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Re-ionization of the intergalactic medium occurred in the early
Universe at redshift z < 6–11, following the formation of the first
generation of stars1. Those young galaxies (where the bulk of stars
formed) at a cosmic age of less than about 500 million years
(z = 10) remain largely unexplored because they are at or beyond
the sensitivity limits of existing large telescopes. Understanding
the properties of these galaxies is critical to identifying the source
of the radiation that re-ionized the intergalactic medium.
Gravitational lensing by galaxy clusters allows the detection of
high-redshift galaxies fainter than what otherwise could be found
in the deepest images of the sky2. Here we report multiband observations of the cluster MACS J114912223 that have revealed (with
high probability) a gravitationally magnified galaxy from the early
Universe, at a redshift of z 5 9.6 6 0.2 (that is, a cosmic age of
490 6 15 million years, or 3.6 per cent of the age of the
Universe). We estimate that it formed less than 200 million years
after the Big Bang (at the 95 per cent confidence level), implying a
formation redshift of =14. Given the small sky area that our observations cover, faint galaxies seem to be abundant at such a young
cosmic age, suggesting that they may be the dominant source for
the early re-ionization of the intergalactic medium.
Galaxy clusters are the largest reservoirs of gravitationally bound dark
matter, and their huge masses bend light and form ‘cosmic lenses’. They
can significantly increase the brightnesses and sizes of galaxies far
beyond them, thereby revealing morphological details that are otherwise
impossible to detect3–8 and allowing the spectroscopic study of the
physical conditions in intrinsically faint galaxies. Most galaxies at
z < 10 are expected to be fainter than an AB magnitude (the system
used throughout the text) of ,29 mag (refs 9–11), which is below the
imaging detection limits of the deepest fields observed by NASA’s
Hubble Space Telescope (HST), and largely beyond the spectroscopic
capability of even the next generation of large telescopes. A gain in
sensitivity through gravitational lensing is particularly valuable for the
infrared data collected by NASA’s Spitzer Space Telescope because the
telescope’s low spatial resolution blends faint sources and hampers
extremely deep observations.
By combining HST and Spitzer data we are able to estimate the age of
such distant objects on the basis of the ratio of their rest-frame ultraviolet
to optical fluxes. The age and distance estimates rely, in large part,
on measuring the observed wavelengths and relative amplitudes of

prominent hydrogen absorption features in the spectra of faint galaxies. At z . 7, the hydrogen Lyman a break, at a wavelength of
,0.12(1 1 z) mm, is redshifted out of the optical bands, and the hydrogen Balmer break, at ,0.38(1 1 z) mm, is redshifted into the range of
the Infrared Array Camera (IRAC) on board Spitzer.
We have discovered a gravitationally lensed source whose most
likely redshift is z < 9.6. The source, hereafter called MACS 1149-JD,
is selected from a near-infrared detection image at a significance of
22s. MACS 1149-JD has a unique flux distribution characterized by no
detection at wavelengths shorter than 1.2 mm, firm detections in the
two reddest HST bands, and weak detections in two bands of the HST
Wide-Field Camera 3/Infrared Channel and in one IRAC channel
(Fig. 1). The object’s coordinates (J2000) are RA 5 11 h 49 min
33.584 s, dec. 5 122u 249 45.7899 (Fig. 2).
The Cluster Lensing And Supernova survey with Hubble
(CLASH)12 is an HST Multi-Cycle Treasury programme that is
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Figure 1 | Multiband images of the z 5 9.6 galaxy candidate MACS 1149JD. a–h, The optical image (a) shows the sum of all data from the HST
Advanced Camera for Surveys. The source, located at the centre of each image
(green circle), is clearly detected in the F140W (central wavelength, 1.39 mm;
e) and F160W (1.53 mm; f) bands and weakly detected in the F110W (1.15 mm;
c), F125W (1.25 mm; d) and 4.5-mm (h) bands. The F105W band (1.05 mm;
b) extends to ,1.2 mm, and the lack of detection in that band confirms that there
is no source flux below that wavelength. The source is not detected in the 3.6-mm
band (g). Each of these images is 10 arcsec on each side. North is up and east is to
the left. i, An enlarged view of the F140W image (e) shows the elongation of the
source, which is extended along a position angle of ,47u. The yellow line marks
the direction of shear predicted by the lensing model, and the red circle marks the
aperture used for the source photometry (ten pixels in diameter).
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Figure 2 | Composite colour image of MACS J1149.612223 made from
multiband data. North is up and east is to the left. The field of view is
2.2 arcmin on each side. The z 5 9.6 critical curve for the best-fit lensing model
is overlaid in white, and that for z 5 3 is shown in blue. Green letters A–G mark
the multiple images of seven sources that were used in the strong-lensing
model. Yellow letters H and I mark the two systems that were not used in the
final fitting. The location of MACS 1149-JD, at RA 5 11 h 49 min 33.584 s,
dec. 5 122u 249 45.7899 (J2000), is marked with a red circle.

acquiring images in 16 broad bands between 0.2 and 1.7 mm for 25
clusters. MACS J1149.612223 is a massive cluster (,2.5 3 1015 solar
masses (M8 )) at redshift z 5 0.544, selected from a sample of X-rayluminous clusters13. The mass models for this cluster14,15 suggest a
relatively flat mass distribution profile and a large area of high magnification, making it one of the most powerful cosmic lenses known.
The spectral energy distribution (SED) features of galaxies, most
notably the Lyman break and the Balmer break, generate distinct
colours between broad bands and enable us to derive their redshifts
with reasonable accuracy. Our photometric redshift estimates are
made using two different techniques: LE PHARE16 (LPZ) and the
Bayesian photometric redshift17 (BPZ) method. LPZ photometric redshifts are based on a template-fitting procedure with a maximumlikelihood (x2) estimate. We use the template library of the
COSMOS survey18, including templates of three elliptical galaxies,
seven spiral galaxies19 and twelve galaxies in the library of Bruzual
and Charlot20, with starburst ages ranging from 30 million years
(Myr) to 3 billion years (Gyr) to reproduce the bluest galaxies better.
The LPZ solution from the marginalized posterior is z~9:60z0:20
{0:28
(68% confidence level), and the best-fit model is a starburst galaxy.
BPZ multiplies the likelihood by the prior probability of a galaxy
with an apparent magnitude m0 having a redshift z and spectral type T.
We run BPZ using a new library composed of 11 SED templates originally drawn from PEGASE21 but recalibrated using the FIREWORKS
photometry and spectroscopic redshifts22 to optimize its performance.
This galaxy library includes five templates for ellipticals, two for spirals
and four for starbursts. The most likely BPZ solution is a starburst
galaxy at z~9:61z0:14
{0:13 (1s).
Even though the CLASH data have more bands than other HST
projects, MACS 1149-JD is detected only in the four reddest HST
bands. The high confidence of our high-redshift solution is due to
the IRAC photometry at 3.6 and 4.5 mm. With HST data alone (that
is, excluding Spitzer data), solutions with intermediate redshifts (2= z
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=6) can be found but they have low probability (Fig. 3). When Spitzer
data are included, no viable solutions other than those at z < 9.6 are
found, and the possibility for photometric redshifts of z , 8.5 is
rejected at the 4s confidence level (,3 3 1025).
Using confirmed multiply lensed images, strong-lensing models14,23
allow us to derive the mass distribution of dark matter in the cluster,
which leads to an amplification map for background sources. With 23
multiply lensed images of seven sources, some of which are large
enough to comprise distinctive knots used as additional constraints,
we derive the best-fit model in which the critical curve (defining
regions of high magnification) for z < 10 extends into the vicinity of
MACS 1149-JD, resulting in a magnification of m~14:5z4:2
{1:0 . The
results are in rough agreement with a second, independent, model24,
which yields a best-fit magnification with large error bars, 26:6z20:8
{7:7 .
Because our data cover a broad spectral range in the object’s rest
frame, we are able to estimate some key properties for the source using
the Bayesian SED-fitting code iSEDfit25 coupled to state-of-the-art
models of synthetic stellar populations26 and based on the Chabrier27
initial mass function from 0.1 M8 to 100 M8 . We consider a wide
range of parameterized star formation histories and stellar metallicities
and assume no dust attenuation in our fiducial modelling (but see
Supplementary Information), because previous studies28,29 found no
evidence for dust in galaxies at the highest redshifts.
Figure 4 presents the results of our population synthesis modelling
adopting z 5 9.6 as the source redshift. Based on the median of
the posterior probability distributions, our analysis suggests a stellar
mass of ,1.5 3 108(m/15)21M8 and a star formation rate (SFR) of
,1.2(m/15)21M8 yr21. We note that these values would be a factor of
up to eight higher if dust attenuation were not negligible
(Supplementary Information). Given the uncertainties in the IRAC
photometry, we are unable to measure the age of the galaxy precisely;
however, we can constrain its SFR-weighted age, or the age at which
most of the stars formed, to ÆtæSFR , 200 Myr (95% confidence level),
suggesting a likely formation redshift of zf , 14.2. Given that the
source is brighter at 4.5 mm than at 3.6 mm, the presence of a Balmer
break is likely, suggesting that MACS 1149-JD may not be extremely
young. The age ÆtæSFR is generally consistent with the estimated ages
(>100 Myr) of galaxies at slightly lower redshifts, z < 7–8 (ref. 30).
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Figure 3 | Probability distributions of photometric redshift estimation. All
curves are normalized to their peak probability. The solid black curve shows the
LPZ result, calculated using all the HST and Spitzer data. The solid red curve
shows the BPZ result calculated with and without priors, using all data. Only the
high-redshift solutions are confirmed with high confidence (.4s). The dashed
black curve shows the LPZ result calculated using the HST data only. The
dotted green curve shows the BPZ result calculated without priors, using the
HST data only. In these two cases, intermediate-redshift solutions are present at
low probability (,1%). The dotted magenta curve shows the BPZ result
calculated with priors, using the HST data only. Only in such cases do
intermediate-redshift solutions become significant.
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Figure 4 | Stellar population synthesis modelling results for MACS 1149JD. The blue points mark bands in which the object is detected, and the green
triangles indicate 1s upper limits. The horizontal bars on the blue data points
mark the wavelength range of the bands, and the vertical bars on the blue data
points mark the 1 s measurement errors. The errors in the F140W and F160W
bands are small (,0.1 magnitude) and, hence, not visible. The black spectrum
is the best-fit model, and the red squares show the photometry of this model
convolved with the Wide-Field Camera 3, Advanced Camera for Surveys and
IRAC filter response functions. The blue shading shows the range of 100
additional models drawn from the posterior probability distribution that are
also statistically acceptable fits to the data.

On the basis of one such discovery over 12 clusters and our corresponding lensing models, we estimate that the SFR density at z 5 9–10
{3
M8 Mpc23 yr21, which is lower than the extrapolais 1:8z4:3
{1:1 |10
tion from lower redshifts9 but higher than the limit derived from the
Hubble Ultra Deep Field9. Statistically, our estimate is consistent with
both values, and more data are needed to reduce the uncertainties. Our
current observations, coupled with knowledge of the galaxy luminosity
function1, suggest that faint galaxies at z < 10 may be the dominant
source of the radiation responsible for the early re-ionization of the
intergalactic medium.
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