per 560 Å bin. After excluding lower redshift solutions (see
text and Fig 4), the best-fit grism redshift is zgr i sm = 11.09+ 0.08

−0.12 . The red line reflects the Lyα break at this redshift, normalized to the
measured H-band flux of GN-z11. The agreement is excellent. The fact that we only detect significant flux along the trace of our target
source, which is also consistent with the measured H-band magnitude, is strong evidence that we have indeed detected the continuum of
GN-z11 rather than any residual contamination.

tinuum break with J125 − H160 > 2.4 (2σ), without
a spectrum, we could not exclude contamination by a
source with very extreme emission lines with line ratios
reproducing a seemingly flat continuum longward of 1.4
µm (Oesch et al. 2014).
The previous AGHAST spectra already provided

some evidence against strong emission line contam-
ination (Oesch et al. 2014), and we also obtained
Keck/MOSFIRE spectroscopy to further strengthen this
conclusion (see appendix). However, the additional 12
orbits of G141 grism data now conclusively rule out that
GN-z11 is such a lower redshift source. Assuming that all
the H-band flux came from one emission line, we would
have detected this line at > 10σ. Even when assuming
a more realistic case where the emission line flux is dis-
tributed over a combination of lines (e.g., Hβ + [O III]),
we can confidently invalidate such a solution. The lower
left panel in Figure 4 compares the measured grism spec-
trum with that expected for the best-fit lower redshift
solution we had previously identified (Oesch et al. 2014).
A strong line emitter SED is clearly inconsistent with
the data. Apart from the emission lines, which we do
not detect, this model also predicts weak continuum flux
across the whole wavelength range. At < 1.47 µm, this is

higher than the observed mean, while at > 1.47 µm the
expected flux is too low compared to the observations.
Overall the likelihood of a z ∼ 2 extreme emission line
SED based on our grism data is less than 10! 6 and can
be ruled out.
Note that in very similar grism observations for a

source triply imaged by a CLASH foreground clus-
ter, emission line contamination could also be excluded
(Pirzkal et al. 2015). We thus have no indication cur-
rently that any of the recent z ∼ 9−11 galaxy candidates
identified with HST is a lower redshift strong emission
line contaminant (but see, e.g., Brammer et al. 2013, for
a possible z ∼ 12 candidate).

3.3. Excluding a Lower-Redshift Dusty or Quiescent
Galaxy

Another potential source of contamination for very
high redshift galaxy samples are dusty z ∼ 2− 3 sources
with strong 4000 Å or Balmer breaks (Oesch et al. 2012;
Hayes et al. 2012). However, the fact that the IRAC data
for GN-z11 show that it has a very blue continuum long-
ward of 1.6 µm, together with the very red color in the
WFC3/IR photometry, already rules out such a solution
(see SED plot in Figure 4). Nevertheless, we additionally

MACS1149-JD1 (Hoag et al 2017) 

A rare luminous galaxy at z=11.1? 

A galaxy at z~9.5 whose Balmer 
break implies an age of 250 Myr 
corresponding to zF > 12? 

Hoag+17

Need spectroscopic redshifts to exclude [O III] emission ---- Keck time this Saturday!



Atacama Large Millimetre Array (2015 - )

ALMA  interferometer 
with up to 15 km 
baselines has Hubble 
resolution for tracing 
early dust

ALMA/C. Padilla



Three Dust Detections @ z > 7.5

Unveiling the dust properties of z >8 galaxies

1 Scientific justification

Understanding how the first galaxies formed and how they evolved in the early Universe are two
fundamental questions of modern extragalactic astronomy. Current instruments installed on ground-
based telescopes or on-board space observatories can not observe directly the birth of the first gener-
ation of galaxies. However, they can study their evolution up to 400 million years after the Big-Bang
(in terms of redshift z ⇠11 - Oesch et al. 2016, Salmon et al. 2018, Lam et al. 2019). It is now well
established that this first generation of galaxies influenced strongly its environment, by transforming
the neutral hydrogen formed after the Big-Bang into an ionised state (e.g. Xu et al. 2016). Thanks
to deep quasars spectra (e.g. Fan et al. 2006, Bosman et al. 2018) and the latest analysis of Planck
data (Planck collaboration 2018), the end of the so-called Epoch of Reionisation is observed around
z⇠6. Determining when this process started is challenging and implies to determine the physical
properties of the first galaxies. Since we can not observe directly the period at which the galaxies
are expected to form (z ⇠15, Bowman et al. 2018), we need to determine the age of the most distant
galaxies to constrain the Cosmic Dawn period. Two methods can be used to determine the age of
very high-redshift galaxies : (i) determining the shape of the 4000Å break (Scoville et al. 2015,
Hashimoto et al. 2018) or (ii) measuring the amount of dust mainly produced by supernovae (Gall
et al. 2014, Jaacks et al. 2018). The first method can only be applied to galaxies at z >9.1 due to
the presence of strong emission lines which can mimic the 4000Å break for galaxies at 7.1 < z < 9.1
(Smit et al. 2014, Roberts-Borsani et al. 2016). The second method is applicable whatever the
redshift of the galaxy is, but required a substantial amount of dust.

Figure 1: Dust detection in z >7.5 galaxies in ALMA band 7. The same method has been applied
to reduce and analyse the 3 datasets. Contours are drawn from 2�. From left to right : A1689 zD
(z =7.5, Watson et al. 2015), M0416-Y1 (z =8.31, Tamura et al. 2019) and A2744 YD4 (z =8.38,
Laporte et al. 2017). The synthesised beam is plotted at the bottom left of each panel. The background
image is HST/F160W.

To date, only 3 galaxies at z �7.5 show a continuum of dust (Figure 1) : A1689-zD (z =7.5, Watson
et al. 2015), M0416 Y1 (z =8.31, Tamura et al. 2019) and A2744 YD4 (z =8.38, Laporte et al. 2017).
The peak flux densities at ⇠1 mm are ranging from 0.07 to 0.36 mJy/beam. From these densities,
it is possible to estimate the amount of dust responsible for the continuum emission following Blain
et al. (2002) with some assumption son the dust temperature. For this latest parameter, studies at
low-redshift have demonstrated that it is slowly evolving from Tdust ⇠25K at z ⇠0 to Tdust ⇠40K at

1

z=7.5 (Watson et al 2015)            z=8.31 (Tamura et al 2019)          z=8.38 (Laporte et al 2017)

Early dust is produced in supernovae so the 
amount of dust provides a valuable estimate of 
when chemical enrichment began.

Major uncertainties are

- Tdust leading to large mass uncertainties
- Past SF history (uniform/rising/declining 

with time?)
- Amount of dust ejected or not detected 

(nonetheless a valuable lower limit)

z ⇠5 (Schreiber et al. 2018, Liang et al. 2019). Therefore, the dust temperature is usually fixed at
T=30K to estimate the dust mass in high-redshift galaxies. Using this standard value, the amount of
dust in the 3 z �7.5 galaxies mentioned above is ranging from ⇠1 ⇥107M� to ⇠3⇥107M�. However,
recent SED modelling and hydrodynamical simulations suggest that the dust temperature may be
as high as ⇠100K at very high-redshift (Behrens et al. 2017, Ma et al. 2019). These uncertainties
on the dust temperature at z �6 have strong implications on the estimates of the dust mass, and
therefore on the determination of the age of distant galaxies. For example, a dust temperature of
Tdust ⇠ 70 K, will reduce the estimated amount of dust by a factor of ⇠20 compare to the usual
value of 30K. On Figure 2, we show how the dust mass estimates evolve with the dust temperature
for the 3 objects discussed above.

Figure 2: Left: Influence of the dust temperature on the shape of the FIR SED for a galaxy at
z ⇠0. The orange region shows how the FIR peak evolves with an increasing Tdust (From Schreiber
et al. 2018). Right: Dust masses estimated for the 3 z �7.5 galaxies for which a dust continuum
has been previously detected with ALMA as a function of the dust temperature. The gray region show
the value of dust temperature observed at z 5 and the yellow region covers the dust temperature
expected at very high-redshift according to simulations.

Over the 3 objects discussed below, only A1689-zD has been observed in ALMA band 6, 7 and 8
(Figure 3) leading to an excellent constraint of its FIR SED. From the best FIR SED-fitting, and
more especially from the slope on the red-side of the FIR peak, the dust temperature is expected
to range from 35 to 45 K and the dust mass from 1-3⇥107 M� (Knudsen et al. 2017). Therefore
this galaxy seems preferred a low dust temperature compared to what is expected from simulations.
A2744 YD4 has also been observed at 1.6, 1.3 and 1mm with only a detection in band 7. The two
non-detection in band 5 and 6 are in favor of a high dust temperature (T>50K - Laporte et al. in
prep). Therefore, this object is expected to be brighter at 0.7mm (ALMA band 8 - Figure 4). The
remaining object, M0416 Y1, has only been detected at ⇠1mm, which makes the determination of
its dust temperature impossible.
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ALMA Band 7  ~1mm dust at z=8.38

Dust at z=8.38

0.5’’0.5’’0.5’’0.5’’

Fig. 1.— ALMA Band 7 continuum detection for A2744 YD4. (Left) : map combining all frequencies
observed, (Center pair) independent maps for two equal frequency ranges. Contours are shown at 1,2,3,4
and 5� adopting a noise level from an area of 0.5⇥0.5. arcmin. (Right) HST F160W image with combined
ALMA image contours overplotted.

(2016). The uncertainty was estimated following
a similar procedure to that adopted for the HST
data. The Spitzer data was reduced as described
by Laporte et al (2014) using corrected Basic Cal-
ibrated Data (cBCD) and the standard reduction
software MOPEX to process, drizzle and com-
bine all data into a final mosaic. Our photometry
of A2744 YD4 is consistent with that published
previously by the AstroDeep team (Merlin et al.
2016), Zheng et al. (2014) and Coe et al. (2015).

2.3. SED-fitting

We used several SED-fitting codes to estimate
the photometric redshift of A2744 YD4 and hence
determine its implied association with the ALMA
detection. In each case we fit all the available
photometric data (HST-ACS, HST-WFC3, VLT
HAWKI, Spitzer).

Firstly, we used an updated version of Hyperz
(Bolzonella et al. 2000) with a template library
drawn from Bruzual & Charlot (2003), Chary &
Elbaz (2001), Coleman et al. (1980) and Kinney
et al. (1996). We permitted a range in redshift
(0 < z < 10) and extinction (0 < Av < 3) and
found the best solution at zphot=8.42+0.09

�0.32, with no
acceptable solution at lower redshift. Restricting
the redshift range to 0< z < 3 and increasing the
extinction interval to (0 < Av < 10), we found a
low redshift solution at zlow�z

phot =2.17+0.03
�0.08 but with

a significantly worse �2 ⇠9 (c.f. ⇠1 for the high
redshift solution).

We also made use of the Easy and Accurate

Zphot from Yale (EAZY; Brammer et al. 2008)
software. The SED fits adopted the standard SED
templates from EAZY, as well as those from the
Galaxy Evolutionary Synthesis Models (GALEV;
Kotulla et al. 2009), which includes nebular emis-
sion lines as described by Anders & Fritze-v. Al-
vensleben (2003). Adopting a large redshift range
(0 < z < 10) with no prior assumptions on the
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�0.11 in ex-
cellent agreement with that from Hyperz.

In summary, the photometry strongly supports
a z > 8 solution. A low z solution is unlikely given
the F814W - F125W > 3mag break as well as the
low statistical likelihood.

3. Spectroscopic Follow-up

3.1. X-Shooter Observations

Given the importance of confirming the pres-
ence of dust emission beyond z '8, we undertook
a spectroscopic campaign using X-Shooter/VLT
(ID: 298.A-5012 – PI: Ellis). On 24-27 November
2016, we secured 7.5 hours on-source integration
with excellent seeing (⇡0.6 arc sec ) . We used
a 5 arc sec dither to improve the sky subtraction.
The data was reduced using version 2.8 of the ESO
Reflex software (Freudling et al. 2013) combined
with X-Shooter pipeline recipes v2.8.4.

We visually inspected all 3 arms of the X-
Shooter (UVB, VIS, NIR) spectrum and identified
one emission line at �=11408 .4 Å with an inte-
grated flux of f=1.82±0.46⇥10�18ergs s�1 cm�2.
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Fig. 3.— (Left) Extracted 1D spectrum with OH night sky contamination indicated in orange . (Right) 2D
spectra separated into (top) the total exposure (7.5hrs on source), (center) first half of the total exposure,
(bottom) latter half of the total exposure.

oue et al’s z =7.2 source. The peak line flux of
A2744 ZD4 is consistent with that computed from
simulations in Inoue et al. (2014) (see their Fig. 3).

4. Physical Properties

One of the main objectives of this study is to
take benefit from the precise measurement of the
redshift as well as the detection of this source in
an ALMA band 7 map to estimate accurate phys-
ical properties for A27744 YD4, and therefore to
constrain the dust mass for an early star forming
galaxy.

4.1. Magnification

Clearly estimating the magnification is criti-
cal to determine the intrinsic properties of any
lensed source. Several teams have provided mass
models for each of the six clusters and a web
tool 1 enables us to estimate the magnification
for Abell2744 YD4 from parametric high resolu-
tion models, i.e. version 3.1 of the CATS model
(Richard et al. 2014), version 3 of Johnson et al.
(2014), version 3 of Merten et al. (2011) and ver-
sion 3 of GLAFIC (Ishigaki et al. 2015). We took
the average value with error bars corresponding to

1https:archive.stsci.eduprepdsfrontierlensmodels#magcalc

the standard deviation: µ=1.8±0.3.

4.2. Stellar and Dust Masses

The detection of dust emission in a z=8.38
galaxy provides an unique opportunity to evalu-
ate the production of dust, presumably from early
supernovae in the first few 100 Myr since reioniza-
tion began. The key measures are the dust and
stellar masses and the likely average past star for-
mation rate.

We ran an updated version of MAGPHYS (da
Cunha et al. 2008) adapted for high-z galaxies(da
Cunha et al. 2015). The code estimates the prop-
erties of A2744 YD4 in two steps. First, it gener-
ates a library of model SEDs at the redshift of our
source (z =8.38) in our 11 bands (7 from HST, the
deep HAWKI Ks band, the two first IRAC chan-
nels and a synthetic filter of the ALMA band 7) for
a wide range of variables including the star forma-
tion rate (SFR) and dust content. We generated a
total of about 9 million models, including ⇡25,000
IR dust emission models. MAGPHYS then de-
rives the likelihood distribution of each physical
parameter by comparing the observed SED with
all the models in the library. In this way we de-
rived the following properties: SFR=20.4+17.6

�9.5 M�
yr�1; a stellar mass M?=(1.97+1.45

�0.66)⇥109 M�; a
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Fig. 4.— The ALMA [OIII]88µm spectrum with
a resolution of 20km/s. The best Gaussian profile
is over-plotted in red at the central frequency cor-
responding to a redshift of z=8.382. The derived
line width is ⇡50km/s.

dust mass Mdust=(5.5+19.6
�1.7 )⇥106 M�, and an ex-

tinction Av=0.74+0.17
�0.48 with a dust temperature

ranging from 37 to 63 K. The error bars are re-
fer to 1� uncertainties.

Although the uncertainties are large, our tar-
get is similar in its physical properties to the
lensed source A1689-zD1 at z '7.5 studied by
Watson et al. (2015). Watson et al. 2015 reports
M?=1.7+0.7

�0.5⇥109 M�) and SFRs (9+4
�2 M�/yr.

Their specific star formation rates (sSFR) are
thus similar (1.04+10.2

�0.21⇥10�8 yr�1 for A2744 YD4

and 0.6+1.1
�0.3⇥10�8 yr�1 for A1689-zD1) implying

a mean lifetime for a constant SFR of ⇡ 100
Myr. However, A1689-zD1 has a significantly
larger dust mass of Mdust=4 +4

�2⇥ 107 M�. Given
the uncertainties in these derived parameters, it is
possible that this is a consequence of continuous
star formation over a longer period together with
more advanced chemical enrichment.

5. Discussion

Zheng et al. (2014) identified A2744 ZD4 as one
member of a group composed by 5 galaxies with
similar colors and hence similar photometric red-
shift. Although there is no spectroscopic infor-

mation for the others members, conceivably this
group is contained within a large ionized bubble,
which may explain the narrowness of the Lyman-↵
emission. The putative group is contained within
a circle of 1.7 arcsec radius or 8.1 kpc. The radius
of the associated Strömgren sphere would be :

Rs =
h 3Ṅpht

4⇡xIGM < nH >

i1/3
(1)

where t is mean lifetime of each galaxy, xIGM the
neutral IGM fraction at z =8.38 estimated from
Robertson et al. (2015), < nH > the mean hydro-
gen density, and Ṅph the emission rate of ionizing
photons. We estimated this last parameter from
simulations published in Sternberg et al. (2003)
assuming a constant production rate of O and
B stars. This yields a Strömgren radius of 21.4
kpc, larger than the group’s dimensions (Figure
5). Therefore it seems reasonable to infer that the
group members contribute collectively to keep this
region ionised and hence facilitate narrow Lyman-
↵ emission. One of the group members was also
included on the X-shooter slit; although no emis-
sion was seen in this second target, it is over 1 mag
fainter in continuum luminosity.

We finally turn to the implications of our de-
tection of dust emission at this high redshift. Ac-
cording to the most recent analyses of the his-
tory of cosmic reionization (Robertson et al. 2015,
Planck Collaboration et al. 2016, Mesinger et al.
2016), significant star formation began at z '10-
12, about 200 Myr before the epoch at which
A2744 YD4 is being observed. The dust output
and rate of early supernovae is of course highly un-
certain but, for a past average star formation rate
of 20 M� yr�1, assuming a popular stellar initial
mass function (e.g. Salpeter 1955, Kroupa 2002)
with a high mass power law slope of '-7/3, we
expect '0.2% of newly-born stars to exceed 8 M�
and produce Type II SNe. Assuming each SN pro-
duces around 0.5 M� of dust in its core (Matsuura
et al. 2015), over 200 Myr this would yield around
4⇥ 106solar masses of dust in apparent agreement
with the observations. However, since a typical
velocity of ejection might be 102�3 kms sec�1, a
significant fraction of the earliest dust produced
would be lost to the system. Since the production
of a greater amount of dust seems unlikely, con-
ceivably, A2744 YD4 is not as old as our simple
calculations predict.
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Figure 2 | Mass measurements for high-redshift galaxies. Dust masses are taken from the literature,
as described in the Methods. Gas masses are primarily derived from observations of various CO rotational
transitions, with the literature line luminosities converted to molecular gas masses under standardized as-
sumptions (see Methods). The comparison sample is divided among three object classes: DSFGs, quasars
(QSO), and Lyman-break galaxies (LBG). These objects are typically selected by FIR emission (DSFGs)
or optical/infrared emission (QSOs, LBGs). Three additional DSFGs, SPT0311–58E (yellow pentagons),
SPT0311–58W (yellow hexagons) and HFLS3 (red squares), have extensive photometry and line measure-
ments, which enable more sophisticated estimates of their dust and gas masses6, 29 from a combined analysis
of the dust and CO line emission. For these objects we also show masses derived under the simpler analysis
as open symbols (for SPT0311–58 the methods give very similar answers for Mdust). Error bars represent
1� uncertainties.
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Figure 2 | Mass measurements for high-redshift galaxies. Dust masses are taken from the literature,
as described in the Methods. Gas masses are primarily derived from observations of various CO rotational
transitions, with the literature line luminosities converted to molecular gas masses under standardized as-
sumptions (see Methods). The comparison sample is divided among three object classes: DSFGs, quasars
(QSO), and Lyman-break galaxies (LBG). These objects are typically selected by FIR emission (DSFGs)
or optical/infrared emission (QSOs, LBGs). Three additional DSFGs, SPT0311–58E (yellow pentagons),
SPT0311–58W (yellow hexagons) and HFLS3 (red squares), have extensive photometry and line measure-
ments, which enable more sophisticated estimates of their dust and gas masses6, 29 from a combined analysis
of the dust and CO line emission. For these objects we also show masses derived under the simpler analysis
as open symbols (for SPT0311–58 the methods give very similar answers for Mdust). Error bars represent
1� uncertainties.
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Direct Detection of JD1 progenitor?
James Webb

Extended Data Figure 6 | Evolution of the UV luminosity of MACS1149-JD1 as a function of

redshift. For each redshift bin (�z=1), we extrapolated the magnitude by assuming a constant Star Forma-

tion Rate over the redshift interval (blue curve). We over-plotted the sensitivity of NIRCAM filters (pink

and grey) covering the �1500Å rest-frame (10� in ⇡ 20 mns) and the NIRSpec sensitivity (dashed black

line) at the same wavelength (10� in 3 hrs).
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Predicted early 
evolution of the UV 
brightness of JD1 
according to the best 
SED fit at z=9.1 
compared to imaging 
limits with NIRCAM 
(10σ 20 mins) and 
spectroscopic limits with 
NIRSpec (10σ 3 hours)

Extended Data Figure 2 | X-Shooter observations and the Ly↵ spectra of MACS1149-JD1. (up-

per panel) Orientation of the X-Shooter slit (white dashed rectangle) demonstrating the successful acquisi-

tion of MACS1149-JD1 via the alignment of the slit to follow its lensed elongation as well as the inclusion

of a bright foreground galaxy. (middle panel) X-Shooter 2D spectra of MACS1149-JD1 with the position

of Ly↵ marked with a green arrow, and the two negative counterparts with red arrows on the full exposure.

Sky lines are highlighted by blue rectangles. (lower panel) 1D extracted spectra in a 0”.8 aperture. Ly↵ is

indicated in yellow, 2� is in grey and the sky lines are marked by blue rectangles.

31

Figure 1 | ALMA [OIII] contours and spectrum of MACS1149-JD1. (Top) Zoom on an HST image

(F160W) with the ALMA [OIII] contours overlaid. Contours are drawn at 1� intervals from ±3 to +6�

where � = 17.5 mJy km s�1 beam�1. Negative contours are shown by the dashed line. Ellipse at the

lower left corner indicates the synthesized beam size of ALMA. (Bottom) ALMA [OIII] 88 µm spectrum in

frequency space with a resolution of ⇠ 42 km s�1.
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