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Unprecedented Galaxy Samples at z>=4
(from HST’s blank fields only)
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Almost 1000 galaxies in the epoch of reionization at z>6
Current frontier: z~9-10
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Spectroscopic Features of High-z Galaxies
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to estimate stellar systemic redshifts for individual galaxies,
we applied the formulae presented in Adelberger et al.
(2003), which predict a value of the systemic redshift for
three separate cases: when there is only a Ly! emission red-
shift, when there is only an interstellar absorption redshift,
and when there are both Ly! emission and interstellar
absorption redshifts.

While no reference was made to stellar photospheric fea-
tures in the estimate of the systemic redshifts of individual
galaxies, the rest-frame composite spectrum presented in
the next section indicates a mean systemic velocity of
Dv ! "10# 35 km s"1 for the three strongest stellar fea-
tures, which we have identified as C iii "1176, O iv "1343,
and S v "1501.4 It is worth noting possible contributions to
the O iv "1343 absorption from Si iii "1341 and to the S v
"1501 absorption from Si iii "1501 if there is a significant B-
star component in the composite spectrum. However, at
least the Si iii "1501 contribution will not change the
inferred negligible systemic velocity of the feature that we
have identified as S v "1501. The insignificant velocities of
the stellar features demonstrate the success of the systemic
redshift estimates for the LBGs included in composite spec-
tra, at least on average. Also, since the stellar features
appear at roughly zero velocity, the redshifts and blueshifts
of other sets of spectral features measured relative to the rest
frame of the composite spectrum should o!er a true repre-
sentation of the average kinematic properties of the large-
scale galactic outflows in LBGs. The establishment of the
velocity zero point from the stellar lines in composite spec-
tra represents a significant improvement over the kinematic
information contained in individual rest-frame UV spectra,
where only the strongest interstellar outflow-related
features are detected.

4. LBG REST-FRAME UV SPECTROSCOPIC FEATURES

Figure 2 shows a composite spectrum that is the average
of our entire spectroscopic sample of 811 LBGs, combined
in the manner described in x 3.5 Rest-frame UV spectra
of LBGs are dominated by the emission from O and B stars
with masses higher than 10 M$ and T % 25; 000 K. The
overall shape of the UV spectrum is modified by dust extinc-
tion internal to the galaxy and, at rest wavelengths shorter
than 1216 Å, by intergalactic H i absorption along the line
of sight. Composite spectra contain the average of many dif-
ferent lines of sight through the intergalactic medium
(IGM). Therefore, spectral features that are intrinsic to the
galaxy at wavelengths shorter than Ly!, and which can be
completely wiped out by individual Ly! forest systems
along a specific line of sight, become visible in the composite
spectra. While we regain spectroscopic information by aver-
aging over many di!erent sight lines, we still, however, see
the average decrement of the Ly! forest, DA. In the follow-
ing section, we describe the spectroscopic features contained
in the composite spectrum of Figure 2, which trace the
photospheres and winds of massive stars, neutral and ion-
ized gas associated with large-scale outflows, and ionized
gas in H ii regions where star formation is taking place.

4.1. Stellar Features

The C iii "1176, O iv "1343, and S v "1501 stellar photo-
spheric lines discussed in x 3.1 are marked in Figure 2. Also
of note (although not marked) is the large number of weak
absorption features between 1400 and 1500 Å. These
include blends of Fe v, Si ii, Si iii, and C iii photospheric
absorption lines from O and B stars (Bruhweiler, Kondo, &
McClusky 1981; de Mello, Leitherer, & Heckman 2000). In
addition to photospheric absorption features, the spectra of
the most massive hot stars indicate the presence of stellar
winds of 2000–3000 km s"1 due to radiation pressure
(Groenewegen, Lamers, & Pauldrach 1989). These wind fea-
tures appear as broad blueshifted absorption for weaker
winds or as a P Cygni–type profile if the wind density is high
enough (Leitherer, Robert, & Heckman 1995). The most
prominent stellar wind features are N v ""1238, 1242, Si iv
""1393, 1402, C iv ""1548, 1550, and He ii "1640. The
shape of the N v wind profile, especially the absorption
component, is a!ected by its close proximity to the Ly!
region of the spectrum and is therefore di"cult to character-
ize in detail, although we do see both emission and absorp-
tion qualitatively consistent with a P Cygni–type profile.
While clear of the large-scale continuum e!ects of Ly!, the
Si iv and C iv transitions contain a combination of stellar
wind and photospheric absorption plus a strong interstellar
absorption component, which are di"cult to disentangle.
The stellar wind feature only becomes apparent in Si iv for
blue giant and supergiant stars, while, in contrast, the C iv

4 The precise wavelengths are C iii "1175.71, O iv "1343.35, which is a
blend of lines at " ! 1342:99 and " ! 1343:51 Å, and S v "1501.76.

Fig. 2.—Composite rest-frame UV spectrum constructed from 811 indi-
vidual LBG spectra. Dominated by the emission from massive O and B
stars, the overall shape of the UV continuum is modified shortward of Ly!
by a decrement due to intergalactic H i absorption. Several di!erent sets of
UV features are marked: stellar photospheric and wind, interstellar low-
and high-ionization absorption, nebular emission from H ii regions, Si ii*
fine-structure emission whose origin is ambiguous, and emission and
absorption due to interstellar H i (Ly! and Ly#). There are numerous weak
features that are not marked, as well as several features blueward of Ly!
that become visible only by averaging over many sight lines through the
IGM. [See the electronic edition of the Journal for a color version of this
figure.]

5 The composite LBG spectrum is available in electronic form from
http://www.astro.caltech.edu/~aes/lbgspec.
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Shapley+03 Lya is the most promising feature of 
high-redshift spectra
Other emission lines very weak, but 
possible to detect (e.g. Stark+15,16)

Lya

CIII]
HeII

10 Steven L. Finkelstein

1950 1960 1970 1980 1990 2000 2010 2020
Year of Discovery

0

2

4

6

8

Sp
ec

tro
sc

op
ic 

Re
ds

hi
ft

Ad
ve

nt
 o

f
As

tro
no

m
ica

l C
CD

s

Ad
ve

nt
 o

f S
en

sit
ive

 N
ea

r-I
R 

M
O

S

Lyα
non−Lyα

        

        

Figure 3. The highest redshift spectroscopically confirmed
galaxy plotted versus the year of discovery. There are cur-
rently only three galaxies with robust spectroscopic redshifts
at z > 7.5: z = 7.51 from Finkelstein et al. (2013), z = 7.73
from Oesch et al. (2015b) and z = 8.68 from Zitrin et al.
(2015). Data prior to 1999 were taken from the review of
Stern & Spinrad (1999), with the references listed therein. Ob-
jects at later times come from Hu et al. (2002); Kodaira et al.
(2003); Taniguchi et al. (2005); Iye et al. (2006); Vanzella et al.
(2011); Ono et al. (2012); Shibuya et al. (2012); Finkelstein et al.
(2013); Oesch et al. (2015b); Zitrin et al. (2015). The shaded re-
gions denote roughly the time when CCDs became widely used,
as well as when MOSFIRE (the first highly-sensitive near-infrared
multi-object spectrograph) was commissioned on Keck. Major
jumps in the most-distant redshift are seen to correspond with
these technological advancements.

sources and true high-redshift galaxies; as discussed in
Finkelstein et al. (2015a), this requires imaging at 1 µm
when working at z = 6–8 (see also Tilvi et al. 2013, for
a discussion of the utility of medium bands). Using a
combination of object colors and spatial extent, it is
likely that space-based studies are relatively free of stel-
lar contamination. This may be more of a problem with
ground-based studies, though with excellent seeing even
bright z > 6 galaxies can be resolved from the ground
(e.g., Bowler et al. 2014). Future surveys must be cog-
nizant of the possibility of stellar contamination, and
choose their filter set wisely to enable rejection of such
contaminants.

4 Spectroscopy of z > 6 Galaxies

While photometric selection is estimated to have a rel-
atively low contamination rate, it is imperative to fol-
lowup a representative fraction of a high-redshift galaxy
sample with spectroscopy, to both measure the true red-
shift distribution, as well as to empirically weed out
contaminants. In this section, I discuss recent e!orts to

spectroscopically confirm the redshifts of galaxies se-
lected to be at z > 6. Figure 3 highlights the redshift of
the most distant spectroscopically-confirmed galaxy as
a function of the year of discovery.
The most widely used tool for the measurement of

spectroscopic redshifts for distant star-forming galax-
ies is the Ly! emission line, with a rest-frame vacuum
wavelength of 1215.67 Å. While at z < 4, confirma-
tion via interstellar medium absorption lines is possible
(e.g., Steidel et al. 1999; Vanzella et al. 2009), the faint
nature of more distant galaxies renders it nearly im-
possible to obtain the signal-to-noise necessary on the
continuum emission to detect such features. Emission
lines are thus necessary, and at z > 3, Ly! shifts into
the optical, while strong rest-frame optical lines, such
as [O iii] ""4959,5007 and H! "6563 shift into the mid-
infrared at z > 4, where we do not presently have sen-
sitive spectroscopic capabilities. Additionally, Ly! has
proven to be relatively common amongst star-forming
galaxies at z > 3. Examining a sample of !800 galax-
ies at z ! 3, Shapley et al. (2003) found that 25% con-
tained strong Ly! emission (defined as a rest-frame EW
> 20 Å), while this fraction increases to !50% at z =
6 (Stark et al. 2011).
At higher redshifts, Ly! is frequently the only observ-

able feature in an optical (or near-infrared) spectrum
of a galaxy. While in principle a single line could be
a number of possible features, in practice, the nearby
spectral break observed in the photometry (that was
used to select a given galaxy as a candidate) implies
that any spectral line must be in close proximity to such
a break. This leaves Ly! and [O ii] ""3726,3729 as the
likely possibilities (H! and [O iii], while strong, reside in
relatively flat regions of star-forming galaxy continua).
While most ground-based spectroscopy is performed at
high enough resolution to separate the [O ii] doublet,
the relative strength of the two lines can vary depend-
ing on the physical conditions in the ISM, thus it is
possible only a single line could be observed. True Ly!
lines are frequently observed to be asymmetric (e.g.,
Rhoads et al. 2003), with a sharp cuto! on the blue side
and an extended red wing, due to a combination of scat-
tering and absorption within the galaxy (amplified due
to outflows), and absorption via the IGM. An observa-
tion of a single, asymmetric line is therefore an unam-
biguous signature of Ly!. However, measurement of line
asymmetry is only possible with signal-to-noise ratios
of >10, which is not common amongst such distant ob-
jects (e.g., Finkelstein et al. 2013). Lacking an obvious
asymmetry, other characteristics need to be considered.
For example, for very bright galaxies, the sheer strength
of the Lyman break can rule out [O ii] as a possibility,
as the 4000 Å break (which would accompany an [O ii]
line) is more gradual (see discussion in Finkelstein et al.
2013). For fainter galaxies, with a weaker Lyman break,
and no detectable asymmetry, a robust identification of

PASA (2015)
doi:10.1017/pas.2015.xxx

Finkelstein 16
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Bright z~8 Galaxies with Spectroscopic Redshifts

5

1.055 1.06 1.065 1.07
−2

0

2

4

Observed Wavelength [µm]

bi
nn

ed
 S

/N

1.055 1.06 1.065 1.07
−2
−1

0
1
2
3
4
5

1.055 1.06 1.065 1.07
−2

0

2

4

Observed Wavelength [µm]

bi
nn

ed
 S

/N

1.055 1.06 1.065 1.07
−2
−1

0
1
2
3
4
5

4 arcsec

Night 2
(2 hrs)

Night 1
(2 hrs)

Mask Layout

EGS-zs8-1

N

E

Night 14 pixel binned S/N

Night 2

4 Oesch et al.

wavelength as expected by our photometric redshift es-
timate zphot = 7.7± 0.3. We therefore interpret this line
as Ly↵, but we discuss other possibilities in section 4.3.
We fit the line using a Markov Chain Monte Carlo

(MCMC) approach based on the emcee python library
(Foreman-Mackey et al. 2013). Our model is based on a
truncated Gaussian profile to account for the IGM ab-
sorption and includes the appropriate instrumental res-
olution. The model also includes the uncertainty on the
background continuum level. The MCMC output pro-
vides full posterior PDFs and uncertainties for the red-
shift, line flux, significance, and line width.
The line corresponds to a redshift of zLy↵ = 7.7302 ±

0.0006, with a total luminosity of LLy↵ = 1.2±0.2⇥1043

erg s�1, and a total detection significance of 6.1�. This
is somewhat lower, but consistent with a simple estimate
of 7.2� detection significance from integrating the 1D
extracted pixel flux over the full extent of the line (i.e.,
not accounting for background continuum o↵sets).
Note that the redshift of the line is determined from

our model of a truncated Gaussian profile and is thus
corrected for instrumental resolution and the asymme-
try arising from the IGM absorption. The peak of the
observed line (� = 10616 Å) thus lies ⇠ 2.5 Å to the red
of the actual determined redshift.
Given the brightness of the target galaxy, the detected

line corresponds to a rest-frame equivalent width EW0 =
21±4 Å. This is less than the strong Ly↵ emitter criterion
of EW0 > 25 Å set in recent analyses that use the Ly↵
fraction among Lyman Break galaxies to constrain the
reionization process (e.g. Stark et al. 2011; Treu et al.
2013).

4.2. Line Properties

Di↵erent quantities of the detected line are tabulated
in Table 1. In particular, we compute the weighted skew-
ness parameter, Sw, as outlined in Kajisawa et al. (2006).
For this emission line, we measure Sw = 15± 6 Å, which
puts the line well above the 3 Å limit found for emission
lines at lower redshift (see also section 4.3).
The full-width-at-half-maximum (FWHM) of the line

is quite broad with FWHM = 13 ± 3 Å, corresponding
to a velocity width of VFWHM = 376+89

�70 km s�1. Our
galaxy thus lies at the high end of the observed line width
distribution for z ⇠ 5.7 � 6.6 Ly↵ emitters (e.g. Ouchi
et al. 2010), but is consistent with previous z > 7 Ly↵
lines (Ono et al. 2012).

4.3. Caveats

While the identification of the detected asymmetric
emission line as Ly↵ is in excellent agreement with the
expectation from the photometric redshift, we can not
rule out other potential identifications. As pointed out
in the previous section, Kajisawa et al. (2006) find that
weighted asymmetries Sw > 3 Å are not seen in lower
redshift lines, but almost exclusively in Ly↵ of high-
redshift galaxies. However, at the resolution of our spec-
tra, the observed asymmetry is also consistent with an
O II line doublet in a high electron density environment,
i.e., with a ratio of [O II]�3727 / [O II]�3729 > 2, and
with a velocity dispersion of �v & 100 km s�1.
If the observed line is an [O II]��3727, 3729 doublet,
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Fig. 4.— Top – UV absolute magnitudes of spectroscopically
confirmed Lyman break galaxies and Ly↵ emitters in the cosmic
reionization epoch, at z > 6. Our target, EGS-zs8-1 (red square),
represents the highest-redshift source and is the brightest galax-
ies currently confirmed. For reference, the gray dashed line shows
the evolution of the characteristic magnitude M⇤ of the UV LF
(Bouwens et al. 2014). The galaxies shown as black squares are as-
sembled from a compilation from Jiang et al. (2013b); Finkelstein
et al. (2013); Shibuya et al. (2012); Ono et al. (2012), and Vanzella
et al. (2011). Bottom – Surface density of the full sample of z ⇠ 8
galaxies in the combined CANDELS and BoRG/HIPPIES fields
(Bouwens et al. 2014, gray histogram). EGS-zs8-1 is the brightest
and also one of the most massive sources at these redshifts. Note
that all three z ⇠ 8 candidates with H ⇠ 25.0 mag (⇠ 0.5 mag
brighter than the rest) are identified in the CANDELS/WIDE sur-
vey area where ancillary Y105 imaging is generally not available.
Our spectroscopic confirmation is thus especially valuable.

the redshift of this galaxy would be zOII = 1.85. This
is very close to the best low redshift SED fit shown in
Figure 1. However, that SED requires a strong spectral
break caused by an old stellar population, for which no
emission line would be expected. Additionally, the low-
redshift solution can not explain the extremely red IRAC
color (used to select this galaxy), and predicts significant
detections in the ACS/F814W band, as well as in the
ground-basedWIRDSK-band image (Bielby et al. 2012).
No such detections are present, however, resulting in a
likelihood for such an SED of L < 10�7 (see also Fig 1).
Thus all the evidence points to this line being Ly↵ at
z = 7.73.

5. DISCUSSION

In this Letter we used Keck/MOSFIRE to spectro-
scopically confirm the redshift of one of the brightest
z ⇠ 8 galaxies identified by Bouwens et al. (2014) over
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EGS-zs8-1 now has a three line redshift z=7.73. 
Very large EW CIII] emission. (see Dan’s Talk)
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Bright z~8 Galaxies with Spectroscopic Redshifts
100% spectroscopic success rate via Lyα detection in such galaxies!

4 Stark et al.

Source zLy↵ zphot RA DEC Date of Observations H160 Filters UV lines targeted Ref

EGS-zs8-1 7.730 7.92+0.36
�0.36 14:20:34.89 +53:00:15.4 12-15 Apr 2015 25.0 H CIII] [1], [2]

. . . . . . . . . . . . . . . 11 June 2015 . . . H CIII] [1], [2]
EGS-zs8-2 7.477 7.61+0.26

�0.25 14:20:12.09 +53:00:27.0 12-15 Apr 2015 25.1 Y, H Ly↵, CIII] [1]
. . . . . . . . . . . . . . . 11 June 2015 . . . H CIII] [1]
COS-zs7-1 7.154 7.14+0.12

�0.12 10:00:23.76 +02:20:37.0 30 Nov 2015 25.1 Y Ly↵ [1]

Table 1. Galaxies targeted with Keck/MOSFIRE spectroscopic observations. The final column provides the reference to the article where each galaxy was
first discussed in the literature. The photometric redshifts shown in column three are taken from the discovery papers. References: [1] Roberts-Borsani et al.
(2016); [2] Oesch et al. (2015)
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Figure 1. Keck/MOSFIRE spectra of EGS-zs8-1, a z = 7.733 galaxy that was originally spectroscopically confirmed in Oesch et al. (2015). (Left:) Two-
dimensional and one-dimensional Y-band spectra centered on the Ly↵ emission line. Data are from Oesch et al. (2015). (Right:) H-band observations showing
detection of the [CIII], CIII] ��1907,1909 doublet. The top panels show the two dimensional SNR maps (black is positive), and the bottom panel shows the
flux calibrated one-dimensional extractions.

3.2 EGS-zs8-2

EGS-zs8-2 is another bright (H160=25.1) galaxy identified in CAN-
DELS imaging by RB16. The IRAC color of EGS-zs8-2 ([3.6]-
[4.5]=0.96 ± 0.17) is redder than EGS-zs8-1, likely reflecting
yet more extreme optical line emission. We estimate a rest-frame
[OIII]+H� equivalent width of 1610 ± 302 Å is required to re-
produce the flux excess in the [4.5] filter. A 4.7� emission feature
was identified by Roberts-Borsani et al. (2016) at a wavelength of
1.031µm. RB16 tentatively interpret this feature as Ly↵.

We obtained a Y-band spectrum of EGS-zs8-2 with the goal
of verifying the putative Ly↵ detection. The spectrum we obtained
shows a 7.4� emission line at 1.0305 µm (Figure 2a), confirming
that EGS-zs8-2 is indeed a Ly↵ emitter at zLy↵ = 7.477. The mea-
sured line flux (7.4± 1.0⇥ 10�18 erg cm�2 s�1) is less than half
that of EGS-zs8-1. We calculate the Ly↵ equivalent width using
the broadband SED to estimate the underlying continuum flux. The
resulting value (WLy↵=9.3 ± 1.4 Å) is the smallest of the RB16
galaxies.

The MOSFIRE H-band spectrum covers 14587 to 17914 Å,
corresponding to rest-frame wavelengths between 1720 and 2113 Å
for EGS-zs8-2. In Figure 2b, we show the spectral window centered
on the [CIII], CIII] doublet. No emission lines are visible. There are
two weak sky lines in the wavelength range over which the doublet

is situated. However the separation of the individual components
of the doublet is such that at least one of the two lines must be
located in a clean region of the spectrum. We estimate 3� upper
limits of 2.3⇥10�18 erg cm�2 s�1 for individual components. The
non-detection suggests that the total flux in the CIII] doublet must
be less than 62% of the observed Ly↵ flux, fully consistent with
the ratio observed in EGS-zs8-1 and in extreme CIII] emitters at
lower redshift. We place a 3� upper limit on the doublet rest-frame
equivalent width of <14 Å. Deeper data may yet detect CIII] in
EGS-zs8-2.

3.3 COS-zs7-1

Prior to this paper, COS-zs7-1 was the only source from Roberts-
Borsani et al. (2016) lacking a near-infrared spectrum. Similar to
the other galaxies from RB16, COS-zs7-1 is bright in the near-
infrared (H160=25.1) and has IRAC color ([3.6]-[4.5]=1.03±0.15)
that indicates intense optical line emission. In addition to RB16, the
galaxy has been reported elsehwere (e.g., Tilvi et al. 2013; Bowler
et al. 2014). We estimate an [OIII]+H� rest-frame equivalent width
of 1854 ± 325 Å based on the [4.5] flux excess, making COS-
zs7-1 the most extreme optical line emitter in the RB16 sample.
RB16 derive a reasonably well-constrained photometric redshift

c� 2016 RAS, MNRAS 000, 1–13

Stark+16

see: Roberts-Borsani+15 (z=7.48), Zitrin+15 (z=8.68), Stark+16 (z=7.15)
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Different Way Forward: Continuum Break Redshifts
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Fig. 1.— Direct imaging of PEARS-N-101687 from the GOODS survey (Giavalisco et al.

2004). The object is e↵ectively undetected in the B
450

, V
606

, and i
775

bands (left three

panels), while it is clearly seen in the z
850

band (right panel) with magnitude z
850

= 26.16

(AB). Each panel is 1.500 ⇥ 1.500 in size.

Fig. 2.— Upper: The 2D PEARS spectrum of PEARS-N-101687, displayed in inverse video

(dark = more flux), with all three position angles coadded and with a 2 pixel (0.100 ⇥ 80Å)

FWHM smoothing applied. A short segment of continuum is evident, with a blue edge near

9230Å due to the Lyman-↵ forest break, and a red cuto↵ imposed by the fallo↵ of instrumen-

tal e�ciency. Lower: A 1D extraction of the PEARS spectrum, in ergs cm�2 s�1 Å
�1

. The

thin black curve is a best-fitting continuum + IGM absorption model with redshift z = 6.6

and a continuum level of AB = 25.7 mag on the red side of the Lyman-↵ break. The blue

curve is a model based on the line flux from the Keck spectrum, and the continuum flux

level and line spread function width expected based on HST imaging.

Rhoads+13

If Lyα disappears, need different technique to measure redshifts:
continuum breaks

zLy-break  = 8.2zLyα+Ly-break  = 6.573

Problem: the background in the NIR is very high from the ground

Note: at z>6 these are the Lyα continuum breaks
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An HST Grism Redshift at z = 11 3

Trace of GN−z11

Observed Wavelength [µm]
1.1 1.2 1.3 1.4 1.5 1.6 1.7

5’’

Epoch 2
Epoch 1

WFC3/IR Grism Observation Setup

N

GN-z11

E

AGHAST

Fig. 1.— CANDELS H-band image around the location of our
target source GN-z11. The arrows and dashed lines indicate the
direction along which sources are dispersed in the slitless grism
spectra for our two individual epochs (magenta and blue) and for
the pre-existing AGHAST data (green). The latter are significantly
contaminated by bright neighbors along the dispersion direction of
GN-z11 (see Fig 2).

2.2. Slitless Grism Data

The primary data analyzed in this paper are 12 orbit
deep G141 grism spectra from our HST program GO-
13871 (PI: Oesch). These spectra were taken at two dif-
ferent orients in two epochs of six orbits each on 2015
February 11 and April 3 (see Figure 1). The data ac-
quisition and observation planning followed the success-
ful 3D-HST grism program (Brammer et al. 2012; Mom-
cheva et al. 2015). Together with each G141 grism expo-
sure, a short 200 s pre-image with the JH

140

filter was
taken to determine the zeroth order of the grism spectra.
The JH

140

images were placed at the beginning and end
of each orbit in order to minimize the impact of variable
sky background on the grism exposure due to the bright
Earth limb and He 1.083 µm line emission from the upper
atmosphere (Brammer et al. 2014). A four-point dither
pattern was used to improve the sampling of the point-
spread function and to overcome cosmetic defects of the
detector.
The grism data were reduced using the grism reduc-

tion pipeline developed by the 3D-HST team. The main
reduction steps are explained in detail by Momcheva
et al. (2015). In particular, the flat-fielded and global
background-subtracted grism images are interlaced to
produce 2D spectra for sources at a spectral sampling
of ⇠23 Å, i.e., about one quarter of the native resolution
of the G141 grism. The final 2D spectrum is a weighted
stack of the data from individual visits. In particular,
we down-weight pixels which are a↵ected by neighbor-
contamination using

w = [(2 ⇤ f
contam

)2 + �2]�1 (1)
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Fig. 2.— Our model of the contaminating flux from neighbor-
ing sources in the slitless grism spectra around the trace of our
source (i.e., the line along which we expect its flux; indicated by
red lines). From top to bottom, the panels show the final model
contamination in our spectra in epochs 1 and 2 and in the pre-
existing AGHAST spectra. Note that the contamination model in-
cludes emission lines for the neighboring sources as calibrated from
our two-epoch data. The high contaminating flux in the AGHAST
data makes these spectra inadequate for studying GN-z11. Our
orientations were chosen based on extensive simulations to mini-
mize such contamination from neighbors. However, some zeroth
order flux in epoch 2 could not be avoided while at the same time
making the observations schedulable with HST in cycle 22.

where f
contam

is the contamination model flux in a par-
ticular pixel and � is the per-pixel RMS taken from the
WFC3/IR noise model (c.f., §3.4.3 from Rajan & et al.
2011). We have tested that � is accurately characterized
as demonstrated by the pixel flux distribution function
in the 2D residual spectra (see Appendix Fig 11).
A local background is subtracted from the 2D frame

which is a simple 2nd order polynomial estimated from
the contamination-cleaned pixels above and below the
trace of the target source. 1D spectra are then com-
puted using optimal extraction on the final 2D frames,
weighting the flux by the morphology of the source as
measured in the WFC3/IR imaging (Horne 1986).
The GOODS-N field, which contains our candidate

GN-z11, has previously been covered by 2 times 2-
orbit deep grism data from “A Grism H-Alpha Spec-
Troscopic survey” (AGHAST; GO-11600; PI: Wiener).
However, the spectrum of our target GN-z11 is signif-
icantly contaminated in the AGHAST observations by
several nearby galaxies given their orientation (see Fig-
ure 2). Furthermore, the observations were severely af-
fected by variable sky background (Brammer et al. 2014).
The final data used in this paper therefore do not include
the AGHAST spectra, which were not optimized for GN-
z11 that was discovered 3–4 years after they were taken.
We confirmed that including the AGHAST data would
not a↵ect our results, however, because of the down-
weighting of heavily contaminated pixels in our stacking
procedure.

An HST Grism Redshift at z = 11 3
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contaminated by bright neighbors along the dispersion direction of
GN-z11 (see Fig 2).
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deep G141 grism spectra from our HST program GO-
13871 (PI: Oesch). These spectra were taken at two dif-
ferent orients in two epochs of six orbits each on 2015
February 11 and April 3 (see Figure 1). The data ac-
quisition and observation planning followed the success-
ful 3D-HST grism program (Brammer et al. 2012; Mom-
cheva et al. 2015). Together with each G141 grism expo-
sure, a short 200 s pre-image with the JH
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filter was
taken to determine the zeroth order of the grism spectra.
The JH
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images were placed at the beginning and end
of each orbit in order to minimize the impact of variable
sky background on the grism exposure due to the bright
Earth limb and He 1.083 µm line emission from the upper
atmosphere (Brammer et al. 2014). A four-point dither
pattern was used to improve the sampling of the point-
spread function and to overcome cosmetic defects of the
detector.
The grism data were reduced using the grism reduc-

tion pipeline developed by the 3D-HST team. The main
reduction steps are explained in detail by Momcheva
et al. (2015). In particular, the flat-fielded and global
background-subtracted grism images are interlaced to
produce 2D spectra for sources at a spectral sampling
of ⇠23 Å, i.e., about one quarter of the native resolution
of the G141 grism. The final 2D spectrum is a weighted
stack of the data from individual visits. In particular,
we down-weight pixels which are a↵ected by neighbor-
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Fig. 2.— Our model of the contaminating flux from neighbor-
ing sources in the slitless grism spectra around the trace of our
source (i.e., the line along which we expect its flux; indicated by
red lines). From top to bottom, the panels show the final model
contamination in our spectra in epochs 1 and 2 and in the pre-
existing AGHAST spectra. Note that the contamination model in-
cludes emission lines for the neighboring sources as calibrated from
our two-epoch data. The high contaminating flux in the AGHAST
data makes these spectra inadequate for studying GN-z11. Our
orientations were chosen based on extensive simulations to mini-
mize such contamination from neighbors. However, some zeroth
order flux in epoch 2 could not be avoided while at the same time
making the observations schedulable with HST in cycle 22.

where f
contam

is the contamination model flux in a par-
ticular pixel and � is the per-pixel RMS taken from the
WFC3/IR noise model (c.f., §3.4.3 from Rajan & et al.
2011). We have tested that � is accurately characterized
as demonstrated by the pixel flux distribution function
in the 2D residual spectra (see Appendix Fig 11).
A local background is subtracted from the 2D frame

which is a simple 2nd order polynomial estimated from
the contamination-cleaned pixels above and below the
trace of the target source. 1D spectra are then com-
puted using optimal extraction on the final 2D frames,
weighting the flux by the morphology of the source as
measured in the WFC3/IR imaging (Horne 1986).
The GOODS-N field, which contains our candidate

GN-z11, has previously been covered by 2 times 2-
orbit deep grism data from “A Grism H-Alpha Spec-
Troscopic survey” (AGHAST; GO-11600; PI: Wiener).
However, the spectrum of our target GN-z11 is signif-
icantly contaminated in the AGHAST observations by
several nearby galaxies given their orientation (see Fig-
ure 2). Furthermore, the observations were severely af-
fected by variable sky background (Brammer et al. 2014).
The final data used in this paper therefore do not include
the AGHAST spectra, which were not optimized for GN-
z11 that was discovered 3–4 years after they were taken.
We confirmed that including the AGHAST data would
not a↵ect our results, however, because of the down-
weighting of heavily contaminated pixels in our stacking
procedure.

Oesch+16 

Neighbor Contamination in Grism Spectra

Perform full 2D contamination modelling and neighbor subtraction 
(based on 3D-HST grism pipeline; Brammer+12, Momcheva+15)

Even in a blank field, it’s difficult to identify orientations with minimal contamination.
Previous AGHAST spectra heavily contaminated.
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2.3. The Challenge of Cleaning Slitless Grism Spectra

One major challenge in slitless grism spectroscopy is
the systematic contamination of the target spectrum by
light from nearby galaxies. Our spectra were therefore
taken at two orientations with the grism dispersion o↵set
by 32 degrees and tailored to show the least possible con-
tamination while being schedulable (see Figure 2). The
optimal orientations were determined through extensive
simulations of the location of all orders from -1st to +3rd

of all sources in the field detected in the extensive ancil-
lary imaging datasets. Nevertheless, some contaminating
flux can never be avoided and needs to be modeled. Fol-
lowing the same techniques as developed for the 3D-HST
survey, this was done by fitting all the neighboring galax-
ies’ SEDs (i.e., the EAZY template fits to the Skelton et
al. photometric catalog) and using their morphologies
to create 2D spectral models for all of them, which were
then subtracted from the 2D spectrum of our target GN-
z11 spectrum.
Having access to deep grism spectra at multiple inde-

pendent orients also allows us to further refine the 2D
spectral model of neighboring galaxies by including ac-
tually measured emission line fluxes. We thus extracted
spectra of all neighboring sources at both orientations
and fit their spectra as outlined by Momcheva et al.
(2015). The resulting best fits were then used directly
as contamination models. This produces significantly
cleaner 2D spectra compared to assuming simple con-
tinuum emission templates for contamination modeling.
The resulting contamination of all neighboring sources in
our data as well as in the AGHAST spectra are shown in
Figure 2. The quality of this quantitative contamination
model is also discussed in the next sections and shown in
Figure 3.

3. CONTINUUM DETECTION

The final stacked 2D grism spectrum is shown in the
top panel of Figure 3. Clearly, contamination is signif-
icant outside of the expected trace of GN-z11. After
subtracting our detailed contamination model, however,
we obtain a clean 2D frame (middle panel of Fig 3). This
shows clear flux exactly along the dispersion location of
GN-z11. After rebinning to a spectral resolution of 93 Å
(the native resolution element of the grism) this flux de-
tection is ⇠ 1� 1.5� per resolution element longward of
1.47 µm and consistent with zero flux shortward of that.
The total spectral flux averaged over 1.47-1.65 µm repre-
sents a clear 5.5� detection. This is fully consistent with
the prediction from the exposure time calculator for an
H = 26 mag source in a 12-orbit exposure.
The extracted 1D spectrum along the trace of GN-

z11 is shown in Figures 4 and 5. These highlight the
detection of a continuum break with a flux ratio of f(� <
1.47)/f(� > 1.47) < 0.32 at 2� when averaged over 560
Å wide spectral bins.
A flux decrement is seen around ⇠ 1.6 µm, which is

caused by negative flux values in one of our two visits
slightly above the peak of the trace of GN-z11. However,
this dip is consistent with Gaussian deviates from the
noise model. We also tested that the detected continuum
flux is still present when adopting di↵erent stacking and
extraction procedures (see appendix A). In particular, we
confirmed the spectral break in a simple median stack of
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Fig. 3.— 2D grism data of GN-z11. The five panels show from
top to bottom (1) the original 2D spectrum from a stack of all
our G141 grism data, (2) the modeled contaminating flux from
neighboring sources, (3) the cleaned 2D spectrum of GN-z11, (4)
the model of a z = 11.09 source with the same morphology and
H-band magnitude as GN-z11, and (5) the residual spectrum after
subtracting the z = 11.09 continuum model. The observed grism
flux is completely consistent with the model flux, as can be seen
from the clean residual. The observed spectrum also falls o↵ at
⇠ 1.65 µm, exactly as expected based on the drop in the G141
grism sensitivity providing further strong support that the observed
flux is indeed the continuum of GN-z11. The spatial direction
extends over 3.6 arcsec, and the two red lines indicate the trace of
GN-z11.

the individual continuum-subtracted 2D grism observa-
tions of our 6 individual visits. Additionally, we con-
firmed that the continuum break is seen only along the
trace of our spectrum by creating simple 1D-extractions
above and below the trace of our target source. Finally,
we confirmed that a break is seen in both epochs sepa-
rately (see Fig 10).
In the following sections, we discuss the possible red-

shift solutions for GN-z11 based on the combined con-
straints of the new grism continuum detection as well as
the pre-existing photometry.

3.1. The Best-fit Solution: A z ⇠ 11 Galaxy

Based on our previous photometric redshift measure-
ment for GN-z11 (z

phot

= 10.2), we expected to detect
a continuum break at 1.36 ± 0.05 µm. This can clearly
be ruled out. However, the grism data are consistent
with an even higher redshift solution. Interpreting the
observed break as the 1216 Å break, which is expected
for high-redshift galaxies based on absorption from the
neutral inter-galactic hydrogen along the line of sight,
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of all sources in the field detected in the extensive ancil-
lary imaging datasets. Nevertheless, some contaminating
flux can never be avoided and needs to be modeled. Fol-
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then subtracted from the 2D spectrum of our target GN-
z11 spectrum.
Having access to deep grism spectra at multiple inde-

pendent orients also allows us to further refine the 2D
spectral model of neighboring galaxies by including ac-
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(2015). The resulting best fits were then used directly
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cleaner 2D spectra compared to assuming simple con-
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The resulting contamination of all neighboring sources in
our data as well as in the AGHAST spectra are shown in
Figure 2. The quality of this quantitative contamination
model is also discussed in the next sections and shown in
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The final stacked 2D grism spectrum is shown in the
top panel of Figure 3. Clearly, contamination is signif-
icant outside of the expected trace of GN-z11. After
subtracting our detailed contamination model, however,
we obtain a clean 2D frame (middle panel of Fig 3). This
shows clear flux exactly along the dispersion location of
GN-z11. After rebinning to a spectral resolution of 93 Å
(the native resolution element of the grism) this flux de-
tection is ⇠ 1� 1.5� per resolution element longward of
1.47 µm and consistent with zero flux shortward of that.
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the prediction from the exposure time calculator for an
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1.47)/f(� > 1.47) < 0.32 at 2� when averaged over 560
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caused by negative flux values in one of our two visits
slightly above the peak of the trace of GN-z11. However,
this dip is consistent with Gaussian deviates from the
noise model. We also tested that the detected continuum
flux is still present when adopting di↵erent stacking and
extraction procedures (see appendix A). In particular, we
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Fig. 3.— 2D grism data of GN-z11. The five panels show from
top to bottom (1) the original 2D spectrum from a stack of all
our G141 grism data, (2) the modeled contaminating flux from
neighboring sources, (3) the cleaned 2D spectrum of GN-z11, (4)
the model of a z = 11.09 source with the same morphology and
H-band magnitude as GN-z11, and (5) the residual spectrum after
subtracting the z = 11.09 continuum model. The observed grism
flux is completely consistent with the model flux, as can be seen
from the clean residual. The observed spectrum also falls o↵ at
⇠ 1.65 µm, exactly as expected based on the drop in the G141
grism sensitivity providing further strong support that the observed
flux is indeed the continuum of GN-z11. The spatial direction
extends over 3.6 arcsec, and the two red lines indicate the trace of
GN-z11.

the individual continuum-subtracted 2D grism observa-
tions of our 6 individual visits. Additionally, we con-
firmed that the continuum break is seen only along the
trace of our spectrum by creating simple 1D-extractions
above and below the trace of our target source. Finally,
we confirmed that a break is seen in both epochs sepa-
rately (see Fig 10).
In the following sections, we discuss the possible red-

shift solutions for GN-z11 based on the combined con-
straints of the new grism continuum detection as well as
the pre-existing photometry.

3.1. The Best-fit Solution: A z ⇠ 11 Galaxy

Based on our previous photometric redshift measure-
ment for GN-z11 (z

phot

= 10.2), we expected to detect
a continuum break at 1.36 ± 0.05 µm. This can clearly
be ruled out. However, the grism data are consistent
with an even higher redshift solution. Interpreting the
observed break as the 1216 Å break, which is expected
for high-redshift galaxies based on absorption from the
neutral inter-galactic hydrogen along the line of sight,

! Analysis based on 3D-HST 
Pipeline (Brammer+12, 
Momcheva+15)

! Interlaced combination of 
individual exposures

! Yields well-understood noise 
properties of the final spectra 

! Full 2D modeling of 
contaminants

Grism Extraction and Contamination Modeling
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2.3. The Challenge of Cleaning Slitless Grism Spectra

One major challenge in slitless grism spectroscopy is
the systematic contamination of the target spectrum by
light from nearby galaxies. Our spectra were therefore
taken at two orientations with the grism dispersion o↵set
by 32 degrees and tailored to show the least possible con-
tamination while being schedulable (see Figure 2). The
optimal orientations were determined through extensive
simulations of the location of all orders from -1st to +3rd

of all sources in the field detected in the extensive ancil-
lary imaging datasets. Nevertheless, some contaminating
flux can never be avoided and needs to be modeled. Fol-
lowing the same techniques as developed for the 3D-HST
survey, this was done by fitting all the neighboring galax-
ies’ SEDs (i.e., the EAZY template fits to the Skelton et
al. photometric catalog) and using their morphologies
to create 2D spectral models for all of them, which were
then subtracted from the 2D spectrum of our target GN-
z11 spectrum.
Having access to deep grism spectra at multiple inde-

pendent orients also allows us to further refine the 2D
spectral model of neighboring galaxies by including ac-
tually measured emission line fluxes. We thus extracted
spectra of all neighboring sources at both orientations
and fit their spectra as outlined by Momcheva et al.
(2015). The resulting best fits were then used directly
as contamination models. This produces significantly
cleaner 2D spectra compared to assuming simple con-
tinuum emission templates for contamination modeling.
The resulting contamination of all neighboring sources in
our data as well as in the AGHAST spectra are shown in
Figure 2. The quality of this quantitative contamination
model is also discussed in the next sections and shown in
Figure 3.

3. CONTINUUM DETECTION

The final stacked 2D grism spectrum is shown in the
top panel of Figure 3. Clearly, contamination is signif-
icant outside of the expected trace of GN-z11. After
subtracting our detailed contamination model, however,
we obtain a clean 2D frame (middle panel of Fig 3). This
shows clear flux exactly along the dispersion location of
GN-z11. After rebinning to a spectral resolution of 93 Å
(the native resolution element of the grism) this flux de-
tection is ⇠ 1� 1.5� per resolution element longward of
1.47 µm and consistent with zero flux shortward of that.
The total spectral flux averaged over 1.47-1.65 µm repre-
sents a clear 5.5� detection. This is fully consistent with
the prediction from the exposure time calculator for an
H = 26 mag source in a 12-orbit exposure.
The extracted 1D spectrum along the trace of GN-

z11 is shown in Figures 4 and 5. These highlight the
detection of a continuum break with a flux ratio of f(� <
1.47)/f(� > 1.47) < 0.32 at 2� when averaged over 560
Å wide spectral bins.
A flux decrement is seen around ⇠ 1.6 µm, which is

caused by negative flux values in one of our two visits
slightly above the peak of the trace of GN-z11. However,
this dip is consistent with Gaussian deviates from the
noise model. We also tested that the detected continuum
flux is still present when adopting di↵erent stacking and
extraction procedures (see appendix A). In particular, we
confirmed the spectral break in a simple median stack of
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flux is completely consistent with the model flux, as can be seen
from the clean residual. The observed spectrum also falls o↵ at
⇠ 1.65 µm, exactly as expected based on the drop in the G141
grism sensitivity providing further strong support that the observed
flux is indeed the continuum of GN-z11. The spatial direction
extends over 3.6 arcsec, and the two red lines indicate the trace of
GN-z11.

the individual continuum-subtracted 2D grism observa-
tions of our 6 individual visits. Additionally, we con-
firmed that the continuum break is seen only along the
trace of our spectrum by creating simple 1D-extractions
above and below the trace of our target source. Finally,
we confirmed that a break is seen in both epochs sepa-
rately (see Fig 10).
In the following sections, we discuss the possible red-

shift solutions for GN-z11 based on the combined con-
straints of the new grism continuum detection as well as
the pre-existing photometry.

3.1. The Best-fit Solution: A z ⇠ 11 Galaxy

Based on our previous photometric redshift measure-
ment for GN-z11 (z

phot

= 10.2), we expected to detect
a continuum break at 1.36 ± 0.05 µm. This can clearly
be ruled out. However, the grism data are consistent
with an even higher redshift solution. Interpreting the
observed break as the 1216 Å break, which is expected
for high-redshift galaxies based on absorption from the
neutral inter-galactic hydrogen along the line of sight,
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to create 2D spectral models for all of them, which were
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tually measured emission line fluxes. We thus extracted
spectra of all neighboring sources at both orientations
and fit their spectra as outlined by Momcheva et al.
(2015). The resulting best fits were then used directly
as contamination models. This produces significantly
cleaner 2D spectra compared to assuming simple con-
tinuum emission templates for contamination modeling.
The resulting contamination of all neighboring sources in
our data as well as in the AGHAST spectra are shown in
Figure 2. The quality of this quantitative contamination
model is also discussed in the next sections and shown in
Figure 3.

3. CONTINUUM DETECTION

The final stacked 2D grism spectrum is shown in the
top panel of Figure 3. Clearly, contamination is signif-
icant outside of the expected trace of GN-z11. After
subtracting our detailed contamination model, however,
we obtain a clean 2D frame (middle panel of Fig 3). This
shows clear flux exactly along the dispersion location of
GN-z11. After rebinning to a spectral resolution of 93 Å
(the native resolution element of the grism) this flux de-
tection is ⇠ 1� 1.5� per resolution element longward of
1.47 µm and consistent with zero flux shortward of that.
The total spectral flux averaged over 1.47-1.65 µm repre-
sents a clear 5.5� detection. This is fully consistent with
the prediction from the exposure time calculator for an
H = 26 mag source in a 12-orbit exposure.
The extracted 1D spectrum along the trace of GN-

z11 is shown in Figures 4 and 5. These highlight the
detection of a continuum break with a flux ratio of f(� <
1.47)/f(� > 1.47) < 0.32 at 2� when averaged over 560
Å wide spectral bins.
A flux decrement is seen around ⇠ 1.6 µm, which is

caused by negative flux values in one of our two visits
slightly above the peak of the trace of GN-z11. However,
this dip is consistent with Gaussian deviates from the
noise model. We also tested that the detected continuum
flux is still present when adopting di↵erent stacking and
extraction procedures (see appendix A). In particular, we
confirmed the spectral break in a simple median stack of
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Fig. 3.— 2D grism data of GN-z11. The five panels show from
top to bottom (1) the original 2D spectrum from a stack of all
our G141 grism data, (2) the modeled contaminating flux from
neighboring sources, (3) the cleaned 2D spectrum of GN-z11, (4)
the model of a z = 11.09 source with the same morphology and
H-band magnitude as GN-z11, and (5) the residual spectrum after
subtracting the z = 11.09 continuum model. The observed grism
flux is completely consistent with the model flux, as can be seen
from the clean residual. The observed spectrum also falls o↵ at
⇠ 1.65 µm, exactly as expected based on the drop in the G141
grism sensitivity providing further strong support that the observed
flux is indeed the continuum of GN-z11. The spatial direction
extends over 3.6 arcsec, and the two red lines indicate the trace of
GN-z11.

the individual continuum-subtracted 2D grism observa-
tions of our 6 individual visits. Additionally, we con-
firmed that the continuum break is seen only along the
trace of our spectrum by creating simple 1D-extractions
above and below the trace of our target source. Finally,
we confirmed that a break is seen in both epochs sepa-
rately (see Fig 10).
In the following sections, we discuss the possible red-

shift solutions for GN-z11 based on the combined con-
straints of the new grism continuum detection as well as
the pre-existing photometry.

3.1. The Best-fit Solution: A z ⇠ 11 Galaxy

Based on our previous photometric redshift measure-
ment for GN-z11 (z

phot

= 10.2), we expected to detect
a continuum break at 1.36 ± 0.05 µm. This can clearly
be ruled out. However, the grism data are consistent
with an even higher redshift solution. Interpreting the
observed break as the 1216 Å break, which is expected
for high-redshift galaxies based on absorption from the
neutral inter-galactic hydrogen along the line of sight,

! Interlaced combination of 
individual exposures
• Yields well-understood noise properties of the final spectra 

! Full 2D modeling of 
contaminants

GN-z11

ID=20348

Epoch 1

H160 = 24.7, Emission line f = 1.7 ± 0.3 ⇥ 10�17 erg s�1 cm�2

GN-z11

ID=20348

Epoch 2

1.4 1.5 1.6
� / µm

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

grism

= 11.09+0.08
�0.12. The red line reflects the Ly↵ break at this redshift, normalized to the

measured H-band flux of GN-z11. The agreement is excellent. The fact that we only detect significant flux along the trace of our target
source, which is also consistent with the measured H-band magnitude, is strong evidence that we have indeed detected the continuum of
GN-z11 rather than any residual contamination.

tinuum break with J
125

� H
160

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

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

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

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

3.3. Excluding a Lower-Redshift Dusty or Quiescent
Galaxy

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

! Overall continuum detection ~5.5σ at 
λ > 1.47 µm

! Detected at 1-1.5σ per resolution 
element (91 Å)

! Detection in both epochs individually 
(but at low S/N)

! Break factor (fred/fblue) of >3.1 
(2σ, 500 Å) rules out z~2-3 interloper
(Maximally old BC03 model at z=2.7 a 
factor of <2.7 defined the same way)

! Rule out emission line contaminant

! Best-fit redshift: z=11.09+-0.10

Oesch+16 



P. Oesch, Geneva Observatory, UniGEIAP, June 2016

Lyman Break Detection

16

affected by variable sky background (Brammer et al. 2014).
The final data used in this paper therefore do not include the
AGHAST spectra, which were not optimized for GN-z11 that
was discovered 3–4 years after they were taken. We confirmed
that including the AGHAST data would not affect our results,
however, because of the down-weighting of heavily contami-
nated pixels in our stacking procedure.

2.3. The Challenge of Cleaning Slitless Grism Spectra

One major challenge in slitless grism spectroscopy is the
systematic contamination of the target spectrum by light from
nearby galaxies. Our spectra were therefore taken at two
orientations with the grism dispersion offset by 32° and tailored
to show the least possible contamination while being schedulable
(see Figure 2). The optimal orientations were determined through
extensive simulations of the location of all orders from !1st to
+3rd of all sources in the field detected in the extensive ancillary
imaging datasets. Nevertheless, some contaminating flux can never
be avoided and needs to be modeled. Following the same
techniques as developed for the 3D-HST survey, this was done
by fitting all the neighboring galaxies’ SEDs (i.e., the EAZY
template fits to the Skelton et al. photometric catalog) and using
their morphologies to create 2D spectral models for all of them,
which were then subtracted from the 2D spectrum of our target
GN-z11 spectrum.

Having access to deep grism spectra at multiple independent
orients also allows us to further refine the 2D spectral model of

neighboring galaxies by including actually measured emission
line fluxes. We thus extracted spectra of all neighboring
sources at both orientations and fit their spectra as outlined by
Momcheva et al. (2015). The resulting best fits were then used
directly as contamination models. This produces significantly
cleaner 2D spectra compared to assuming simple continuum
emission templates for contamination modeling. The resulting
contamination of all neighboring sources in our data as well as
in the AGHAST spectra are shown in Figure 2. The quality of
this quantitative contamination model is also discussed in the
next sections and shown in Figure 3.

3. CONTINUUM DETECTION

The final stacked 2D grism spectrum is shown in the top
panel of Figure 3.13 Clearly, contamination is significant
outside of the expected trace of GN-z11. After subtracting our
detailed contamination model, however, we obtain a clean 2D
frame (middle panel of Figure 3). This shows clear flux exactly
along the dispersion location of GN-z11. After rebinning to a
spectral resolution of 93Å (the native resolution element of the
grism) this flux detection is !1–1.5σ per resolution element
longward of 1.47 μm and consistent with zero flux shortward of
that. The total spectral flux averaged over 1.47–1.65 μm
represents a clear 5.5σ detection. This is fully consistent with

Figure 4. The new 12-orbit deep grism spectra in combination with the photometry of GN-z11 exclude lower redshift solutions. The main contaminants for high-
redshift galaxy selections are sources with extreme emission lines or with very strong 4000 Å breaks. The top left panel shows the photometry together with three
example SEDs for the possible nature of GN-z11 (dark red: a z=11.09 star-forming galaxy, blue: an extreme line emitter at z=2.1, green: a dusty+quiescent galaxy
at z=2.5). The last one is only shown for illustration purposes as it can be clearly excluded based on the longer wavelength photometry ( 8000p

2D% � relative to the
best fit SED model). The remaining panels compare the observed 1D spectrum with the expected grism fluxes for the same three cases. The best-fit to the grism data is
provided by the high-redshift LBG template which interprets the observed break as a Lyα break. This solution has a reduced χ2=1.2. The other two cases can be
excluded based on the difference in χ2 in the grism spectra as well as from the photometry (χp

2).

13 The stacked 2D spectrum together with the contamination model will be
made available online upon acceptance of this paper.
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! Overall continuum detection ~5.5σ at 
λ > 1.47 µm

! Detected at 1-1.5σ per resolution 
element (91 Å)

! Detection in both epochs individually 
(but at low S/N)

! Break factor (fred/fblue) of >3.1 
(2σ, 500 Å) rules out z~2-3 interloper
(Maximally old BC03 model at z=2.7 a 
factor of <2.7 defined the same way)

! Rule out emission line contaminant

! Best-fit redshift: z=11.09+-0.10
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Fig. 5.— Grism Spectrum of GN-z11. The top panel shows the (negative) 2D spectrum from the stack of our cycle 22 data (12 orbits)
with the trace outlined by the dark red lines. For clarity the 2D spectrum was smoothed by a Gaussian indicated by the ellipse in the lower
right corner. The bottom panel is the un-smoothed 1D flux density using an optimal extraction rebinned to one resolution element of the
G141 grism (93 Å). The black dots show the same further binned to 560 Å, while the blue line shows the contamination level that was
subtracted from the original object spectrum. We identify a continuum break in the spectrum at � = 1.47± 0.01 µm. The continuum flux
at � > 1.47 µm is detected at ⇠ 1 � 1.5� per resolution element and at 3.8� per 560 Å bin. After excluding lower redshift solutions (see
text and Fig 4), the best-fit grism redshift is z

grism

= 11.09+0.08
�0.12. The red line reflects the Ly↵ break at this redshift, normalized to the

measured H-band flux of GN-z11. The agreement is excellent. The fact that we only detect significant flux along the trace of our target
source, which is also consistent with the measured H-band magnitude, is strong evidence that we have indeed detected the continuum of
GN-z11 rather than any residual contamination.

tinuum break with J
125

� H
160

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

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

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

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

3.3. Excluding a Lower-Redshift Dusty or Quiescent
Galaxy

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

An HST Grism Redshift at z = 11 7

explore what constraints the grism spectrum alone can
set on such a solution.
The expected flux for such a red galaxy increases grad-

ually across the wavelength range covered by the G141
grism, unlike what we observe in the data (lower right
in Fig 4). Compared to our best-fit solution (see next
section) we measure a ��2 = 15 when comparing the
data with the expected grism flux. Apart from the ex-
tremely large discrepancy with the IRAC photometry, we
can thus exclude this solution at 98.9% confidence based
on the spectrum alone.
Similar conclusions can be drawn from the break

strength alone (see e.g. Spinrad et al. 1998). Assum-
ing that the observed break at 1.47 µm corresponds to
4000 Å at z = 2.7, a galaxy with a maximally old spec-
tral energy distribution (single burst at z = 15) would
show a flux ratio of (1 � fshort

⌫

/f long

⌫

) < 0.63 when av-
eraged over 560 Å bins. This is based on simple Bruzual
& Charlot (2003) models without any dust. As men-
tioned earlier, the observed spectrum has a break of
(1 � fshort

⌫

/f long

⌫

) > 0.68 at 2�, thus indicating again
that we can marginally rule out a 4000 Å break based
on the spectrum alone without even including the pho-
tometric constraints.

4. DISCUSSION

4.1. Physical Properties of GN-z11

Despite being the most distant known galaxy, GN-z11
is relatively bright and reliably detected in both IRAC
3.6 and 4.5 µm bands from the S-CANDELS survey
(Ashby et al. 2015). This provides a sampling of its rest-
frame UV spectral energy distribution and even partially
covers the rest-frame optical wavelengths in the IRAC
4.5 µm band (see Figure 6).
The photometry of GN-z11 is consistent with a spectral

energy distribution (SED) of logM/M� ⇠ 9 using stan-
dard templates (Bruzual & Charlot 2003, see appendix).
The UV continuum is relatively blue with a UV spectral
slope � = �2.5±0.2 as derived from a powerlaw fit to the
H

160

, K, and [3.6] fluxes only, indicating very little dust
extinction (see also Wilkins et al. 2016). Together with
the absence of a strong Balmer break, this is consistent
with a young stellar age of this galaxy. The best fit age
is only 40 Myr (< 110 Myr at 1�). GN-z11 thus formed
its stars relatively rapidly. The inferred star-formation
rate is 24±10 M�/yr. All the inferred physical parame-
ters for GN-z11 are summarized in Table 2. Overall, our
results show that galaxy build-up was well underway at
⇠ 400 Myr after the Big Bang.

4.2. The Number Density of Very Bright z > 10
Galaxies

The spectrum of GN-z11 indicates that its contin-
uum break lies within the H

160

filter (which covers
⇠ 1.4�1.7 µm; see Fig 6). The rest-frame UV continuum
flux of this galaxy is therefore ⇠0.4 mag brighter than
inferred from the H

160

magnitude. The estimated abso-
lute magnitude is M

UV

= �22.1± 0.2, which is roughly
a magnitude brighter (i.e., a factor 3⇥) than the char-
acteristic luminosity of the UV luminosity function at
z ⇠ 7�8 (Bouwens et al. 2015b; Finkelstein et al. 2015).
With z

grism

= 11.09, the galaxy GN-z11 is thus surpris-
ingly bright and distant (see Figure 5). While one single
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Fig. 6.— Top – The photometry (red) and best-fit spec-
tral energy distribution (SED; gray) of GN-z11 at the measured
grism redshift of z = 11.09. Upper limits correspond to 1� non-
detections. The black squares correspond to the flux measurements
of the best-fit SED. Inset negative images of 600⇥600 show the HST
J
125

, JH
140

, and H
160

bands as well as the neighbor-cleaned IRAC
4.5 µm image. GN-z11 is robustly detected in all bands longward
of 1.4 µm, resulting in accurate constraints on its physical param-
eters. The photometry is consistent with a galaxy stellar mass
of logM/M� ⇠ 9.0 with no or very little dust extinction and a
young average stellar age. Middle – A zoom-in around the wave-
length range probed by the G141 grism. The rebinned grism data
are shown by the blue line with errorbars. The grism flux is con-
sistent with the photometry (red points) and the best-fit SED at
z = 11.09 (gray line). The red horizontal errorbars represent the
wavelength coverage of the di↵erent HST filters, indicating that
the break of GN-z11 lies within the H

160

band. Bottom – The
redshift probability distribution functions, p(z), when fitting only
to the broad-band photometry (red) or when including both the
photometry and the grism in the fits (blue). The photometric p(z)
peaks at significantly lower redshift, but contains an extended tail
to z > 11. The addition of the grism data significantly tightens the
p(z) resulting in uncertainties of �z ' 0.1. The fits that include
the old, shallower JH

140

photometry are shown in gray, while those
that use the grism data alone, without any photometric constraints,
are shown in green.

detection of a galaxy this bright is not very constraining
given the large Poissonian uncertainties, it is interesting

Best-fit redshift of combined 
spectra + photometry: z=11.1 ±0.1
(GN-z10-1 ➜ GN-z11!)



P. Oesch, Geneva Observatory, UniGEIAP, June 2016

Physical Properties of GN-z11

! UV luminosity ~ 3×L*(z=7)
! Stellar mass ~ 109 M⊙

! SFR~24 M⊙/yr, age~40 Myr
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TABLE 2
Summary of Measurements for GN-z11

R.A. 12 : 36 : 25.46
Dec. +62 : 14 : 31.4
Redshift z

grism

11.09+0.08
�0.12

a

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

A
UV

< 0.2 mag
UV slope � (f� / ��) �2.5± 0.2d

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

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

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

the UV LFs measured UV at lower redshift (z ⇠ 4 � 8)
and extrapolating these to z = 11, we can get an empir-
ical estimate of the number density of very bright galax-
ies at z ⇠ 11. This amounts to 0.06 (Bouwens et al.
2015b) or 0.002 (Finkelstein et al. 2015) expected galax-
ies brighter thanM

UV

= �22.1 in our survey correspond-
ing to less than 0.3 per surveyed square degree. Simi-
larly, recent empirical models (Mashian et al. 2016; Ma-
son et al. 2015; Trac et al. 2015) predict only 0.002�0.03
galaxies as bright as GN-z11 in our survey or 0.01�0.2
per deg2. All the assumed LF parameters together with
the resulting estimates of the number of expected bright
galaxies N

exp

are listed in Table 3.
The above estimates illustrate that our discovery of

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

5. SUMMARY

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

TABLE 3
Assumed LFs for z ⇠ 10� 11 Number Density Estimates

Reference � ⇤ /10�5 M⇤ ↵ N
exp

[Mpc�3] [mag] (< �22.1)

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

Note. — The parameters �⇤, M⇤, and ↵ represent the three
parameters of the Schechter UV LF taken from the di↵erent papers.

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

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

grism

= 11.09+0.08

�0.12

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

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

phot

= 10.7+0.6

�0.4

(Coe
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TABLE 2
Summary of Measurements for GN-z11

R.A. 12 : 36 : 25.46
Dec. +62 : 14 : 31.4
Redshift z

grism

11.09+0.08
�0.12

a

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

A
UV

< 0.2 mag
UV slope � (f� / ��) �2.5± 0.2d

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

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

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

the UV LFs measured UV at lower redshift (z ⇠ 4 � 8)
and extrapolating these to z = 11, we can get an empir-
ical estimate of the number density of very bright galax-
ies at z ⇠ 11. This amounts to 0.06 (Bouwens et al.
2015b) or 0.002 (Finkelstein et al. 2015) expected galax-
ies brighter thanM

UV

= �22.1 in our survey correspond-
ing to less than 0.3 per surveyed square degree. Simi-
larly, recent empirical models (Mashian et al. 2016; Ma-
son et al. 2015; Trac et al. 2015) predict only 0.002�0.03
galaxies as bright as GN-z11 in our survey or 0.01�0.2
per deg2. All the assumed LF parameters together with
the resulting estimates of the number of expected bright
galaxies N

exp

are listed in Table 3.
The above estimates illustrate that our discovery of

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

5. SUMMARY

In this paper we present HST slitless grism spectra
for a uniquely bright z > 10 galaxy candidate, which
we previously identified in the GOODS-North field, GN-

6 7 8 9 10 11

−23

−22

−21

−20

−19
Redshift

Ab
so

lu
te

 M
ag

ni
tu

de
 M

U
V

0.9 0.8 0.7 0.6 0.5 0.4

4

2

1

0.5

0.25

Age of the Universe [Gyr]

U
V 

Lu
m

in
os

ity
 [L

/L
*(z

=7
)]

zspec
zphot

GN-z11

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

TABLE 3
Assumed LFs for z ⇠ 10� 11 Number Density Estimates

Reference � ⇤ /10�5 M⇤ ↵ N
exp

[Mpc�3] [mag] (< �22.1)

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

Note. — The parameters �⇤, M⇤, and ↵ represent the three
parameters of the Schechter UV LF taken from the di↵erent papers.

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

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

grism

= 11.09+0.08

�0.12

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

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

phot

= 10.7+0.6

�0.4

(Coe

An HST Grism Redshift at z = 11 7

explore what constraints the grism spectrum alone can
set on such a solution.
The expected flux for such a red galaxy increases grad-

ually across the wavelength range covered by the G141
grism, unlike what we observe in the data (lower right
in Fig 4). Compared to our best-fit solution (see next
section) we measure a ��2 = 15 when comparing the
data with the expected grism flux. Apart from the ex-
tremely large discrepancy with the IRAC photometry, we
can thus exclude this solution at 98.9% confidence based
on the spectrum alone.
Similar conclusions can be drawn from the break

strength alone (see e.g. Spinrad et al. 1998). Assum-
ing that the observed break at 1.47 µm corresponds to
4000 Å at z = 2.7, a galaxy with a maximally old spec-
tral energy distribution (single burst at z = 15) would
show a flux ratio of (1 � fshort

⌫

/f long

⌫

) < 0.63 when av-
eraged over 560 Å bins. This is based on simple Bruzual
& Charlot (2003) models without any dust. As men-
tioned earlier, the observed spectrum has a break of
(1 � fshort

⌫

/f long

⌫

) > 0.68 at 2�, thus indicating again
that we can marginally rule out a 4000 Å break based
on the spectrum alone without even including the pho-
tometric constraints.

4. DISCUSSION

4.1. Physical Properties of GN-z11

Despite being the most distant known galaxy, GN-z11
is relatively bright and reliably detected in both IRAC
3.6 and 4.5 µm bands from the S-CANDELS survey
(Ashby et al. 2015). This provides a sampling of its rest-
frame UV spectral energy distribution and even partially
covers the rest-frame optical wavelengths in the IRAC
4.5 µm band (see Figure 6).
The photometry of GN-z11 is consistent with a spectral

energy distribution (SED) of logM/M� ⇠ 9 using stan-
dard templates (Bruzual & Charlot 2003, see appendix).
The UV continuum is relatively blue with a UV spectral
slope � = �2.5±0.2 as derived from a powerlaw fit to the
H

160

, K, and [3.6] fluxes only, indicating very little dust
extinction (see also Wilkins et al. 2016). Together with
the absence of a strong Balmer break, this is consistent
with a young stellar age of this galaxy. The best fit age
is only 40 Myr (< 110 Myr at 1�). GN-z11 thus formed
its stars relatively rapidly. The inferred star-formation
rate is 24±10 M�/yr. All the inferred physical parame-
ters for GN-z11 are summarized in Table 2. Overall, our
results show that galaxy build-up was well underway at
⇠ 400 Myr after the Big Bang.

4.2. The Number Density of Very Bright z > 10
Galaxies

The spectrum of GN-z11 indicates that its contin-
uum break lies within the H

160

filter (which covers
⇠ 1.4�1.7 µm; see Fig 6). The rest-frame UV continuum
flux of this galaxy is therefore ⇠0.4 mag brighter than
inferred from the H

160

magnitude. The estimated abso-
lute magnitude is M

UV

= �22.1± 0.2, which is roughly
a magnitude brighter (i.e., a factor 3⇥) than the char-
acteristic luminosity of the UV luminosity function at
z ⇠ 7�8 (Bouwens et al. 2015b; Finkelstein et al. 2015).
With z

grism

= 11.09, the galaxy GN-z11 is thus surpris-
ingly bright and distant (see Figure 5). While one single
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Fig. 6.— Top – The photometry (red) and best-fit spec-
tral energy distribution (SED; gray) of GN-z11 at the measured
grism redshift of z = 11.09. Upper limits correspond to 1� non-
detections. The black squares correspond to the flux measurements
of the best-fit SED. Inset negative images of 600⇥600 show the HST
J
125

, JH
140

, and H
160

bands as well as the neighbor-cleaned IRAC
4.5 µm image. GN-z11 is robustly detected in all bands longward
of 1.4 µm, resulting in accurate constraints on its physical param-
eters. The photometry is consistent with a galaxy stellar mass
of logM/M� ⇠ 9.0 with no or very little dust extinction and a
young average stellar age. Middle – A zoom-in around the wave-
length range probed by the G141 grism. The rebinned grism data
are shown by the blue line with errorbars. The grism flux is con-
sistent with the photometry (red points) and the best-fit SED at
z = 11.09 (gray line). The red horizontal errorbars represent the
wavelength coverage of the di↵erent HST filters, indicating that
the break of GN-z11 lies within the H

160

band. Bottom – The
redshift probability distribution functions, p(z), when fitting only
to the broad-band photometry (red) or when including both the
photometry and the grism in the fits (blue). The photometric p(z)
peaks at significantly lower redshift, but contains an extended tail
to z > 11. The addition of the grism data significantly tightens the
p(z) resulting in uncertainties of �z ' 0.1. The fits that include
the old, shallower JH

140

photometry are shown in gray, while those
that use the grism data alone, without any photometric constraints,
are shown in green.

detection of a galaxy this bright is not very constraining
given the large Poissonian uncertainties, it is interesting

Massive galaxy formation well under-way at z~11



P. Oesch, Geneva Observatory, UniGEIAP, June 2016

GN-z11 was “known” since 2008
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with the expectations from pure Gaussian noise. This
demonstrates that our contamination subtraction and flux
uncertainty estimates were derived appropriately and that the
resulting values are accurate.

Despite the difference from the previous photometric redshift
estimate, the measured grism redshift is consistent with the

photometry of this source (see Figure 6). While our previous
photometric redshift estimate was z 10.2 0.4phot � o , the
redshift likelihood function contained a significant tail to
z>11. The updated and deeper JH140 photometry subse-
quently resulted in a shift of the peak by Δz=0.2 to a higher
redshift. The z=11.09 solution is within 1σ of the now better
measured JH H140 160� color, which is the main driver for the
photometric redshift estimate, as shown in Figure 6. The grism
data significantly tighten the redshift likelihood function
(bottom panel Figure 6) in addition to excluding lower redshift
solutions.
In the next two sections we also show that we can safely

exclude all plausible lower redshift solutions. The new grism
redshift confirms that this source lies well beyond the peak
epoch of cosmic reionization (z 8.8;reion � Planck Collabora-
tion et al. 2015) and makes it the most distant known galaxy.
This includes sources with photometric redshift measurements,
apart from a highly debated source in the HUDF/XDF field,
which likely lies at z!2 but has a potential z!12 solution
(see Bouwens et al. 2011, 2013; Brammer et al. 2013; Ellis
et al. 2013).

3.2. Excluding a Lower-redshift Strong Line Emitter

The principal goal of our grism program was to unequi-
vocally exclude a lower redshift solution for the source GN-
z11. While GN-z11 shows a very strong continuum break with
J H 2.4125 160� � (2σ), without a spectrum, we could not
exclude contamination by a source with very extreme emission
lines with line ratios reproducing a seemingly flat continuum
longward of 1.4 μm (Oesch et al. 2014).
The previous AGHAST spectra already provided some

evidence against strong emission line contamination (Oesch
et al. 2014), and we also obtained Keck/MOSFIRE spectro-
scopy to further strengthen this conclusion (see appendix).
However, the additional 12 orbits of G141 grism data now
conclusively rule out that GN-z11 is such a lower redshift
source. Assuming that all the H-band flux came from one
emission line, we would have detected this line at >10σ. Even
when assuming a more realistic case where the emission line
flux is distributed over a combination of lines (e.g.,
Hβ+[O III]), we can confidently invalidate such a solution.
The lower left panel in Figure 4 compares the measured grism

Figure 6. Top—The photometry (red) and best-fit spectral energy distribution
(SED; gray) of GN-z11 at the measured grism redshift of z=11.09. Upper
limits correspond to 1σ non-detections. The black squares correspond to the
flux measurements of the best-fit SED. Inset negative images of 6! ! 6! show
the HST J125, JH140, and H160 bands as well as the neighbor-cleaned IRAC
4.5μm image. GN-z11 is robustly detected in all bands longward of 1.4μm,
resulting in accurate constraints on its physical parameters. The photometry is
consistent with a galaxy stellar mass of M Mlog 9.0_: with no or very little
dust extinction and a young average stellar age. Middle—A zoom-in around
the wavelength range probed by the G141 grism. The rebinned grism data are
shown by the blue line with errorbars. The grism flux is consistent with the
photometry (red points) and the best-fit SED at z=11.09 (gray line). The red
horizontal errorbars represent the wavelength coverage of the different HST
filters, indicating that the break of GN-z11 lieswithin the H160 band. Bottom—
The redshift probability distribution functions, p(z), when fitting only to the
broad-band photometry (red) or when including both the photometry and the
grism in the fits (blue). The photometric p(z) peaks at significantly lower
redshift, but contains an extended tail to z>11. The addition of the grism data
significantly tightens the p(z) resulting in uncertainties of Δz ; 0.1. The fits
that include the old, shallower JH140 photometry are shown in gray, while those
that use the grism data alone, without any photometric constraints, are shown in
green.

Table 2
Summary of Measurements for GN-z11

R.A. 12:36:25.46
Decl. +62:14:31.4

zRedshift grism 11.09 0.12
0.08

�
� a

MUV Luminosity UV !22.1±0.2
Half–Light Radiusb 0.6 0.3 kpco

M Mlog gal :
c 9.0±0.4

log age yr 1� c 7.6±0.4
SFR M24 10 yr 1o �

:

AUV 0.2 mag�
fUV slope ( )C MrM

C !2.5±0.2d

Notes.
a Age of the universe at z 11.09� using our cosmology: 402 Myr.
b From Holwerda et al. (2015).
c Uncertainties are likely underestimated, since our photometry only partially
covers the rest-frame optical for GN-z11.
d See also Wilkins et al. (2016).
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same photo-z as with new data, but was ruled out as not likely to lie at z>9 
due to single band detection and its luminosity (Bouwens+10)
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GN-z11 is off the Charts

20

−22.5 −22 −21.5 −21
10−8

10−7

10−6

10−5

Trac+15
Mashian+15
Mason+15

GN−z11

Absolute Magnitude Muv [AB mag]

q 
[m

ag
−1

M
pc

−3
]

Model LF Predictions

~1
0-

50
x 

hi
gh

er

GN-z11

Does GN-z11 tell us something fundamentally 
new about early galaxy formation?

! Detection of GN-z11 in existing 
data is quite unexpected, given 
current models

! Expected to require 10-100x 
larger areas to find one such 
bright z~11 galaxy as GN-z11

! Difficult to draw conclusions 
based on one source. Need 
larger survey!

z=11



P. Oesch, Geneva Observatory, UniGEIAP, June 2016

The UV Luminosity Function at the Cosmic Frontier
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It lies a factor ~4-5x below the extrapolation from lower redshift trends.
There just aren’t a lot of z~10 galaxies out there!

Including HFF galaxy candidates, now have a quite good estimate of the UV LF at z~10.
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SFRD Evolution at z>8
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Full analysis of first 4 HFFs confirms: 
SFRD evolves very rapidly beyond z~8, faster than across z=4-8
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Rapid Decline Consistent with Models
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The galaxy LF before reionization 7
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Fig. 8.— Predicted UV LFs at high redshift. We show the LFs
using the calibration (see Section 2.3) at z ⇠ 5 from Bouwens
et al. (2015b), with Planck 2015 cosmology (Planck Collaboration
et al. 2015). Points show the binned UV and upper limits LFs
from Oesch et al. (2013b, 2014); Finkelstein et al. (2015b); Bouwens
et al. (2015b,a). Shaded regions show the 1� confidence range.

Fig. 9.— Predicted LFs at redshifts z ⇠ 2, 5, 10, 16 obtained by
calibrating (see Section 2.3) our model with the Finkelstein et al.
(2015b) LF at z ⇠ 5 (F15, dashed), compared to our reference
calibration using the Bouwens et al. (2015b) LF at z ⇠ 5 (B15,
solid). Shaded regions show the 1� confidence range, highlighting
that within the uncertainty of the calibrations, the two approaches
yield consistent results.

3.3. Forecasts for JWST and WFIRST

We use our model to make forecasts for a representative
set of JWST NIRCAM high-redshift dropout surveys us-
ing the 5 near-IR filters. The surveys (properties sum-
marized in Table 2) include an ultra-deep (UD) survey
of 4 pointings (⇠ 40 arcmin2) exposed in 200 hours per
pointing; a medium-deep (MD) survey of 40 pointings
exposed in 20 hours per pointing; and a wide-field (WF)
survey of 400 pointings exposed in 2 hours per pointing.
We assume that the surveys will split the observing time
so as to reach equal depth in all five filters, and estimate
the limiting magnitude for an 8� detection (in a single
filter) using the JWST Exposure Time Calculator. We
also include the e↵ects of gravitational lensing magni-
fication bias from strong lensing in blank fields, which

Fig. 10.— Luminosity density (⇢L) and cosmic SFR density (⇢̇?)
as functions of redshift, derived by integrating the model UV LFs to
magnitude limits of M

ab

= �17 (green lines) and M
ab

= �12 (pur-
ple lines). The dust corrected SFR densities for the two magnitude
limits are shown as solid lines, dust uncorrected SFR densities are
shown as dashed lines. The observed SFR densities from Bouwens
et al. (2015b) are shown in black (dust corrected) and grey (dust
uncorrected). Shaded regions show the 1� confidence range.

is expected to distort the brightest end of high-redshift
LFs (Mason et al. 2015; Wyithe et al. 2011).
In Figure 11 we plot the predicted cumulative number

counts for redshifts 8  z  16 and the regions acces-
sible to these mock JWST surveys, as well as the re-
gion accessible to WFIRST High-Latitude Survey (HLS,
Spergel et al. 2015). The estimated number of dropouts
are given in Table 2.
Our model predicts a significant drop in number den-

sity from z ⇠ 8 to z ⇠ 10 compared to lower red-
shifts (which is also seen in the observations, Bouwens
et al. 2015b,a). The drop continues to high redshift, thus
we find that no z ⇠ 16 galaxies would be detected in our
mock JWST surveys. To detect 1 galaxy at z ⇠ 16
in our UD survey would require ⇠ 40 pointings (⇠ 400
arcmin2). We find that magnification bias in blank fields
does not significantly a↵ect our model even at the bright-
est observable magnitudes at z > 10. The magnification
bias e↵ect is only noticeable in the exponential part of
the LF, which is within reach only at z 8, but too weak
otherwise for power laws with slope in the range -2 to -3.5
(it is exactly neutral for faint end slope ↵ = �2). Mason
et al. (2015) showed the lensing e↵ect was most signif-
icant for a Schechter function LF at high redshift (see
also Barone-Nugent et al. 2015). Thus we expect that
without significant strong lensing, i.e. using galaxy clus-
ters as cosmic telescopes (e.g. the Hubble Frontier Fields
Yue et al. 2014; Ishigaki et al. 2015; Coe et al. 2015; Atek
et al. 2015), z > 15 is beyond the reach of JWST.

3.4. Implications for reionization

The timeline of cosmic reionization depends on the bal-
ance between the recombination of free electrons with
protons to form neutral hydrogen atoms, and the ion-
ization of hydrogen atoms by Lyman continuum photons
emitted by young stars. The UV luminosity density (and
therefore, SFR density) at a given redshift allows us to
calculate the number of photons available for reioniza-
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Rapid decline in the cosmic SFRD is consistent with most models, 
but there is a considerable range in predicted evolutions at z>8.

Need to understand this before launch of JWST to plan most efficient surveys!
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! Deep imaging with HST enabled the detection of a large sample of galaxies at 
z>3 (11’000), and extended our frontier into the heart of the cosmic reionization 
epoch (>800 galaxies at z~7-10). Spectroscopy lagging behind.

! Cosmic Frontier: Have obtained a grism continuum break redshift for a 
surprisingly luminous galaxy in the GOODS-N field: GN-z11 with zgrism=11.1

! GN-z11 is reliably detected in IRAC, enabling first insight into physical properties 
of galaxies at z>10: We have now explored 97% of cosmic history in build-up of 
star-formation and mass

! Discovery of GN-z11 in current search area is surprising according to models: 
Need larger area surveys to confirm the number densities of bright galaxies at 
z>10. Needs to be done now with HST, likely won’t be done with JWST!

! Despite the discovery of GN-z11, the cosmic SFRD (dominated by faint galaxies) 
evolves declines rapidly at z>8 by a factor 10x in only 170 Myr


