LETTER

A Rapidly Star-forming Galaxy 680 Million Years
After the Big Bang at z=7.51
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There are five spectroscopically confirmed z- 7 galaxies, all con-
firmed via Lyman a emission at z=7.008, 7.045, 7.109, 7.213 an
7.215%% The small fraction of confirmed galaxies may indicate
that the neutral fraction in the intergalactic medium (IGM) rises
quickly at z > 6.5, as Lymanx is resonantly scattered by neutral
gas®%® However, the small samples and limited depth of previous
observations makes these conclusions tentative. Here wep@t the
results of a deep near-infrared spectroscopic survey of 43 > 6.5
galaxies. We detect only a single galaxy, confirming that soempro-
cess is making Lymarx difficult to detect. We conclude that the
detected emission line at 1.034@m is likely to be Lymana emis-
sion, placing this galaxy at a redshift z = 7.51, an epoch 680ilion
years after the Big Bang. This galaxy’s colors are consisténvith
significant metal content, implying that galaxies become aithed
rapidly. We measure a surprisingly high star formation rate of 330
M yr—*, more than a factor of 100 greater than seen in the Milky
Way. Such a galaxy is unexpected in a survey of our sizethus
the early universe may harbor more intense sites of star-fanation
than expected.

Tilvi2, A. M. Koekemoet, K. D. Finkelsteirl, B. Mobashet,
Dekef, G. G. Fazid, A. Fontand, N. A. Grogirt*, J.-S. Huang,

As expected for a galaxy at= 7.51, zZBGND_5296 is completely
dindetected in th&lST optical bands, including an extremely deep 0.8
pm image (Figure 2). The galaxy is bright in thiST near-IR bands,
becoming brighter with increasing wavelength, implyingttthe Ly-
man break lies near Am, and that the galaxy has a moderately red
rest-frame UV color. The galaxy is well-detected in b8fitzer/IRAC
bands, and is much brighter at 4.5 than at 3.6:m. The strong break
at 1 um restricts the observed emission line to be either &y 2 =
7.51 (near the Lyman break) or [ A\3726,3729 (a doublet) at=
1.78 (near the rest-frame Balmer/40f&(break). We investigate these
two possibilities by comparing our observed photometry suige of
stellar population models at both redshifts (Figure 3). Acmbetter
fit to the data is obtained when using modelg at 7.51 than at =
1.78, supporting our identification of the emission line g& LSpecif-
ically, the model atz: = 1.78 would result in>40 significant flux in
the 0.8um image, as well as a near-zero IRAC color, both of which are
not seen. Additionally, the = 1.78 model requires an aging stellar
population with no active star formation, which would hawsignifi-
cant [O11] emission. In the Supplementary Information, we discuss a

We obtained near-infrared (near-IR) spectroscopy of galdumber of tests performed to discern between the apd [O1i] hy-

ies originally discovered in the Cosmic Assembly Nearandd
Deep Extragalactic Legacy Survey (CANDELESY! with the newly-
commissioned near-infrared spectrograph MOSEfR the Kecki

potheses. In summary, although we cannot robustly meakarkne
asymmetry due to the nearby sky residual, the SED fittingltesas
well as the lack of a detected second line in thel]@oublet, lead us

10 meter telescope. From a parent sample of over 100 galadj-cato conclude that the emission line is in factd gt z = 7.51.

dates at: > 7 selected via theiHST colors through the photometric
redshift techniqu€1% we observed 43 candidate high-redshift gala

ies over two MOSFIRE pointings with exposure times of 5.6 4ril
hr, respectively. Our observations coveredhlgmission at redshifts
of 7.0 — 8.2. We visually inspected the reduced data at thected
slit positions for our 43 observed sources, and found phéeigmis-
sion lines in seven objects, with only one line detected a4 signifi-
cance. The detected emission line is at a wavelength of 3,084vith
an integrated signal-to-noise (S/N) of 7.8 (Figure 1), aoches from
the object designated Z2BND_5296 in our sample (RA12:36:37.90;
Dec=62:18:08.5 J2000). Based on the arguments outlined belog (
discussed extensively in the supplementary material),deetify this
line as the Ly transition of hydrogen at a line-peak redshiftzof=
7.5078+ 0.0004; consistent with our photometric redshift 68% con
dence range of 7.5 z < 7.9 for zZBGND_5296.

1The University of Texas at Austin, 2515 Speedway, Stop C1400, Austin, TX 78712, USA
2Texas A&M University, 4242 TAMU, College Station, TX 78743, USA *National Optical Astron-
omy Observatory, Tucson, AZ 85719, USA “Space Telescope Science Institute, 3700 San Martin
Dr., Baltimore, MD, 21218, USA ®University of California, Riverside, CA 92521, USA SUniversity
of Massachusetts, Amherst, MA 01003, USA "Harvard-Smithsonian Center for Astrophysics, 60
Garden St., Cambridge, MA 02138, USA ®Racah Institute of Physics, The Hebrew University,
Jerusalem 91904, Israel °INAF-Osservatorio di Roma,ll-00040, Monteporzio, Italy '°University of
Kentucky, Lexington, KY, 40506, USA *!Infrared Processing and Analysis Center, MS 100-22, Cal-
tech, Pasadena, CA 91125 '2Steward Observatory, University of Arizona, 933 N. Cherry Ave, Tuc-
son, AZ 85721

e This galaxy is very bright in the rest-frame UV and opticalthw
an apparent magnitude of o = 25.6 and a derived stellar mass
of 1.0"57 x 10° M. The blueH — [3.6] color suggests that the
moderately red UV colorf{ — H = 0.1 mag) is due to dust atten-
uation rather than the intrinsic red color of an old stellapyation.
The presence of dust extinction leads to a higher inferredusvnos-
ity. To derive the intrinsic star-formation rate (SFR) fbistgalaxy, we
measure a time-averaged SFR from the best-fitting stellpulption
models to find SFR= 33077,° Mg yr~'. The very red3.6] — [4.5]
é:olor atz = 7.51 can only be due to strong @] A5007 line emission
in the 4.5um band; indeed, the SED fitting implies an i A5007
rest-frame equivalent width (EW) of 560 — 6430(68% confidence),
]yvith a line flux of 5.3x 107'7 erg s* cm~2. This very high [Q11]
EW can constrain the abundance of metals in this galaxy,gisyhén-
riched stars do not produce hard enough ionizing spectrde wery
low metallicity systems do not have enough oxygen to prodiiceng
emission lines. Of the metallicities available in our mad@.02, 0.2,
0.4 and 1.0x solar), only models with a metal abundance of about
20-40% of Solar have [@1] EWs >300A. Thus, even at such early
times, it was possible to form a moderately chemically dritgalaxy.
However, due to discreteness of the model metallicitieshér analy-
sis is needed to make more quantitative conclusions on tltelroity,
particularly on the lower limit. We note that at= 7.51 [O11] is in the
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Figure 1 | MOSFIRE Spectrum of zZ8.GND_5296 The observed near-IR spectrum of the galaxyG#8D_5296. The top panel shows the reduced two-dimensional
spectrum, and an emission line is clearly seen as a posigimalsn the center, with the negative signals above andbelecesult of our dithering pattern in the spatial
direction along the slit; this is a pattern only exhibited feal objects. The bottom panel shows our extracted onefwsional spectrum (smoothed to the spectral
resolution in black; un-smoothed in gray). The sky spectisishown as the filled gray curve, with the scale reduced lgreampared to that of the data. The line
is clearly detected in separate reductions of the first andrekhalves of the data with S/N of 6.4 and 5.2, respectivEhe line has a full-width at half-maximum
(FWHM) of 7.7 A, and is clearly resolved compared to nearby sky emissiwes|iwhich have FWHM= 2.7 A. The red line denotes the peak flux of the detected
emission line, which corresponds to a redshiftedvlline at 7.51. All other strongly positive or negative feasiare subtraction residuals due to strong night sky
emission. Although the line appears symmetric, there isydisk residual just to the red of our detected emission limeich makes a measurement of our line's
asymmetry difficult.
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Figure 2| Images of zZBGND_5296 Large image: A portion of the CANDELS/GOODS-N field, showrtie F160W filter (centered at J.é), around zZBGND_5296.
CANDELS provides the largest survey volume in the distaintense deep enough to find > 7 galaxies. The 15 x 0.7 slitis shown as the yellow rectangle. Small
images: Cutouts around ZBND_5296; the GOODS and CANDELBST images are ‘3 on a side, while the S-CANDELSpitzer/IRAC 3.6 and 4.5um images are
15”0n a side. We also show mean stacks of the five optical bandtharttiree near-IR bands, the latter of which shows that thiaxy appears to have a clumpy
morphology. This galaxy is not detected in any optical bawen when stacked together, which is strongly suggestieeretishift greater than 7. The IRAC bands
show a faint detection in the 36m band, and a strong detection in the 4 band. This signature is expected if strongi[Pemission is present in the 4/m
band, which would be the case for a strongly star-formingxjahtz ~ 7.5, with sub-Solar (though still significant) metal cortéh2-0.4 Z,). The bottom plot
shows the results of our photometric redshift analysisiptaz8 GND_5296 at 7.3< z < 8.1 at 95% confidence, which encompasses our measuredasmeqtic
redshift (denoted by the vertical line). We show both thebptality distribution function as well as the valuesygt at each redshift; though a low-redshift solution is
possible, it is strongly disfavored, with the high-redskflution being~7x 10° more probable.



Rest Wavelené;fh (A
0

500 1000 20 4000 B \ ilzY J H 3.6 4.5
1000 : T T T T — 24 30 [ T T T T 17T T T z ( T |)
C C E x* (z=7.51
425 25F O % (z=1.78)]
3 N ]
£ 126 8 ; -0 ]
= 100F —0 | 2 : —m =
E ~, - J
€ 1278 <19 ]
g 3 y ]
§ I /:: —O— Observed Flux Densities | _| 28 C<EI 10 :7 7:
o I _\l/_ 'm [ Observed 20 Limit i o
B ——  Best—fit Model (2=7.51) Sr ey b
10 : WV l — Best—fit Model (z=1.78) |29 o —m— o .
C I 1 L L L L 0 7=.=I=-=_|:-t__-_-__l—l__-_l_-l_i
0.5 1 2 3 4 5 0.5 1 2 3 4 5
Observed Wavelength (um) Observed Wavelength (um)

Figure 3 | Spectral Energy Distribution Fitting of zZ8_GND_5296 Left) The results of fitting stellar population models te thbserved photometry of ZBND_5296.
The best-fit model for =7.51 (if our observed line is ly) is shown as the blue spectrum, while the alternate redshit= 1.78 (if the line is [O11]) is shown

by the red spectrum. The horizontal error bars denote thdfaems FWHMs. Right) The measurgd for each band for the best-fit model at each redshift. The
lack of detectable optical flux, particularly in the deep #8Limage, as well as the extremely red IRAC color, stronglyofathe high-redshift solution (reduced
x?[z = 7.51] = 0.8 versusy?[z = 1.78] = 14.7). Additionally, the low-redshift model exhibits nasformation, thus this stellar population should not have
detectable [1] emission. The best-fitting high-redshift model shows thit galaxy has a stellar mass of about M, , with a 10-Myr-averaged star-formation rate
(SFR) 0f~330 Mg, yr—* (68% C.L. 320 — 1040 M, yr~1). The large SFR may be responsible for the ability oflip escape this galaxy.

3.6um band, but it is predicted to be about Sainter than [Q11], and Table 1: Lya Spectroscopically Confirmed Galaxies at > 7
thus does not affect the 361 band as much as [@] affects 4.5um.

This galaxy is forming stars at a very high rate, with a “mass- ZLya Myv RestEW.ya (A) R(:]f_erenci
doubling” time of at most 4 Myr. The most recent estimafest z ~ 7 7.508  -21.2 8 ) This Wor
7.215 -22.4 15 Shibuya et al. 2012

find that galaxies with stellar masses 0k80° M, typically have spe-

cific SFRs (sSFR= SFR divided by stellar massy10~% yr—!. This 7.213 2138 33 Ono etal. 2012

galaxy is a factor of five less massive, yet its SSFR is a faat@0 7.109 -20.4 50 Vanzella et al. 2010

greater, at 3« 107 yr—!, implying that zZBGND_5296 is undergoing 7.045 211 65 Schenker et al. 2012

a significant starburst. Additionally, estimates of the SERctions 7.008 —20.6 64 Vanzella et al. 2010

show that a typical galaxy at ~ 7 has a SFR= 10 Mg, yr—'; the

?Egs:ursgti(?rfic::czcﬁg?ésﬁ?f elf(pa;::?g:jorss;:iogeg;i?/tf)rﬁlml);d;?;js Table 1 | Twe compute U_V absolute magnitudes for the_ Vanzella et al. and
3 . ! e X ) ! 2 Schenker et al. galaxies using thedagorrectedy”-band magnitudes and-band

Mpc® for this galaxy would be< 107°. The implied rarity of this magnitude, respectively.

galaxy could imply that it is the progenitor of some of the mosis-

sive systems in the high-redshift universe. However, dhe 7.213

galaxy GN-108038 also in GOODS-North, also has an implied SFR _ 7.

> 100 My yr—*. While the current statistics are poor, the presence of

these two galaxies in a relatively small survey field suggésat the

abundance of galaxies with such large star formation rat®g mave

been underestimated. * ZBND_5296 and GN-108036 also both hav

young inferred ages and IRAC colors indicative of strongi[Pemis-

sion. G_lven the d|ff|cu|t_y of detectm_g ky emission at: Z 6.5, itis the inferred stellar mass and redshift, @8ID_5296 must have a gas
interesting that these highest redshifiayletected galaxies appear t(%eservoir of~50x the stellar mass to give an accretion rate compara-

have extre_me SFRS gnd high i) emission. It_may be thata h|gh SI:F"ble to the SFR! If true, this galaxy would have gas surface densities
apd/or a h.'gh excitation are necessary gondltlons f@r bycape n the similar to the most gas-rich galaxies in the local univees®l its SFR
distant universe, perhaps through blowing holes in the 15wing ould be consistent with local relations between the gasSifid sur-

both Lya and ionizing photons to escape. An outflow in the ISM 9% ce densiti .
2 . tid. The |l -to-stell t Id be due to |
200-300 km s could clear a hole in this galaxy in about 3-5 Myr, or ce censit € large gas-lo-stefiar mass ratio coulid be due 1o flow

h if th | . d . iuld metallicities at earlier times which may initially inhikstar-formation
perhaps even sooner It the galaxy 1S undergoing a mergec/vaau allowing the formation of such a large gas reser¢dlf.such high gas-
preferentially clear some lines of sight fordwto escape.

) ) ; ) to-stellar mass ratios are common amongst 7 galaxies, it could ex-
Finally, we examine the lack of detected d.jines in our fzg plain the relative paucity of Ly emission in our observations. Clearly
dataset. If the Ly EW distribution continues its observed increase gjirect observations of the gas properties of distant getaaie required

from 3 < z < 6 out oz ~ 7-8, we should have detectedd-gmission , make progress understanding both the fueling of stardtom, and
from 6 galaxies. Our single detection rules out this EW dhstion .o escape of Ly photons.

at 2.5 significance. This confirms previous resultszat 6.5, *5:5:8
This perceived lack of Ly emission was previously inferred to be due ;_ Vanzella, E. et al. Spectroscopic Confirmation of Two Lyman Break

An alternative explanation for at least park of thenLgieficit may
be gas within the galaxies. A high gas-to-stellar mass na@y be
consistent with the very high SFR of ZBND_5296, as galaxies should
ot have SFRs (for long periods) exceeding their averageaga®-
tion rate from the IGM (which is set by the total baryonic mjagsor

to a rapidly increasing neutral fraction in the IGMat> 6.5, as con- Galaxies at Redshift Beyond 7. ApJL 730, L35 (2011).

tam'nat'on by lower red.Sh'ft. interlopers is Illgely not domant atz = 2. Schenker, M. A. et al. Keck Spectroscopy of Faint 3 < z < 8 Lyman Break
7 given the low contamination rate at= 6. ° However, most other Galaxies: Evidence for a Declining Fraction of Emission Line Sources in
observations are consistent with an IGM neutral fractioh0%">2° at the Redshift Range 6 < z < 8. ApJ 744, 179 (2012).
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SUPPLEMENTARY INFORMATION e [P(z> Zsampie —2)dz > 0.5

1 Sample Selection ® Zbest > Zsample — 2
Our sample of high-redshift galaxies in the GOODS-Northdfiel
was selected using an updated version of the criteria piedém pre-
vious papers;?° the full sample will be published in Finkelstein et alThese are very similar to the criteria used in our previouslipations,
(2013, in prep). These papers can be consulted for morelsjetat and they have been shown to produce samples which match yp ver
here we briefly recap our process. well with available spectroscopic redshitfs.
The optical imaging comes from the GOODS suriegnd we used  The selected sources were visually inspected to rejetaasisuch
the v2.0 ACS imaging, consisting of mosaics in the FA35W,8¥80 as diffraction spikes and oversplit regions of bright ga#ax Addition-
F775W and F850LP filters. The near-infrared data comes fitwan &lly, the colors of galaxy candidates were compared to tpeeed
CANDELS survey, and we used the CANDELS team early data pragblors of M, L and T-dwarf stars, and any sources with ste-tiolors
ucts (v0.1) in the F105W, F125W and F160W filters. The CANwhich were also unresolved were rejected from the sampilligi the
DELS survey is obtaining data at two depths, denoted as “WHIE  optical bands were also inspected to ensure that they isageared
“DEEP”. The imaging used here consists of the full depth étorth-  to contain no significant>1.5) flux (in practice, sources with sig-
west WIDE region, and about half of the full depth of the DEE&ion. nificant optical flux would have already been rejected by @lection
The & limiting magnitudes, measured in O-4liameter apertures, for criteria). Our final galaxy samples consist of 175 candigalexies at
the ACS bands are: 28.1, 28.3, 27.8 and 27.7, respectivitlné®- » ~ 6, 85 atz ~ 7 and 25 at ~ 8.
nitudes are quoted in the AB syst&h For the three WFC3 bands,
the existing DEEP & depths are 27.9, 27.9 and 27.7, while for thg Spectroscopic Followup Sample
WIDE region, the depths are 27.4, 27.4 and 27.3, respegtivat-
ditionally, we add to our analysis new, extremely deep, aaptdata
obtained with ACS in parallel to the CANDELS observation$e3e
data were obtained in the F814W filter, and have an exposue af

o 2 <60

From our parent sample of candidate galaxies, we selectes th
for spectroscopic followup with MOSFIRE via two criteria) dppar-
ent F160W magnitude, and 2) maximizifgP(7.0 < z < 8.2)dz

" . . (which corresponds to the redshift range placingylip the MOS-
57,000 s at the position of our source, showing no detectabevith a FIRE Y-band grating). We first prioritized based on brightness| an

0.4”-di.ameter aperturedsdepth of 28.8. W.e createq photometry Cat%hen within each magnitude bin, we prioritized based on ftigbdst
logs with the Source Extractor softwafeysing a weighted sum of theValue of the integral defined above. We input these catalugsthe

F125W and F160W images as the detection image. We measured SAGMA software”! which was created by the MOSFIRE team to de-

ors in small elliptical ?pe”‘.”es’ setting the Kron apqmmrameters 0 sign mask configurations. The software searches a large defieed)
Kron_fact=1.2 and minradius=1.7. Aperture corrections were mea-

sured in the F160W band by comparing the flux in this smalltaper parameter.space in both ”ghF ascension, dec||nat|o.n aanilqm)an-'
. L . le to maximize the total priority of sources. We designed tmasks:
to that in the default MAGAUTO aperture, which is representative o . o .
OODSNMask1, with a position angle of 34 degrees, containing 24
the total flux. Photometry was performed on the DEEP and WIBE r . . . . . ;
. . L candidate high-redshift galaxies, and GOODBIssk2, with a posi-
gions separately. Photometry errors were obtained by girgyiSource . -
. . tion angle of—9.5 degrees, containing 19.
Extractor with accurate RMS images.
No RMS map was available for the F814W data, but we followed ) .
the same procedures used to calibrate noise maps for theastan3 Observations and Data Reduction
CANDELS HST data productsé We measured the RMS and auto- Our observations took place on UT 18-19 April 2013 underrclea
correlation function of the background noise near the jmsiof our mostly photometric conditions. We used MOSFIRE with #éand
object, after masking out sources. We scaled the corralatiorected graElng, which observes-0.97 — 1.12um, and set the slit widths to
RMS to the number of pixels in the elliptical photometry @pe, find- 0.7’. We observed each configuration for one night, taking 180 sec
ing a total I F814W flux uncertainty of 5 nJy. This is a factor ofXposures with an ABAB dither pattern, with dither posiscsepa-
about 3< deeper than the GOODS F775W or F850LP imaging at tti@ted by 2.5, yielding a total exposure time of 5.6 hr for the first con-
position. These F814W data were not available at the timeipbb-  figuration and 4.45 hr for the second. The data were reducieg us
servations, so here we add the F814W non-detection to therpletric the MOSFIRE data reduction plpeIrWe which in brief calculates a
redshift and spectral energy distribution analysis fa38D_5296, as- Wavelength solution using the night sky lines, performs sidtrac-
suming a flux error of 5 nJy. tion, flat-fielding and rectification, and saves each twostisional slit
To select our galaxy sample, we utilized a photometric rédsiSpectrum as a single image. We examined the expected sitopos
fitting technique, using the EAZY software pack&ye estimate the for each object by eye to search for detected emission lBen our
likely redshift (and associated redshift probability disition function, - dither pattern, true features are identifiable with a pesisignal and
P[z]) by finding the best-fitting combination of redshiftedaey spec- two negative signals on each side in the spatial dimensioetd the
tral templates. Both our DEEP and WIDE catalogs were runugjino Sky subtraction (i.e., each negative signal contains liatfeoamplitude
EAZY. We then selected samples wiff ~ 1 centered atsampre = of the positive signal). We identified four plausible emissiines from
6, 7 and 8. Rather than using the best-fit photometric redshifelect the first mask, and three from the second mask.
our galaxy sample, we utilized the full redshift probabiiistribution 3.1 One-Dimensional Spectral Extraction For these seven sources,
function. For a given object to be in our sample, it had to nadledf We performed one-dimensional spectral extraction with64 box in
the following criteria: the spatial dimension~2x the seeing during the run, which varied

. L from 0.6 - 0.8). The error spectrum was similarly extracted from the
o Signal-to-noise in both the F125W and F160W bahds.5. inverse variance spectrum created by the pipeline. To ertbait the

e >70% of the integral ofP(z) in the primary redshift solution. ~ €rror spectrum accurately matched the errors in the objesttsim,
we scaled the error spectrum to be representative of noigivas in
o [ P(zsampic £ 0.5)dz > 0.25

F1http:/ivww2. keck. hawaii.edu/inst/mosfire/magma.html
° fP(zsample +0.5)dz > fP(zsm,Lpleil +0.5)dz F2http://code.google.com/p/mosfire/



the object spectrum, by measuring the standard deviatitheisignal- r ]
to-noise of pixels in regions clear of sky emission lines] acaled the
error spectrum so that this equaled unity. To determineitefieance

of the seven extracted lines, we fit a Gaussian function usiedviP-
FIT IDL packagé?, finding that only one object had a line detected
at > 50 significance. This object, called ZBND_5296 in our cata-
log, is measured to have an emission line\at 1.0343um with a
significance of 7.8 (Figure 1). Assuming this line is Ly places this
object atz = 7.5078+ 0.0004, making this current the highest redshift
galaxy that has been spectroscopically confirmed via.Lyhere has 102 108 T o o8 s 107
been a published spectroscopic confirmation of the gamm&uest E ]
(GRB) 090423 at = 8.2, confirmed via continuum spectroscopy of
the Lyman break®3® though due to its very nature this object can-
not be re-observed. Additionally, though a spectroscopishift of ) .
z = 8.56 for a galaxy has been claimélsubsequent observations - 100 110 a1 112
have shown this to be spuriotsThe properties of z&ND_5296 are Wavelength (1m)

summarized in Table S1. We note that the uncertainty on tthghift Figure S1| Emission line signal-to-noise test The results of a signal-to-noise
denotes the uncertainty on centroiding the line. Howeveshmwn at tgst for the c_)ne-dimensional spectrum qt_(Z&ID_5296 _(each row represents a
lower redshift, Lyx is frequently detected at 200-800 km'sedward different region of the spectrum). We divided the objectcspen by the error

. 34 . . . spectrum, smoothed by the velocity width of our observed, lend normalized
of the systemic redshift , thus the systemic redshift for this SyStenihe result so that the value at the peak of thevllijne equaled the measured inte-

may be a few hundred km's lower. grated line signal-to-noise of 7.8. The horizontal linesate the-30 points, and

The MOSFIRE data reduction pipeline provides a nominal gueage gray filled spectrum denotes the (arbitrarily scaleg)ekission. Only the
for the central row for each objects spectrum, accountingliffering detected emission line hagsignal-to-noise >3; the absence of negative fluctua-
vertical positions in the slit. To ensure that our extracgussion line tions at this level, which would be due to noise, gives comfigein the real nature
in the spectrum of z8ND_5296 is in the correct spatial position, wef this emission line.
used three sources in our mask with well-detected continamewas used on our primary observations.
a star, while the other two were ~ 1 galaxies placed in the mask  We derived the flux calibration array by taking a AOV Kurtitz
as fillers. We found that all three sources had centreids5 pixels model spectrum, and scaling it to match the integrated 2M&&8§ni-
below the pipeline guess, with a mean offset of 4.7 pixelsarining tude for this star, interpolating among the , and K 2MASS mag-
the emission line in the 2D spectrum of BND_5296, we find that the nitudes to obtain the magnitude appropriate for our spedrge at
line also has a centroid offset by the pipeline guess by 4&giThus, 1.05um (m1.05.m,45 = 8.08). We then created a calibration array
we conclude that the observed emission line is at the expp@cisition by dividing this scaled model spectrum by our observed spextin-
for the high-redshift galaxy we intended to observe, and s this terpolating over intrinsic stellar absorption featuresnamon to both
offset position as the extraction center. As shown in Figiréhere spectra. The final array was then multiplied by our objectspen
are no other sources in the slit, though there are two galdaated (both normalized by their respective exposure times), whiath flux
2.3" and 3.2 southwest of our target. The closer galaxy would liealibrated our object spectrum, and corrected for tellatisorption
1.1” off the slit center, and would be offset by 1.8long the slit from features. Nominally, this procedure also corrects forlekes, but
our object, which corresponds 4010 pixels in the 2D spectrum. Anyonly in the case when the seeing during both the standard ljedto
emission from these objects which happened to fall in thensluld observations was the same. In our case, the seeing was redygera
thus be clearly separated from our observed emission lim&ettion different; the median seeing during the mask observaticas W65,
S4.3, we find that both of these nearby galaxies have speopias while it was 0.85 during the standard observations. Thus an addi-
redshifts of 0.39, which would not place any known emissioe hear tional aperture correction of 1.22 was applied to accountife seeing
1.0343pm. differences.

In order to examine the possibility of a false positive détet we We measured the line flux of our detected emission line byragai

examined the signal-to-noise spectrum, smoothed by tleeitelvidth fitting a Gaussian with MPFIT, only now to the calibrated gpem.
of our spectrum, and scaled the such that the value at theqfeakt \We measured a line flux of 2.64 107 % erg s cm™2. We had ex-

detected line is equal to the integrated signal-to-noighefine of 7.8, pected to achieve aSimiting line flux of 2.1 x 107 *® ergs™! cm™2

as illustrated in Figure S1. We searched the entire speduappar- in 5.5 hr (scaled from our initial expectation of 20107 '® erg s™*
ently significant negative features; these would be dueitenand the cm=2 in 6 hr). Given our measured line flux, and signal-to-noise re
lack of such features provides greater confidence that cggreation ported above of 7.8, this would imply ar3imiting line flux of 1.7 x
represents a true emission line from the objecta#8D_5296, while 107'® erg s cm~2. While this may be the case, there is an additional
the lack of positive features other than our identifiedrlyne provides systematic uncertainty in our flux calibration, as the ceurried by
further confidence that the line is in factdy ~15% in the four individual observations of the standard. staking

3.2 Flux Calibration We flux calibrated the spectrum ofthisinto account, our measured line flux is 2:69.34 (photometric)-
z8.GND_5296 using observations of the standard star HIP 56157, witl10 (systematick 10~ '® erg s cm~2. Accounting for the system-

a spectral type of AOV, which we observed in a single longdititctly  atic uncertainty, our measured line flux is consistent witit expected
before our science observations during our first night ofeokiag. for a signal-to-noise7.8 detection at-1.25. The flux calibration does
We obtained four spectra of this star with an ABAB dither gati not have an impact on our primary science results, but weusélthis
with each exposure consistent of 10 2s co-additions, todyagainst calibrated line flux below when discussing thenlgquivalent width.
persistence and non-linearity. These observations wetecee in

the same manner as our masks described above, and extmaitted i4 | ine |dentification

one-dimensional spectrum with the same size extractionasothat

SNR

SNR

SNR

Although our photometric redshift favors hyas the identification
F3http://vww. physics.wisc.edu/craigm/idl/fitting. html for our detected emission line in the spectrum ofGRD_5296, here




Table S1: Summary of Spectroscopically Confirmed Galaxy

Object R.A. Dec magicow  Photo-z 68% C.L.  Ajine ZLya  SNRine
(J2000) (J2000) (AB) A)
z8 GND_5296 12:36:37.90 62:18:08.5 25.6 75-7.9 10342.6  7.508 7.8

we examine the alternatives. Other plausible alternativéy« (i.e.,

lines that have been observed to be reasonably strong atétighift) 0.0020
are [O1I] A\ 3726,3729, 18 \4861, [O111] A4959, [O111] A5007, and

Ha A\6563 (other lines are possible if the object is an AGN, bu i 0.0015
not likely due to the lack of X-ray or long-wavelength detecs; see o
below). Of these alternatives,dand [O111] can be ruled out, as weres
our detected line one of these three, the other lines shautbberved g
as well. Specifically, were our observed line fQ A5007, we would 3
expect to see [@1] A\4959 at 10243.5, which is a region clear of§
sky emission. We simulated a @] 4959 line at this position in3
our spectrum, with a line strength 2:98ess than that of tha5007 5 0-0000
line,*® and found that such a line would have been detected at, 42

r’_3725/3729=1‘5 -
ans/sne: 1.0
F3725/s7zg=0-5

N\ {

0.0010

LINLEL B

0.0005

thus we rule out [@11] A5007 as the identification of our detected line. —0.0005 -

Additionally, we can rule out both [@1] lines, as well as K, as they \J JL\ ]
are not located near strong continuum breaks. As seen imégywe ~ —0.00101L ] ‘

have detected a large photometric break at 1:m. We interpret it 1.030  1.032 1.034  1.036  1.038  1.040
as the Lyman break, but it could also be the Balmer break o 264 Wavelength (um)

due to a combination of the high-order Balmer series treomsit or the o
4000 A break due to metal absorption lines common in older stellggure S2| [O n] Doublet. A zoomed in view of our source spectrum, overplot-

. . . ting hypothetical [Q1] doublet lines for three values of the ratio between the line
Populations. Were this the case, then the detected linedAm[OI(]. fluxes. Unless the [@] 3729A line is substantially weaker than the 3728ine,

As [Oll] is a doublet, we examine the spectrum for signs of thee would have expected to see highly significant flux from #aler line. Even
second line. The ratio of th&3726/A3729 line strength varies fromin the case where the redder line is 50% the strength of ther lihe, we should
~0.5-1.5 in HI regions, with a typical ratio of order uni&” our de- still have detected emission line flux redward of the sky fliegidual at thev2c
tected line was the red sideoof the doublet (at SMSt), we should level.
detect the bluer line at 1033% (which is a clean region) at 100, and resonantly scattered. This enables them to pass througtahleydro-
no line is seen. If the detected line is the blueroside of thebtld, gen both within the galaxy as well as in the IGM. Simulatiomsd
then we would expect to see the redder line at 1085This would be been run at > 8 which have shown that with a wind velocity efa
directly under the sky line just to the red of our detecteé,liwhich few hundred km s*, not only can Lyr emission be detectable from a
hampers our ability to discern its presence. However, gitlerwidth mostly-neutral epoch, but it can be observed with a symmptdfile #?
of our detected line, if there were a second line under thdiskywe The large inferred SFR of our object is consistent with thisngrio, as
would expect to see excess flux just to the red side of the sgiual it is very likely driving a strong wind in the interstellar miem. Ly
(i.e., the true line would be broader than the sky residuralpetween is also symmetric in another brighin( =25.75) galaxy at z=6.94%,
the two sky lines. As shown in Figure S2, for line ratios ofturor perhaps indicating that strong star-formation driven wiate common
greater, the observed spectrum can rule out the presenbe oédder in these very luminous objects.

[On] line. If the A3726/\3729 ratio is high; cllos.e to 1.5, then |t.be- The asymmetry of our observed line is difficult to measureei
comes hgrder to rule out the presence of this I|ne_. Howelergetis o night sky line residual to the red-side of our line. We suea
should still be excess flux over that observed on either sidleeosky e 55ymmetry of our emission line by fitting an asymmetrician
line residual —in particular, on the red side of the sky Iwe,would ¢,ction to the line profile, where thevalues on the blue and red side
have expected to see emission line flux att#e level. Gllver?.the lack ot line center are allowed to be different. We then quantify asym-
of detectable flux in t_h|s region, we conclude that the I|nmaneI_y to metry as the ratio of,ca/csi.., measuring this ratio to be 12 1.4,
be [On]. However, given the unknown strength of any potential 37385 the measured asymmetry is of no significance. As a furgseof

A line, in the following we examine further evidence to difetiate ability to measure any asymmetry in the detected enmigisio, we
between Lyr and [On]. ran a series of simulations, placing mock emission linek tie same
4.1 Line Asymmetry Another feature which could confirm the &y integrated line flux as our measured line, but with a knownieaif
nature of this line would be any measured asymmetrya By high asymmetry, in our one-dimensional spectra. We investibasymme-
redshift is frequently observed to be asymmetrichough it has been try values of both 2.0 and 1.5, and we placed these mock linésee
observed to be symmetric as wélllt is assumed that the asymmetryocations: 11082.6, 10119.4 and 1025@0The first two locations
is caused by absorption of the blue half of the line by neutyalro- correspond to regions 7Ablueward of a skyline with a similar ampli-
gen in the IGM. However, a few lines of evidence imply thaemil tude to the skyline 7 M redward of our detected emission line; the first
processes in the galaxy may dominate the observed linegrditst, of these two has a positive sky-subtraction residual, wihisesecond
Lya lines atz ~ 2-3 have been observed to be asymmetric, at has a negative residual. The third wavelength is a regioh mat sky
epoch where the IGM absorption is much less. Second, also~at emission lines. In each of these six simulations, the medsasym-
2-3, where the systemic redshift can be measured via 1@siefopti- metry was consistent with unity (i.e., a symmetric line}dto. The
cal nebular lines, Ly is seen to reside-200-400 km s* to the red of measured asymmetry values and associated uncertainties3v@et
the systemic redshif:*-*'This is likely a result of interstellar winds 2.8, 3.2+ 2.1 and 3.9+ 2.6 for the simulations where the input asym-
driven by intense star-formation, asd.yphotons will preferentially es- metry value was 2.0, and 2:84.7, 3.2+ 2.0 and 2.3t 2.1 where the
cape after they have gained some net redshift, and are thisger input asymmetry value was 1.5. Although each of these sitioula
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away to the southwest, near (but not on) the MOSFIRE slit G2
tion S3). The closer (northeastern) of these two galaxissahsecure
Keck DEIMOS spectroscopic redshift= 0.387 (Stern et al. in prepa-
ration), which would not place any strong emission lines.@843,m.
The second (southwestern) galaxy has no ground-based ey
to our knowledge. Spectral templates cross-correlateldl tvét WFC3
grism spectrum of this southwestern galaxy yield a possigtshift
z = 0.39 = 0.01, largely due to an feature that would correspond to
the [SIII] A90694 emission line at that redshift. While quite tentative,
this is also consistent with the secure and accurate Keshifetor the
northeastern galaxy that is about 1 arcsec away, suggeltinthe two
may be a physical pair. In any case, there is no evidence tw {fand
several reasons to discount) the possibility that the M®Eemission
line is due to contamination from a nearby foreground galaxy

This nearby pair of galaxies is unlikely to act as a signifiggav-
itational lens. At the spectroscopic redshiftzof= 0.39 for both galax-
ies, we measure stellar masses from SED fitting for the NExgala
5.8 x 10" Mg, and for the SW galaxy of 1.% 10" M. To deter-
mine whether these could plausibly magnify aue 7.51 galaxy, we

(top row) and 4.5 (bottom row)m bands, highlighting the de-blending algorithrrbompute their Einstein radius, assuming a lens redshift ef 0.39,

we used to perform our source photometry. The first columiesimage, the

second is the GALFIT source model, and the third is the medbtracted im-
age, which clearly shows a significant detection farGIRD_5296 in both bands
with minimal residuals from other sources. This fitting wasightforward, as

and a source redshift of = 7.51. For this calculation, we require
the total mass of the galaxies, including dark matter, whighcon-
servatively assume is ¥0the stellar mass (cf. compare to samples of

the neighbors are relatively faint, and are well fit by paintirces. When we per- massive galaxies in strong lensing surveys that find steikss frac-
formed photometry, zZ&ND_5296 was included in the model, thus the quotetions of 50-100% within the Einstein radiifs For the NE galaxy, we
magnitudes come from this point-source fitting method rattten a less accurate find an Einstein radius of 0.05 while for the SE galaxy we find an

circular aperture.

results in a mean asymmetry value greater than unity, the laege
uncertainties imply that our spectra are not of high enoughas-to-
noise to detect a moderate amount of asymmetry were it prastre
detected emission line. Deeper spectra with higher speesalution
may make this possible, but given the presence of sky emigisies
around our detected object, it may yet prove difficult. Westbonclude
that we cannot rule out moderate asymmetry in our detectasksem
line.

4.2 Equivalent Width Photometric surveys for Ly emitting galax-
ies at high redshift using narrowband filters frequently theeequiv-
alent width of the line as a method to remove I[Demitting
“contaminants™®** The dividing line used is commonly 28 in the

Einstein radius of 0.03 As the separation between these sources and
z8 GND_5296 is~2.3" and 3.7, respectively. Additionally, even the
largest Einstein radius from the strong-lensing galaxfeSloan Lens
ACS Survey® would reach only 18atz = 0.39 (for a lensing galaxy
with stellar mass>10"" M; more than 100 times that of the=0.39
galaxies here).. We thus conclude that strong gravitati@ensing is

not affecting the inferred luminosity.

4.4 Spectral Energy Distribution Fitting In the above subsections,
we have attempted to discern between th@J@nd Ly« identification
of the detected emission line by looking at the line propsritself.
However, the strongest evidence either way can likely bellyddok-
ing at the full photometric SED. Although an emission linena spec-
tral break can be indicative of both &yor [O11], the stellar populations

rest frame of Lyv. As we do not detect the continuum in our spectruriyhich would create these signatures would be drasticafigreint. We

we must use the photometry to derive the continuum level theade-
tected emission line. We use the best-fitting model from & 8tting
(see the next subsection), to derive the continuum flux dejust red-
ward of Ly« (at a rest-frame wavelength of 12235, which we find to

utilized the samédST photometry that went into the photometric red-
shift fitting, only now we also added ifpitzer/IRAC data at 3.6 and
4.5um. We utilized new IRAC data from th8pitzerVery Deep Sur-
vey of the HST/CANDELS fields (S-CANDELS; PI Fazio), which is

be 4.15x 102 erg s' cm 2 A~'. The EW is then defined as thea Cycle 8SpitzeiRAC program to cover the CANDELS wide fields

ratio of the line flux to the continuum level, which we find to &+
8 (photometricyt 10 (systematicA. If the line is Ly« at z = 7.51,
this would correspond to a rest-frame EW7.5 A, while for [O11] at

(0.2 deg) with a total integration time 0f50 hr in both IRAC bands
at 3.6 and 4..xm. S-CANDELS data acquisition in the CANDELS
GOODS-N field was completed over the course of two visitsindur

2z = 1.78, the rest-frame EW would be 23 An emission line of this 2012 January and 2012 July. The data were reduced to mosaic fo
small EW would have a negligible impact on the integrated3¥¢0 following procedures identical to those described for thextensive,

magnitude, and it does not provide further evidence exotythe pos-

wider but shallowerSpitzerExtended Deep Survé§.At the position

sibility of [O 11], though it does support our primary conclusion that thef z8.GND_5296, the exact integration times are 47.2 and 57.8 hr in

equivalent width distribution at > 7 has been drastically reduced.

the 3.6 and 4.5.m bands, respectively. A rms image was produced

4.3 Grism Spectroscopy and LensingViost of the GOODS-North for each band by taking the inverse of the square root of therege

field, including the region of interest here, has been olesbwithHST
WFC3 infrared slitless grism spectroscopy (Weiner et apriepara-

tion), covering the 1.1-1.6%m spectral range. This range does not in-

map, and scaling it so that the mean value was equal to the ofi¢iag
pixel-to-pixel fluctuations in empty regions of the image.

As shown in Figure S3, z&ND_5296 is clearly detected in both

clude the line at 1.0343m that we observe with MOSFIRE, but if thatbands, but due to the large beam Sgitzer/IRAC, simple aperture
line were [Oll] atz = 1.78 or [Olll] at z = 1.07, other emission lines photometry will result in inaccurate fluxes due to contartiorafrom

(namely, [Oll]+HB or Ha+[NII], respectively) would fall within the
grism spectral range. These are not observed, to an apptex8nflux
limit of 3 x 1077 erg s! cm™2

, heither in the spectrum of the faintages.

nearby neighbors. We therefore fit and subtracted nearbycasin
a19” x 19” region around z&ND_5296 in each of the IRAC im-
Positions, magnitudes, and radial profiles of thecssuin

galaxy zZBRGND_5296, nor in the two galaxies that fall a few arcsecondkis region were derived by running Source Extractor on tighdr



Table S2: Measured Broadband Flux Densities of z&ND_5296

F435W F606W F775W F814W F850LP F105W F125W F160W  uf6 4.5um
—-54+105 -50+£85 17.8+139 0.0£5.04 0.7£16.0 102+10 194+12 218+14 256+25 631+51

Table S2| All fluxes are in nJy (1032 ergs™! cm~2 Hz~ ). While the measured signal-to-noise in the F775W band3isttie lack of detections in all other optical
bands (including the stacked optical image) as well as inallsntircular aperture implies that this is due to randorns@o

Table S3: 68% Confidence Range of Physical Properties for z&GND_5296

z Stellar Mass Age E(B-V) SFR & 10 Myr) EW ([Omn])
M) (Myr) Mo yr ! (A)
751 09-1.2 10 1-3 0.12-0.18 320 —1040 560 — 640
1.78 1.6-1.810° 510-570 0.0-0.0 0-0 —

Table S3| The values given correspond to the 68% confidence rangedaqubted parameters. The initial mass function (IMF) wasrassl to be Salpeter; were it
of a Chabrier form, the stellar masses and star-formatits naould be lower by a factor of 1.8.

resolutionHST F160W-band images. Each source found, includirgimilar to that used in our previous work, to which we refex thader
z8.GND_5296, was modeled on the IRAC images with the galaxfer more detaild>?°

fitting software package GALFIT (v3.0) in a manner similar to our
previous work'® Figure S3 illustrates the process. GALFIT requiresgur
point-spread function (PSF), which was constructed usiags $n the
large IRAC mosaics. The FWHMs of the IRAC PSFs weré’1.Bhe
extracted AB magnitudes of ZBND_5296 arems. ¢ = 25.38 + 0.09

andma.s = 24.40 £ 0.07. We note that these photometric error . .
. v ; . . . ncluded in the models. However, given the wealolfjux observed,
include the uncertainty due to deblending, which we veribigd/ary- neiu : WEVer, giv W X v

ing the neighbor fluxes within theiroluncertainties, and noted '[hathe emission is likely being attenuated by gas somewheregétioe

. . tIine-of-sight; this effect is not included in the modelir&g briefly dis-
g ch;ngelt:; f]!uxt(;f tf;eSgalat):y %f_ |gtet;]estt lgy?% f?[] the“?ﬁ”mt ussed in the main text, the observed photometry of thiscedamuch
pﬁgto’nfgtri_c ur(:cg:tair?tie.s H Ar\r; eige(’:te(c)i fr:m?;szsesctire?jrr:mageeq?r?ee ore consistent with a redshift of 7.51, and thus a line iieation of
. , 27, _ _ 2r, _ _ i
4.5 pm flux is much brighter, which we will comment on below. WLya (reducedy; [ = 7.51] = 0.8 andy, [z = 1.78] = 14.7). This

also included constraints during SED fitting at 5.8 and/&@ using s primarily due to two wavelength regimes, highlighted bg right

. . e anel of Figure 3, which shows the values)gt for each band and
images from the GOODSpitzer survey. There was no significant quXfedshift. First, zZBGND_5296 is completely undetected in the optical,

2:1;?)(3 ﬁzsgt:j%r;is:;ztfé'\é%[??i?t?n(gas';he(;(spee;:lhiilovrv:rz?suertcti ;?('jgt:ée ven when stacking the two redder bands. As can be seen ireFigu
flux errors were set to thesllimit of the images, which are 23.485 for3’ the lack of a significant detection in these bands strofaylgrs the

. ) high-redshift solution, wittAx? (x2_1.7s — X?_~.51) = 2.0, 17.6 and
5.8 um and 23.355 for 8.@m. These limits are 1-2 mag brighter tha : 2 .
both of our best-fit models. The photometry of BND_5292 is listed 3.4for the FE06W, (ultradeep) F814W and FB50LP bands, cgply

. (the F775W band is less discerning, as it has a format ti&ection;

in Table S2. due to the non-detections in the surrounding bands and istéuk of

ﬁg optical bands, as well as the non-detection in this barasmaller
circular aperture, we attribute this to random noise). 8dcthe IRAC
Rg_nds also strongly favor the high-redshift solution, witly? = 19.1
and 17.4 for the 3.6 and 4.5 bands, respectively. This is understand-
able as at = 7.5, [On1] is located in the 4.5:m band, and a strong
emission line could create the observed colorzAt 1.78, there is no
such strong emission line in this band, thus the modelsgleug fit the

We perform two fits; first fixing the redshift to = 7.51 should
detected line be Ly, and secondly fixing: = 1.78, if the line
were [O11]. We note that in the high-redshift fit, we exclude the
band photometry, as the highly-star-forming nature of dfigect im-
glies that it likely has strong intrinsic Ly emission, which will be

We compared the 12 photometric points of our SED to a su
of stellar population models, using the updated models okz&al &
Charlot®® In these models, we assumed a Salpeter initial mass fu
tion, and varied the stellar population age, metallicitystdcontent
and star-formation history. There is mounting evidence thaust
attenuation law,A(\)/E(B — V), similar to that derived for the
Small Magellanic Cloud (SMC) better reproduces the UV-agtcol-

ors and IR/UV ratios for young, presumably lower-metatjigalaxies o?/iervedbcolor. dAts v(\j/e dlscusiﬁd in tth?l.mtamft?;.t' thel me[%]
at high redshifts®2 compared to the dust attenuation law for loc can e used 1o diagnose the metaflicily of this galaxy. Hle)

UV-luminous starbursté that is more commonly used (see discussigned[%;] wa_zs that from the be_st-f]l‘ttlngt?oﬁ/lel, \tN'tg thle qHOtigt 68
in Tilvi et al.). This is perhaps unsurprising as the SMC is frequent"flyy1 o confidence ranges coming from the iMonte L.arlo sifon

pointed to as a local analog for high-redshift galaxies. Westuse The SFR quoted in Table S3 is a time averaged SFR. For models
the SMC dust-attenuation curve derived by*P& model the effects where the stellar population age is older than 100 Myr, wegrgte the

of dust on our model spectra. Additionally, recent evideimplies star-formation history over the past 100 Myr to determiree$iFR. For
that high-redshift galaxies likely have a rising star-fatian history on younger populations, we simply divide the stellar mass leystellar
average?>*®"thus we allow both exponentially rising and decliningopulation age. This time-averaged SFR is extremely higbtioz =
star-formation histories. The stellar mass is found as tmmalization 7.51 fit, with a 68% confidence range from 320 — 1049 W~ ! (best-
between the observed fluxes and the best-fit model. We indeldiglar fit = 330 M yr—'). Given the observed photometry, this is plausible,
emission lines using the emission line ratios publishednmyé et al. as the bright rest-frame UV coupled with strong inferredijpemis-
(see also Salmon et al., in pref)The best-fitting model is found via sion drives the fit to a young age (3 Myr in this case), when thR S
x? minimization, and the uncertainties on the best-fittingapaeters will be very high. However, any SED-fitting-based SFR forygoung
are found via Monte Carlo simulations, varying the obseffuetes by ages will be extremely sensitive to very short timescal@tians in the

an amount proportional to their photometric errors. Thiscpdure is SFR that are extremely difficult to constrain, thus the ifdrSFR has



a large uncertainty. Although a young age is necessary todepe

the inferred [Q11] EW, metallicity will also have a strong effect on 1000 I ' ' : : Z=O.I02 o

the [O11] EW, and we only coarsely sample the metallicity. To see < 7=0.20 Zo

what constraints we can place on the SFR without requirisgrag- - 800 2=0.40 Z,|]

tions on the [Q] line, we performed another fit to the data, excluding © 2=1.00 Zo

the IRAC 4.5um kjand. In this fit, the time-?veraged SFR ranges from f 600 f——_ \ 95% Confidence Range]

120 — 530 My, yr—! (best-fit= 260 Mg, yr—'). Thus, even without S SRR ]

allowing the [O1] emission to influence our fit, this galaxy stillhasan - ‘.‘

extremely high time-averaged SFR. c5r 4001 ]
As one final check, we calculate the SFR using the UV-lumigosi : L

to SFR conversion published by Kennicutt et®3lwhich provides a S 200F

SFR 68% confidence range of 50-90;Mr—*, significantly lower -

than the range derived from our SED modeling. However, this U ol TRty — : :

to-SFR conversion assumes constant star-formation oeepréavious 6.0 6.5 7.0 7.5 8.0 8.5 9.0

100 Myr2® whereas our analysis favors substantially younger stellar log Stellar Population Age [yr]

p0pU|ati0.nS- Theremr?v this Conve.rsion will significgrﬁindersFate Figure S4| [O 111] EW variation with age and metallicity. The change of the
the SFR in such galaxies (and caution should be used wheipriete rest-frame [Q11] A5007 EW with stellar population age, for the consideredeslu
ing the SFRs inferred from the UV luminosity that do not cotror of metallicity. The solid lines represent a continuous-stemation history, while
possibly low ageqsﬁo). In the main text, we thus assume the fiducidie dashed lines represent an instgntaneous burst. TheZ§%qnfidence range
SFR of 330 M, yr—?, with the caveat here that given uncertainties {ff °u" inferred [Q11] EW, 520-640A, is denoted by the gray bar. At 95% confi-
modeling the [QiI] emission, it may be slightly lower. In the main ence, we can restrict the gas-phase metallicity in thiaxyaio be sub-solar yet
. . . . ' - . >0.02Z. These results are consistent with the stellar metalli@sults from
_text, we dlscu_ss th_e |mpI|cat|ons_, of such a high SFR, asay_mm_ it the SED fitting; which also prefef — 0.2-0.4Z .
is due to fueling via gas accretion from the IGM. Alternalyyehis
high SFR could be due to a merger-induced starburst, whichdame line flux and our observed Ly line flux could further imply that the
detected at its peak SFR withal0 — 20% probability®*. This galaxy Ly« flux of this galaxy is being severely attenuated, perhapstalze
does appear to have a faint companion, though a clumpy miagho rising neutral fraction in the IGM (see the following sectjo
is not necessarily indicative of an ongoing mefger 4.5 [Om]Emission Though typically the small variations of galaxy
As noted in the main text, the best-fit model for the low-réfish SEDs with changing metallicity makes conclusions on theattieity
solution has zero [@] emission line flux, inconsistent with the specdifficult from photometry alone, the strong inferred @ emission in
troscopic detection of our emission line, providing furteeidence for Our object makes at least moderate conclusions possiblgelmain
our high-redshift solution. To see if we could reconcile fetomet- text we discussed how the strong ([Q emission can be used to con-
ric non-detection at 1 um with the detectable emission line flux ifStrain the metallicity of this galaxy. Figure S4 shows hoe [@1i1]
the line were [Q1], we tried fitting this galaxy with two populations EW varies with age as a function of stellar population mitigfl Un-
— one maximally old (formed at = 20), and one with an age andortunately, as we are limited to the metallicity grid of amosen stel-
star-formation history which was allowed to vary. Even intihg the lar population models (which are not unlike most availabledsis),
emission line flux as a constraint, this fit still preferredampletely We cannot make a precise determination of the limits of theatiiteity
passively evolving model with minimal line emission. in this galaxy. However, as shown in Figure S4, we can makeva fe
[O 1] emission at- = 1.78 could be consistent with a passive por5:_0nc|usions. First, models with solar metallicity cannotne within a
ulation if the galaxy hosted an active galactic nucleus (AGRhis is factor of three of creating such high @] emission, thus even one of
unlikely as there is n€handra X-ray source within 30. 5 The Chan- the highest-star-forming galaxies in the distant univeenot enrich
dra imaging reaches L — 102 erg s at » = 1.78, sufficient to de- to ~Solar metallicity byz ~ 7.5. Secondly, even with a continuous
tect weak AGNs. Additionally, there is no counterpart\at> 24.m star-formation history, models with = 0.02 Z, are still excluded
in Spitzer/MIPS, Herschel/PACS or SPIRE or JVLA datd’ To deter- at >95% confidence. Models with 20 or 40% Solar metallicity can
mine whether these data can exclude obscured AGNs, we cethp&gProduce our inferred [O1] EW, though with relatively young ages,
several template obscured AGN to both élubble and Spitzer/IRAC consistent with the results from our SED fitting. Additidgalve also

observations, as well as these longer wavelength lifKE PLOT have constraints on the stellar metallicity from our SEDrfit as we
For the high-redshift solution, as shown in Figure 3 the rhéitie found that all of our 1000 Monte Carlo simulations preferaechetal-

. o ) . licity of either 0.2 or 0.47,. The conservative conclusion from these
ting prefers strong Ly emission. The best-fit model has ad.yine two results is tha0.02 < Z/Zx< 1.0 at very high confidence, and
flux of 4.2 x 1077 erg s! cm™2, or a factor of~15 greater than our : O - y g ’

observed line flux (likewise, the best-fit model rest-franye [EW is gviin t:(f dn;etrezgztgnfrﬁ(t:;]ngu?f;:;:J(:S;Ie%rtl:, ?:frtzh/e %?1; OI 4|=
120 A). This is certainly due to the way we treat dyin our model- g 9 )

ing, where we follow our previous wotk® and assume that half ofling may yield a more precise lower limit for the metallcin this
o . - o C system, but the best results will come from rest-frame aptiebular

the line is subject to the IGM optical depth at 1&15This is analo- line spectroscopy with tha Webb Space Telescope

gous to a Gaussian line symmetric about the resonance waytielef '

Lya. However, as discussed above, this is rarely the case;tinfae )

is typically observed to be redward of the systemic redshitt to ra- © EW Evolution

diative transfer effects. However, in these cases, all eflite flux Here we examine the implications of our lone emission linecle

blueward of 12168 as well as many of the photons redward of region. We performed a simulation to predict the number of gjakawe

onance (due to the damping wing) are scattered by neutrabbgd. would expect to observe using a fiducialdlfgW distribution, with

Thus, the observed line flux may be severely attenuated fhanint the goal of measuring the significance at which we could ruleso

trinsic line flux*%®® As our stellar population model implies significangiven distribution. For these simulations, we includechidh-redshift

star-formation, its not surprising that this galaxy mayded have a candidate galaxies observed on both masks. We chose as odis=EW

very strong line flux. The factor of15 difference between the best-fitribution the predicted = 7 Lya EW distribution from Stark et &f



assumed EW distribution yields predicted line fluxes for ngadaxies
0.35 T ' ' ' brighter than either flux limit). We will consider the lack détected

In Redshift Range - ------ emission lines in more detail in a followup paper.
Accounting for Sky Lines ——
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Figure S5| EW test. The results of our Ly EW evolution test, assuming that
the Lya EW distribution atz = 7 continues its upward evolution with redshift
observed at = 3 — 6. The dashed curve shows the expected number of detected
galaxies in our MOSFIRE data accounting for only the spéctnage observed.
The solid line shows how this changes if we also assume thatilvaot detect
lines which fall on a night sky emission line; these sky lineduce the expected
detected number by-50%. Even accounting for this, our simulations show that
if the EW continues its evolution previously observedzat= 3—6 out toz = 7,

we would have expected to detectdyat >5¢ significance from 6 galaxies. The
fact that we only detected one such source implies that the EW distribution
has evolved at 24 significance.

They use observations of the evolution of thexliFW distribution at
3 < z < 6 to predict what the distribution would be at= 7, assum-
ing the IGM state is unchanged. We approximate this didiobuas
a constant probability from & < EW < 40A then falling off at EW
> 40A as a Gaussian centered atd4@nd with FWHM = 6G. We
assigned EWs to our galaxies with a Monte Carlo approachadah e
simulation randomly drawing an EW from the predicted digttion,
and then computing the correspondingalline flux using the contin-
uum flux of the given galaxy redward of the line. In each sirtiafa
for each observed candidate galaxy, we first drew a redsbiit the
galaxy’s redshift probability distribution function. Ihé correspond-
ing Lya wavelength fell outside the MOSFIRE-band spectral range,
or if it fell on a sky emission line (using an extracted skycpem to
denote the position and extent of emission lines), then &haxg was
marked as not detectable. For all galaxies in a given sinonlathich
would have Ly falling in a clean region of the MOSFIRE-band, we
then compared the simulateddwyine flux to the % limit of our obser-
vations. If the line flux was above this value, the candidaiexg was
marked as detected, otherwise it was left undetected.

For the & line flux, we tried two different values. First, we as-
sumed our predicted spectroscopic depth ofi2107 8 erg st cm~2
(50), from the MOSFIRE exposure time calculator (this is theueal
that was used in the main text). As shown in Figure S5, thisikition
predicts that we should have detected 6.@.2 galaxies. Out of the
10" simulations run, in only 113 simulations was one or zeroxje&
detected at> 50, thus we can rule out this EW distribution at 2.5
significance. We note that the consideration of the sky eamdmes
plays a key role, as ignoring their presence would have le¢d bslieve
that we should have detected about 10 more galaxies. As acésst,
we used our flux-calibrated emission line flux of 2.6410'® erg
s~ ecm™2, at 7.& significance, to compute an empirically-derivedl 5
sensitivity of 1.7x 10718 erg s'! cm~2. With this as the limit for de-
tection, we find that this EW distribution would have predit6.0+
2.2 galaxies to be detected; in this scenario, this EW Bigion can be
ruled out at 2.6 significance. Given the modest uncertainties inherent
in our flux calibration, we consider the first scenario a maneserva-
tive result, though the results are very similar (primabcause the



