A highly magnified candidate for a young galaxy seen when the
Universe was ~500 Myr old
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Re-ionization of the intergalactic medium occurs in the edy Universe at redshift z~6-11, following
the formation of the first generation of stars'. Those young galaxies (where the bulk of stars form)
at the early cosmic age of<, 500 million years (Myr, z X, 10) remain largely unexplored as they
are at or beyond the sensitivity limits of current large telescopes. Yet, understanding the properties
of these galaxies is critical to identifying the source of th ionizing radiation in the early universe.
Gravitational lensing by galaxy clusters enables the detdion of high-redshift galaxies that are fainter
than what otherwise could be found in the deepest images of ¢hsky?. Here we report the discovery
of an object found in the multi-band observations of the cluger MACS1149+2223 that has a high
probability of being a gravitationally magnified galaxy from the early universe, at a redshift ofz=9.6
+ 0.2 (.e, 490+15 Myr or 3.6% of the age of the Universe). We estimate that itage is less than 200

Myr (at the 95% confidence level), implying a formation redshft of z; < 14.



Galaxy clusters are the largest reservoirs of gravitatlgpmaund dark matter (DM), whose huge mass
bends light and forms “cosmic lenses.” They can signifigami&gnify the brightness and sizes of galaxies
far behind them, thereby revealing morphological detdilst tare otherwise impossible to defegtand
enabling spectroscopy to study the physical conditiond@sé intrinsically faint galaxies. Most galaxies
atz ~ 10 are expected to be fainter than magnitude-of9 (in the AB system, used hereaft&r), below
the imaging detection limits of the deepest fields obseryeHdioble Space Telescope (HST), and largely
beyond the spectroscopic capability of even the next géineraf large telescopes. A gain in sensitivity
through gravitational lensing is particularly valuable the Spitzer Space Telescope infrared data because

the telescope’s low spatial resolution blends faint sasiesel hampers extremely deep observations.

By combining theHST andSpitzer data we are able to estimate the age of such distant objesxsl ba
on the ratio of their rest-frame ultra-violet to optical fesx The age and distance estimates rely, in large
part, on measuring the observed wavelengths and relatiyditages of prominent Hydrogen absorption
features in the spectra of faint galaxies. At> 7, the Hydrogen Ly break, at~ 0.12(1 + z) um, is
redshifted out of the optical bands, and the Hydrogen Babresak, at~ 0.38(1 + z) um, is redshifted into

the Spitzer/IRAC (Infrared Array Camera) range.

We have discovered a gravitationally lensed source whos likely redshift isz ~ 9.6. The source,
hereafter called MACS1149-JD, is selected from a neagigft detection image at significance22i.
MACS1149-JD has a unique flux distribution characterize@)pgo detection at wavelengths shorter than
1.2 um, b) firm detections in the two redddd48T bands and c) weak detections in two othR&T/WFC3/IR
(Wide-Field Camera 3/Infrared Channel) bands and in §u&zer/IRAC channel (Fig. 1). The object’s

coordinates (J2000) are: RAF'49™333584 Dec=+22°24'45".78 (Fig. 2).

The Cluster Lensing And Supernova survey with Hubble (CLASKs a HST Multi-Cycle Trea-



sury program that is acquiring images in 16 broad bands twe — 1.7 um for 25 clusters. MACS
J1149.6+2223 is a massive cluster 2.5 x 105 M, [solar masses]) at redshift= 0.544, selected from

a sample of X-ray luminous clusté?s The mass models for this clustef® suggest a relatively flat mass
distribution profile and a large area of high magnificatiomkmg it one of the most powerful cosmic lenses

known.

The spectral-energy distribution (SED) features of gasaxmost notably the Lyman break and the
Balmer break, generate distinct colors between broad bandsnable us to derive their redshifts with
reasonable accuracy. Our photometric redshift estimagesiade with two different techniques: Le Phare
(LPZ)'® and Bayesian Photometric Redshifts (BPZ)LPZ photometric redshifts are based on a template
fitting procedure with a maximum likelihood f) estimate. We use the template library of the COSMOS
surveyd, including galaxy templates of three ellipticals, seveimadg'® and 12 common templat&swith
starburst ages ranging from 30 Myr to 3 Gyr (billion yearsptdter reproduce the bluest galaxies. The
LPZ solution from the marginalized posteriords= 9.6070-22 (at 68% confidence level), and the best-fit

model is a starburst galaxy.

BPZ multiplies the likelihood by the prior probability of akaxy with an apparent magnituade, of
having a redshift and spectral typ&'. We run BPZ using a new library composed of 11 SED templates
originally drawn from PEGASE but recalibrated using the FIREWORKS photometry and spsctipic
redshift€? to optimize its performance. This galaxy library includesftemplates for ellipticals, two for

spirals, and four for starbursts. The most likely BPZ saintis a starburst galaxy at= 9.617513 (10).

Even though the CLASH data have more bands than ¢il&rprojects, MACS1149-JD is detected
only in the four reddesHST bands. The high confidence of our high-redshift solutionnialded by the

IRAC photometry at 3.6m and 4..xm. With HST data alonei(e., excludingSpitzer data) solutions with



intermediate redshift2(< 2 < 6) can be found but they have low probability (Fig. 3). Witgitzer data
are included, no viable solutions other than those &t9.6 are found, and the possibility for photometric

redshiftsz < 8.5 is rejected atio confidence level€ 3 x 107°).

Using confirmed multiply lensed images, strong-lensing)(®bdels*23allow us to derive the mass
distribution of DM in the cluster, which leads to an amplifica map for background sources. With 23
multiply lensed images of seven sources, some of which age lenough to comprise distinctive knots
used as additional constraints, we derive the best-fit modehich the critical curve (defining regions
of high magnification) for: ~ 10 extends to the vicinity of MACS1149-JD, resulting in a mdtpaition
of 4 = 14.5712. The results are in rough agreement with a second, indepéenaedef*, which yields a

best-fit magnification with large error baex.672%8,

Because our data cover a broad spectral range in the objest’fame, we are able to estimate some
key properties for the source using the Bayesian SED-fittimdei SEDf i t 2° coupled to state-of-the-art
models of synthetic stellar populatiotfsand based on the Chabrémitial mass function from (IMF).1—

100 M. We consider a wide range of parameterized star formatistofies and stellar metallicities and
assume no dust attenuation in our fiducial modeling (but lse&upplementary Information), as previous

studie€®?*found no evidence for dust in galaxies at the highest retshif

Fig. 4 presents the results of our population synthesis hmgladoptingz = 9.6 as the source
redshift. Based on the median of the posterior probabilgyrithutions, our analysis suggests a stellar mass
of ~ 1.5 x 10® (u/15)~* M, and a star-formation rate (SFR)ef1.2 (u/15)~! M, year*. Note that these
values would be up to a factor of eight higher if dust atteiwmais not negligible (see thBupplementary
Information). Given the uncertainties in the IRAC photometry, we areblm@ measure the age of the

galaxy precisely; however, we can constrain its SFR-weiglatge, or the age at which most of the stars



formed, to(t)spr < 200 Myr (95% confidence level), suggesting a likely formation redshjft< 14.2.
Given that the source is brighter at 4r& than at 3.6m, the presence of a Balmer break is likely, suggesting
that MACS1149-JD may not be extremely young. This age ins@iédormation redshift of no earlier than
zy ~ 11.3, and is generally consistent with the estimated agesl(0 Myr) of galaxies at slightly lower

redshifts,z ~ 7 — 8.3

Based on a single discovery of MACS1149-JD over 12 clustear corresponding lensing models,
we estimate that the SFR densityat 9—10is (1.877%) x 1073 M, Mpc—3 (per cubic megaparsec) year
lower than the extrapolation from lower redshiftbut higher than the limit derived from the HUDF (Hubble
Ultra Deep Field). Statistically, our estimate is consistent with both valugnd more data are needed
to reduce the uncertainties. Our current observationspleduwith knowledge of the galaxy luminosity
function', suggest that faint galaxies at- 10 may well be the dominant source for the early re-ionization

of the intergalactic medium.
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Figure 1 — Multi-band images of the z = 9.6 galaxy candidate MACS1149-JD. The optical image
is the sum of all ACS (Advanced Camera for Surveys) data. The source, located at the center of
each image as marked by green circles, is firmly detected in the F140W (central wavelength 1.39
pm) and F160W (1.53 um) bands and weakly detected in the F110W (1.15 pm) , F125W (1.25
pm) and 4.5,m bands. The F105W band (1.05 zm) extends to ~ 1.2 um, and no detection in that
band confirms no source flux below that wavelength. Each of these images is 10” on one side.
North is up and east to the left. On the left side, an enlarged view of the F140W image shows
its elongation, which is extended along a position angle of ~ 47 degrees. A yellow line marks the
direction of shear predicted by the lensing model, and a red circle marks the aperture used for

the source photometry (10 pixels in diameter).

Figure 2 — Composite color image of MACS J1149.6+2223 made from multi-band data. North is
up and east to the left. The field of view is 2.2 arcmin on each side. The z = 9.6 critical curve
for the best-fit lensing model is overplotted in white, and that for z = 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 | mark the two systems that were not used in the final fitting. The location of

MACS1149-JD is marked with a red circle, at RA=11"49933:584 Dec=+22°24'45".78 (J2000).

Figure 3 — Probability distributions of photometric redshift estimation. All curves are normalized
to their peak probability. Solid black curve: LPZ, using all the HST and Spitzer data; Solid red
curve: BPZ with and without priors, using all data. Only the high-redshift solutions are confirmed
with high confidence (>4¢). Dashed black curve: LPZ, using the HST data only. Dotted green
curve: BPZ without priors, using the HST data only. In these two cases, intermediate-redshift
solutions are present at low probability (<1%). Dotted magenta curve: BPZ 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 modeling results for MACS1149-JD. The filled blue points
mark bands in which the object is detected, while the open green triangles indicate 1o upper
limits. 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 open red squares show the photometry
of this model convolved with the WFC3, ACS, and IRAC filter response functions. The light blue
shading shows the range of 100 additional models drawn from the posterior probability distribution

that are also statistically acceptable fits to the data.

12



Optical F105W F110W F125W

F140W F160W 3.6um 4.5um

Figure 1

13



Figure 2

14



~— ~ ~
o S
o

pooyjaxi aAle|oY

0.001

Redshift

Figure 3

15



Rest-frame wavelength (um)

0.02 0.04 0.06 0.1 0.2 0304 0.6
23 T T T T T T T T

24 - -
25
26 -

27 -

AB magnitude

28 -

29 -

02 0304 06081 2 3 456
Observed-frame wavelength (um)

Figure 4

16



Supplementary information

1. General outline

MACS1149-JD is found in a search of high-redshift galaxrethe observations of 12 CLASH clus-
ters. Its characteristics are described here in furtheaildetlong with our analysis methods. §2 we
describe thedST data processing, aperture photometry and target seleai@gB the IRAC photometry is
described; irg4 we test the intermediate-redshift probability of the seyusing only part of the data; §b
we discuss the lensing model and compare with another imaigmé model; irk6 we describe thelST im-
age deconvolution; i§7 we show our SED fitting method; §8 we estimate the global SFR density based
on this discovery; irg9 we demonstrate why the source is not a solar-system or Baiaterloper; ing10
we discuss the effect of photometric scattering of intenatedredshift objects; and i§ll1 we summarize

our tests.

We adopt the cosmological parametérs- 0.7, 2, = 0.3, and2, = 0.7.

2. HST photometry and target selection

The CLASH observations of MACS J1149.6+2223 were carriedbetween December 2010 and
March 2011. Previous archivelST images in the F555W and F814W bands were also used in oursasaly
The data were processed in two independent pipelids:US, an enhanced version &SI S that is
now capable of merging and aligning WFC3 images, ®utiti dri zzl e3233 They were combined,
aligned and re-sampled with a common pixel scale’d@5. A Subaru image, centered on the cluster and
covering &8 x 28 arcminute field, was used as the astrometric reference ch@mteémages were produced
from the combination of ACS/WFC (Wide-Field Camera) and VBAR images. We used the WFC3/IR

detection image and ra®Ext r act or 3 in dual mode in every filter band.
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Photometry was carried out with circular apertures whosengiter is between 2 and 20 pixels. At
larger apertures, the source flux in each band increasesraddaily approached an asymptotic value, and
the spectral break became less prominent at larger apgdanemore noise was added to each band. At each
aperture size we estimated the photometric redshift, aadrtbst precise photometric redshift was from
the photometry made with an aperture of diameter 10 pixél6%0see Figure 1). To verify the precision,
we compared the source counts derived from our two indepgnapelines and found that they agree
well within the allowance of propagated errors. In the F148Wd F160W bands, the count difference was
< 3%. The source magnitudes in these two bands were approxintagimagnitude fainter than the values
measured at an aperture of 20 pixels. We therefore corrébtedource magnitude in ea€tST band by

—0.3 magnitude (Table S1).

The z ~ 10 candidates were selected with the following criteria: (heTdifference in magnitude
F110W-F140W> 1.3; (2) F140W-F160W< 0.5; and (3) No detection in the F105W band @o) and
no detection in the optical detection image {0). MACS1149-JD is the only object in our database of 12

CLASH clusters observed to date that meets these criteria.

3. IRAC photometry

We retrieved archivabitzer/IRAC images of MACS J1149.6+2223 observed in July 2010 ali-
ary 2011, under Program ID 60034 (PI: Egami), in the form oflBBasic Calibrated Data) and PBCD
(Post BCD). The BCD data were processed with ta&@kxlap andMosaic in the MOPEX package to pro-
duce the final mosaic images with a pixel scale 060 Individual PBCD images serve as the mosaics
for each of the two epochs. The exposure times were 33.6 ksital and 16.8 ksec on target for both

channels at 3.6 and 4;6m.

As the first step, two mosaic images taken at different epaare used. In both epochs, the cluster

18



was centered in the Channel 1 (3u&) and 2 (4.5:m) mosaics, and a visual inspection of the independent
mosaics at 4..um showed a clear detection at modest significance in bothhspo&s the epochs were
separated by six months, we ruled out the possibility of aispa detection or a moving object (additional

constraints ir§8).

The candidate was not visually detected atdi6in either epoch, or in the total stack, withla
upper limit of magnitude 26.1. The sensitivity of th&,m mosaic images was estimated by measuring the
standard deviation of flux values ifi2-diameter apertures randomly placed on empty backgroegidms.
The IRAC photometry at 4,am was carried out in several ways. We 1GALFI T*° to fit the brightness
profile of MACS1149-JD and neighboring sources simultasgouA point-spread-function (PSF) image
was made from the 4:Bn mosaic image by stacking four bright (magnitudel8.5) and isolated stars.
For bright neighboring foreground galaxies that could reshtisfactorily fitted with a pure PSF model, we
assumed a generalized Sérsic profile and use the highauties\ HST/WFC3 H-band image as a reference

for the initial GALFI T input parameters.

Because of the importance of photometry in theinbband, we performed extensive tests to cal-
ibrate it. We constructed simulated point sources conwbivegh the IRAC PSF profile and normalized
to magnitudes of 24.0, 24.5 and 25.0, respectively. We dlélcese simulated sources in the vicinity of
MACS1149-JD, and raALFI T with different fitting windows (Figure S1) until the expedteagnitude
of each simulated source was recovered. We proceeded te fiuthof MACS1149-JD without simulated
sources, using the fitting window and background level onitiege that recovered the brightness of the
simulated sources most accurately. We repeated theseatefste different positions for the simulated
sources of three different magnitudes to verify the measeards of the source magnitude. To account for
the uncertainties in estimating the background at diffepasitions around MACS1149-JD, we chose their

mean value 024.8 4+ 0.3 as the source magnitude in the Anb band.
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We then used the abo@ALFI T results to subtract out the neighboring sources (but not BATA9-
JD itself), and performed aperture photometry usifig Biameter apertures. The local background was
determined from an annulus of radius between 4 and 10 pi¥édsound the source magnitudé.0 + 0.3,
subject to a correction of-0.7 magnitude for the missing flux outside the aperitireThis magnitude
derived from a small aperture was fainter by approximatebyragnitude than that fro@ALFI T fitting.
Note that the median of the pixel values in the sky annuluswsgasl for the background estimation. We
verified that the measured source flux could increase-ly.1 — 0.2 magnitude if a smaller annulus for
the sky was usece(g. an outer radius of 8 pixels) to avoid the possible contanondtom a few brighter
pixels. While the measurement supported @ FI T results that the source is detected, we did not use

this value in Table S1 because of its larger uncertainty.

4. Intermediate-redshift probability

While our most probable and robust photometric redshifhestions yielded the high-redshift solu-
tion (Figure 3), we further studied alternative solutiolns$ using the IRAC data in the fitting. Intermediate-
redshift solutions were found at low probability when we td?Z and BPZ with only the four WFC3/IR
bands where the source is detected. This is a conservasivageadding data in non-detection bands does
reduce the likelihood for intermediate redshifts. Thedermediate-redshift solutions all had considerably
highery? values than the best fit solutionat= 9.6. For each model used, we calculated tRevalue from
the estimations. LPZ yielded a best-fit model for a starbyafxy atz = 9.63 £ 0.25 with a low y? = 5.1
and degree of freedom (d.o.f) 16. Figure S2 showsythgalues as a function of redshifts and the types
of galaxy templates as the LPZ output. When the data in alldiflb were included, only high-redshift
solutions were found (panel a). When only ti8T data where the source is detected (d.o.f = 1) was fitted,

the x? values for intermediate redshifts were unacceptably higimé! b).
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Our photometric redshift estimations also included modéth nebular emission, and the results
were not affected by it. This is because the goodness-o@stheavily weighted by the position of thed.y

break in the WFC3/IR bands.

5. Lensing model

The basic assumption in our SL modeling approach is that tigites mass, so that the photome-
try of red sequence cluster members constituted the sggotimt of modeling. The mass model for each
red sequence member was based on a surface-density poweacked by the galaxy’s luminosity. The
superposition of these power laws represented the lumpgxgacale mass component. This component
was then smoothed by fitting a low-order polynomial to ithgsiwo-dimensional (2D) spline interpolation,
resulting in a smooth DM component. In total there were sixdamental free parametétsthe galaxy
power law and the smoothing (polynomial) degree were thetirs free parameters. The two mass com-
ponents were then added with a relative galaxy-to-DM weighich was the third free parameter. To the
resulting deflection field, we added an external shear d@agrithe overall ellipticity. The direction of
the external shear and its magnitude were two additionalparameters. The overall scaling of the mass

model was the last free fundamental parameter.

For galaxy distances, we used existing spectroscopic iftslStand the accurate photometric redshifts
derived via the CLASH multiband imaging. We generated prglary six-parameter mass models using
the multiple images and candidates presented in previous'fvt? and also identified two new candidate
systems (although these were not used for the minimizatidmg minimization for the final best-fit model
was then implemented via a Monte Carlo Markov Chain (MC) whth Metropolis-Hastings algorithth
whose results we use here. The chain included six additiiveal parameters: the relative weight of

the bright central galaxy and five other bright galaxies ie tield, which allowed for a more accurate
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determination of the very inner mass profile. In addition,allewed the redshift of the four systems with

photometric redshifts to vary and be optimized by the madéipducing four additional free parameters.

The MC chain therefore minimized 16 free parameters, anddead (after burn-in) a total of 20,000
steps with a typicak 20% acceptance rate. As constraints for the minimization, wedu&3 secure
multiple images of seven sources, whereas for system 1 aedédi/ Zitrin & Broadhurst, we used several
distinctive knots across these large images as additiemstraints. In total, 36 image+knot positions were
used as constraints. Estimating the goodness-of-fit of ¢isé-fit model from this chain (where throughout
we adopted a = 1”4 as the positional error in thg? term), thex?, d.o.f and root-mean-square (rms) were
2.06, 30 and .92, respectively. This model yielded a magnificationidf5™}:2 for MACS1149-JD, while

the median magnification from the MC chain was slightly highé.53-3.

In addition, we also generatedLa&nst ool mass modéf-3 to compare with our findings. The
mass distribution and profile of the main halo were obtaingditing the multiple-image information to
a Navarro-Frenk-White profif. We included the contribution of the brightest cluster ggland the 187
brightest member galaxies, each modeled by a truncatedipssathermal elliptic mass distributitfh As
constraints for the minimization, we used 21 secure mdtiplages of seven sources, adopting 1”. as
the positional error. The goodness-of-fit for the best-fideldout of a sample of 10,000 generated models)
wasy? = 2.19 (d.o.f 9), with an image-position rms error 871 in the image plane. This complementary
model therefore constitutes another independent medsased on the adopted profile form that is different

20.8

than our light-traces-mass assumption. With this best-didehwe found a magnification @6.6%° for

MACS1149-JD.

The magnification and shear of the two models agreed withensthtistical errors. However, the

value of the magnification factor close to the critical cwve a quantity that is sensitive to the model
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details, and one needs to also examine possible systemEtiesomparison of the two modeling methods
allowed us to estimate a systematic uncertainty of ordekpf~ 5. Secondly, we checked the effect of
the weight (or, the mass-to-light ratio) of the bright graefpgalaxies a few arcseconds south-east of the
z ~ 9.6 candidate image, since this could have a strong effect omethdting magnification, and since
these were fixed in both models. Correspondingly, we fouatidhreasonabl20% variation in the weights

of these galaxies entail a magnification changépf~ 5. To further examine possible systematics in the
two methods, we generated two independent models wsngt ool (the first includes one central DM
component, while the other which we incorporated here, rsdtie cluster as two DM clumps), and several
independent models using the method of Zitrin €€agach with a different combination of free parameters
(i.e., different galaxies freely weighted, or photometric raétsbptimizations). By doing so, we had a set
of models to compare to the best fitting model used above, sseka the systematics these changes entail.
We noted that some of these resulting models had criticalesugwhere the magnification diverges) that
pass through the image or further outwards of its locatiorthsit in principle, the upper systematic limit
on the best-fit model magnification, was poorly constrairioth of these models had in general a lower
reducedy? than the complementary chain models, and in particulaiggébetter reproduction of images,
as gauged by visual inspection. These were therefore classtire best-fit models used above and whose
values we adopt throughout. We concluded that systematertainties were of the same order as the

statistical uncertainties, albeit with poorly constralngper limits.

Our best-fit lens model predicted that MACS1149-JD lies idetshe caustics for ~ 10 in the
source plane, so that it is likely not multiply lensed, buwds still predicted to be significantly magnified
by gravitational lensing from the cluster. To examine thegloility of multiple images for MACS1149-JD,
we chose a complementary MC chain model with somewhat aréiffeombination of free parameters that

did predict multiple images. No counter images brightentheagnitude 27 were found in the area where
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counterpart images were predicted.

The two complementary lensing models we adopted predictaghdy elongated image. Although
the observed source is elongated along the direction geztliny the lensing models, the level of elongation
was lower than the model predictions. As a result, the isiciimage in the source plane was not circular.
However, as the magnification especially close to the atitarves is one of the more sensitive quantities to
measure, this probably resulted from statistical and f@kesystematic uncertainties in the lens modeling.

We anticipate future improvements in modeling to reducdgatential systematic errors.

6. Image deconvolution

The drizzled F160W-band image was deconvolved using 2&igars of Lucy-Richardson deconvolu-
tion*:42 The PSF was provided by a bright field star within the stadkee displaced?” from the object.
This was a modest amount of deconvolution, but sufficienetoave the blurring due to the PSF wings,

and to provide a model-independent representation of tjexbb

After deconvolution, the extent of the source was significaut to ~ 0”3 from its center. The
distribution of light for0”.13 < r < 0”.33 is roughly exponential with a scale lengthf067 4+ 0".005. The
isophote ellipticity over the fitted region increases waldius to~ 0.5 atr = 0”.33. The half-light radius

of the source is < 0”.13, or 0.55 kpc (kiloparsec).

Using the detailed lens model for MACS J1149.6+2223 and 8fe-&econvolved F160W image, we
reconstructed the MACS1149-JD image in the source plane-a9.6. The source-plane reconstruction is
shown in Figure S3. The candidate is significantly elongatdtle source plane along a position angle of
139 degrees and is well-fit by a 2D Gaussian. The Gaussiarofitsthhat the candidate has an axis ratio of

7.55. Assuming 4.28 kpc arcsécat » = 9.6, the source spans 1.28 kpc and 0.17 kpc along its major and
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minor axis, respectively. Note that the most significanhgktion is in the F140W band.

If MACS1149-JD is at: = 9.6 then its intrinsic (delensed) size is 0.14 kpc. The exped&ddnsed
size of galaxies at this redshift from extrapolations atdog ~ 2—8) redshiftd3 predicts objects with sizes
of r = 0.367052 kpc. These two values are consistent atl#o level. If our object was really at ~ 3,
its delensed size would be 0.41 kpc. The corresponding Viadme existing (unlensed) field surveys is
1.37%:3 kpc for thez ~ 3 galaxy population, yielding a difference with the MACS14J size at thd 3¢
level. The high-redshift solution thus yields marginallgtier agreement with the existing observational

constraints.

7. Spectral energy distribution modeling

Our SED modeling constructed a large suite of models usingt®Garlo draws of the free parame-
ters, and then evaluated the posterior probability distidn of each parameter by calculating the statistical
likelihood of each model. To fit MACS1149-JD we synthesizedtpmetry in the 19 observed bands for
50,000 models assuming a fixed redshift of= 9.6. We parameterized the star formation histarfy) as
a delayedr model,(t) « texp(—t/7), wheret is the time since the onset of star formation ani$ a
characteristic time scale. The advantage of this paramatam is that it allows for both linearly rising
(t/7 < 1) and exponentially declining (r > 1) star formation histories. We drew from a uniform
distribution of between 10 Myr and 1 Gyruniformly from 5 — 500 Myr, and the stellar metallicity in the
rangeZ = 0.0002 — 0.02 (1% — 100% solar). For our fiducial modeling we assumed no dust obsicumat

although we tested the effect of relaxing this assumptidovine

Figure S4 shows the posterior probability distributionstioa stellar mass, SFR, and SFR-weighted
age,(t)spr = [ (1) (t — ') dt'/ [14(t') dt’. Since we were unable to place any significant constraints on

eitherr or the metallicityZ, we do not show these probability distributions here. Basethe median of the
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posterior probability distributions, our Bayesian an@ysiggested a stellar mass-ofl.5 x 10% (u/15)~!

M, for MACS1149-JD, and a SFR of 1.2 (u/15)~' M, year!. Although the probability distribution
on (t)srr IS Not peaked, we found that% of the models havét)spr < 200 Myr, suggesting a likely
formation redshift:; < 14.2. This analysis clearly demonstrated the need for precigé&CIRhotometry of

high-redshift galaxies, in order to place their physicalg®rties on firmer quantitative footing.

We investigated the effect of changing our prior assumggtiom these results. First, we considered
an ensemble of models that include dust, allowing the restéV -band attenuatidfi to range from) —
2 magnitudes. This analysis yielded median stellar mass &ft &stimates that were a factor of 6
higher, but with no improvement in the likelihood, and no swaint on thé/-band attenuation. However,
our constraints on; changed by 5%. We also considered simple exponentially declining stemétdion
histories; those yielded similar estimates for the stetlass and SFR (within a factor ef 2) with respect

to our fiducial model parameters, and constrained the foomagdshift toz; < 17.5.

Nebular emission can have a significant effeon the broad-band photometry of galaxies, and there-
fore we examined its potential effect on our SED modelinge Ppbssibility for a contribution from either
HG 486.1 nm or [O 111] 495.9,500.7 nm was excluded because tinedatection in the F105W band firmly
places the source at redshift- 9, and the observed tHand [O 1ll] wavelengths are beyond the spectral
range of IRAC channel 2. The only relevant emission linesgfae, is [O 11] 372.7 nm, which is redshifted
to 3.87 — 4.02 um, right in the gap between IRAC channels 1 and 2 between ifedsk 9.4 — 9.8. Mo-
mentarily neglecting the potential effect of [O IlI] on ourgibmetry, we converted the inferred posterior
distribution of SFR based on our fiducial SED-modeling agstiions (Figure S4) to a posterior distribution
on [O I1] equivalent widthé. Based on this distribution, we conservatively estimatathaimum equivalent
width of 10 nm in the rest frame for MACS1149-JD, which woulabist the IRAC channel-2 magnitude

by at most 0.2 magnitude. However, we verified that remouggaotential effect of this nebular emission
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from our IRAC photometry and refitting has a negligible effen our estimates of stellar mass, SFR, and

age.

We also tested the possibility that MACS1149-JD is an ineshate-redshift interloper (see Fig-
ure S5), withi SEDf i t , even though the task and its library are not optimized fdshgft estimations. As-
suming a representative value of= 3.2 (Figure 3 and S5), we constructed a suité@f000 models with
exponentially declining star formation histories spaigranwide range of stellar metallicity (0002 — 0.03),
dust attenuation4, = 0 — 3 magnitude), ages5(Myr to 2 Gyr , where2 Gyr is the age of the Universe at
this redshift), and- (0.01 — 10 Gyr). Assuming an intermediate-redshift solution, theti#snodel had a
reducedy? = 4.1 (d.o.f = 18), compared tq? = 1.4 when assuming a redshift= 9.6. In addition, as
shown in the inset to Figure S5, thé distributions of the full suite of models assuming= 9.6 peaked
aroundy? =~ 1.5 (light blue histogram), whereas th¢ distribution of the bulk of the models assuming
z = 3.2 are centered aroung? ~ 9 (gray histogram). This analysis demonstrated that the-teghkhift

solution is preferred from the point-of-view of the SED mbig, consistent with LPZ and BPZ.

The magnification from gravitational lensing allows us ttreate the age and mass of galaxies oth-
erwise too faint to study. Figure S6 plots thST and IRAC magnitudes for a number of objeétat
z ~ 7 —8. Our measurements follow a similar between the rest-fraltna-uiolet (UV) and optical magni-
tudes, but with considerably higher accuracy at the sosiio&insic magnitude, thanks to the gravitational

magnification.

We also studied the mass-luminosity relation for MACS1I#9-Based on an absolute magnitude of
—21.8 at 150 nm in the rest frame and a magnification fagtef 15, we calculated the intrinsic magnitude
Mi50nm = —18.8. With a stellar mass of 1.5 x 10® M, this is within 10% from the value extrapolated

from the mass-luminosity relation at~ 4.4’

27



8. Density of star-forming rate atz~10

MACS1149-JD provides insights into the~ 10 Universe, and it is interesting to compare the object’s
properties with its counterparts at redshifts- 7 —8.#849The search that revealed MACS1149-JD involved
12 CLASH clusters and reached a limiting magnitude of 26.andidates as faint a&/;5p,,, = —18.3
should therefore have been found in the area where the meafiof factor is lower than our fiducial value,
namely down tou = 9. Based on the lens models built for these cluste+s we calculated the total
volume probed above this threshold magnification. For amédshell between: = 9 — 10, and accounting
for lens modeling uncertainty, coverage uncertainty duargas obscured by foreground galaxies and
cosmic varianc®, we calculated the effective volume to b22073%% Mpc®. Based on this, and the Poisson
uncertainty from the discovery of a single object with arireated star formation rate ef 1.2 M, year!
assuming a Chabrier IMF, the implied star formation ratesitgris (1.0723) x 1073 M, Mpc3year .

To compare with the HUDF result based on the Salpeter®fiiive scaled up the value by a factor of 1.8,
i.e, to (1.871%) x 1073 M, Mpc—2year!. This value is higher than the limit derived from the HUT®
but lower than an extrapolation from lower redshifts andnwitie amount of star formation rate density

expected from the census of assembled stellar mass prioatepoch. However, the SFR density based on

a single object is highly uncertain.

9. Solar system and galactic interlopers

We verified that MACS1149-JD is not a solar system object lagipg an upper limit on its proper
motion over the course of 80 days. The object is also incterdisvith being a late-type Galactic star — there
are no L,M,T, or Y dwarfs whose total flux difference is witltirgo of the observed colors of MACS1149-
JD. The likelihood that the source is at an intermediatehédis extremely low given th&pitzer/IRAC

photometric constraints. We also studied several pairaugfriitios in different bands for all the objects in
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our CLASH database with similar magnitudes. The hypothésisthe source’s extremely red color is just
due to photometric scatter of the general faint extragelgapulation is excluded at 99.985% confidence

level.

We demonstrate here that the likelihood that MACS1149-J&tier a faint solar system or Galactic
object is extremely low. CLASH observations of MACS J1142823 were obtained at eight different
epochs and our F140W and F160W images, in particular, coverdfi those epochs spanning 80 days
between December 20, 2010 and March 10, 2011. At each epa&meaasured the relative separation
between MACS1149-JD and a bright early type galaxy with agachcore that is- 10” away. This galaxy
provided our common stationary astrometric referencetpdine relative offsets, as a function of time, with
respect to the mean separation between MACS1149-JD anéfdremce galaxy are shown in Figure S7.
Based on these measurements, the proper motion of the sswcé&”.13 per year. If MACS1149-JD
were an object on a low-eccentricity orbit within the solgstem, its orbital period would have to be in
excess of 10 million years - implying an orbital semi-majgisathat is at least two orders of magnitude
beyond the distance of Kuiper belt and Trans-Neptunianobdjg0 — 100 astronomical units[AU]). Only
objects in the Oort cloud~ 50, 000 AU) would be expected to have such small proper motions bilt the
predicted absolute magnitudes and colors of typical Ooudlobject®® would be inconsistent with those
of MACS1149-JD (MACS1149-JD is about 9 magnitudes brigtitan what is expected for a 20 km wide

Oort cloud object).

To assess whether MACS1149-JD could be a cool Galacticve¢acpmpared its colors to a sample
of 75 stellar templates of L,M,T dwarfs compiled from a spaicatlas® >’ and Y dwarfs from stellar
model atmospheré® For each star we computed its predicted flux in F814W, F10BY¥0W, F125W,
F140W, F160W, IRAC 3.:m and 4.5;m bands and normalized the fluxes so they match the F160W

measurement for MACS1149-JD. We then computed, for eachtsgacorresponding total flux deviation
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from the MACS1149-JD flux values using the expression:

(Af) = \/Eij\il [(fi,macs1149—0D — fi,STAR)/Ui,obj]Q (1)

where the sum is over the eight bands. There were no L,M,T, dw#rfs whose total flux difference is
within 60 of the observed colors of MACS1149-JD(see also Figure $8dd, the minimum difference in
flux space between the source and the closest stellar maidwiand the median difference 1$.80. The
combination of near-infrared detections and upper limigmasured for MACS1149-JD thus argues strongly

against a cool, faint Galactic star as the likely explamatay the source.

10. Photometric scatter test

We demonstrate that the photometry of MACS1149-JD is nefyiko be due to drawing randomly
from the main faint galaxy population. We extracted from18ll CLASH cluster object catalogs derived
from IR-based detection images those sources that havexapately similar WFC3 F160W fluxes as
MACS1149-JD. The selection criterion is magnituzie45 < F160W < 26.95. There were a total of
5614 objects that satisfy this criterion. We then generatd magnitudes for each object by randomly
drawing, from a Gaussian distribution, with a mean equahé&dbject’s measured flux and with a standard
deviation equal to the object’s flux uncertainty. We thenrted how many such objects would have
measured flux ratios that lie within the Lincertainty of the F110W/F125W and F125W/F160W flux ratios
of MACS1149-JD and that also show no flux (at tle@vel) in the F814W and F105W bands. We ran 1000
such realizations of the sample and found that only 0.0158bebbjects (averaged over 1000 realizations)
would satisfy these criteria. Thus, MACS1149-JD is unigue®agst the population of faint sources at the

99.985% level (Figure S9).

11. Summary

We carried out extensive analyses to study the nature of anaybject with unique properties and
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found the following evidence:

e Detection of the source at multiple epochs in bid&T andSpitzer imaging rules out the source being

a spurious detection or a transient object.

e The combination of color decrements-atl.3 um and~ 4 pm favor a high-redshift solution

e Intermediate-redshift fits yield significantly higher vatiofy? using justHST photometry alone.

¢ Intermediate-redshift solutions are ruled outdat whenHST and Spitzer photometry are used in

photometric redshift estimation.

e The de-lensed magnitude is consistent with expectatiarsofarces at > 8.

e The de-lensed half-light radius is more consistent witheexations for sources at> 8.

e The source plane morphology is significantly more elong#tad the image plane morphology.

e The proper motion upper limit and the source’s apparent ntag@ make it very unlikely that the

source is a Kuiper Belt, Trans Neptunian or Oort cloud object

e Location of the source in multi-color space is inconsistatto) with the source being a cool Galactic

dwarf star (spectral type L,M,T,Y).

e Photometric scatter is not sufficient to explain colors, #msl explanation is rejected at the 99.985%

confidence level.

We therefore conclude that the MACS1149-JD is highly ujikke be an intermediate-redshift inter-

loper, a cool, late-type star, or solar system object. Thetppmbable explanation isza= 9.6 galaxy.
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Table S1: Photometry of MACS1149-JD

Band Coverageim) Magnitude  Flux (nJy)
IRAC 2 4.0-5.0 24.8+0.3 4494138
IRAC 1 3.2-3.9 > 26.1¢ 86 £+ 138
F160W 1.40-1.67 25.70+£0.07 194412
F140W 1.20-1.58 25.924+0.08 156 +12
F125W 1.10-1.39 26.8 +0.2 70+ 14
F110W 0.93-1.37 27.5+0.3 36 £ 10
F105W 0.92-1.19 > 28.7¢ 5+ 12
F850LP 0.88-1.00 > 28.1¢ —66 £+ 21
F814W 0.71-0.96 > 29.1¢ —2+8
F775W 0.70-0.85 > 28.2¢ 6+ 18
F625W 0.56-0.70 > 28.5¢ —25+£15
F606W 0.47-0.71 > 28.9¢ 2+10
F555W 0.47-0.60 > 28.9¢ 3+10
F475W 0.40-0.55 > 28.7¢ —24 412
FA435W 0.38-0.48 > 28.5% 104+ 14
F390W 0.35-0.44 > 28.5¢ —11+14
F336W 0.31-0.36 > 26.6% 46 £+ 80
F275W 0.25-0.29 > 27.6% 18 + 32
F225W 0.21-0.26 > 26.4¢ —26 £99

@ 1o detection limit. For negative fluxes, we conservativelyass zero flux when

calculating thelo upper limit.
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Figure S1 — lllustration of IRAC fitting at 4.5um. In the left panel, MACS1149-JD is marked with a
green circle, and a simulated point source of AB=24.0 is marked with a red circle. In the middle
panel, the best-fit GALFI T model is displayed, and in the right panel, the residual image with all
model components subtracted. Note that the actual fitting is made without simulated sources and

yields a mean magnitude of 24.8+0.3.
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Figure S2 — Likelihood distribution of photometric redshift. The x? values are plotted at different
fitted redshifts for each template in the LPZ template library, plus the effect of dust attenuation.
Red points: early types; green points: intermediate type; and blue points: late type. In panel
(@), we fit all the data in 17 HST bands and two IRAC bands (d.o.f = 16). Intermediate-redshift
solutions yield considerably higher x? values than the high-redshift solutions. In panel (b), we fit
only the data in the four HST bands where the source is detected (d.o.f = 1), to show extreme, but

not viable, intermediate-redshift solutions at low probability.
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Figure S3 — Source-plane reconstruction of MACS1149-JD in the WFC3/IR F160W band. The
source is significantly elongated with an axis ratio of 7.55. The candidate spans 1.28 kpc and
0.17 kpc along its major and minor axis, respectively, as denoted by the red ellipse. The results

are sensitive to the model details and systematic errors.
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Figure S4 — Posterior probability distributions on the stellar mass, SFR, and SFR-weighted age,
(t)srr based on our Bayesian SED modeling. Note that our stellar mass and SFR estimates have
been de-magnified assuming a fiducial magnification factor =15, while (t)srr IS independent
of . Based on this analysis we infer a stellar mass of ~ 1.5 x 10% (u/15)"' Mg a SFR of ~
1.2 (1/15)~1 My, year™!, and a constrain on the SFR-weighted age of < 200 Myr (95% confidence
level), implying a formation redshift z; <14.2.
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Figure S5 — Results of modeling the SED of MACS1149-JD assuming an intermediate-redshift
solution, z=3.2. This figure is analogous to Fig. 4 but here the gray shading shows the range
models drawn from the posterior probability distribution that fit the data assuming z=3.2. The
black spectrum is the best-fit z=3.2 model, and the open red squares show the photometry of
this model convolved with the WFC3, ACS, and IRAC filter response functions. As shown in
the inset, the x? distribution of these intermediate-redshift models peaks around y? ~9 (d.o.f.
18, gray histogram), whereas the y? distribution of the models fitted to the data assuming z=9.6
peaks around x? ~1.5 (light blue histogram; see also Fig. 4). We conclude, therefore, that the

high-redshift solution is clearly preferred from the point-of-view of our SED modeling.
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Figure S6 — UV and optical magnitudes of high-redshift objects. The data*® are from objects at
z~7-8. The rest-frame UV band is F125W, and the rest-frame optical band is the IRAC 3.6um.
The magnitudes of MACS1149-JD, in F160W and 4.5 um bands, are plotted in red, in their ob-
served values (the lower point) and de-magnified values (scaled down by a flux factor of 15, at the
upper-right). The dashed red line is the track of the source’s intrinsic magnitudes under different
magnification factors, and the solid red line marks the range for MACS1149-JD. Cluster lensing

makes it possible to improve the accuracy of photometry at the faint end.
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Figure S7 — Relative difference, in milli-arcseconds, between the separation of MACS1149-JD
from a nearby reference galaxy at each of five separate epochs and the mean separation value.

The upper limit on its proper motion is < 0”.13 year—1.
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Figure S8 — Comparison of colors of 75 late-type stars®®—2 (black circles) and those of the high-
redshift candidate MACS1149-JD (red circle). The F814W magnitude for MACS1149-JD is based
on its 1o upper limit. In the right panel, the color of a rare M-8lll star is close to the error box,
but it is well separated in color in the left panel. If we run the analysis using 20 error, the median
separation drops from 16.8¢ to 11.20, and the minimum separation drops from 6.8¢ to 4.60. The

candidate object is still well isolated from the main population.
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Figure S9 — Flux ratios of faint galaxy population in the CLASH database with F160W magnitude
25.45-26.85. MACS1149-JD, a resolved source is marked by a red circle. The plotted fluxes are
isophotal values and hence are slightly different from Table S11. The five sources next to or within

the error box are further examined, and they are rejected because of a detection in optical bands.
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