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brighter limit, which more closely represents the sample of galaxies actually observed in the study,
is significantly larger than for the extrapolation—nearly two times larger for the Reddy & Steidel
(2009) samples and by a lesser factor for the more distant objects from Bouwens et al. (2012a). In
our analysis of the SFRDs, we have adopted the mean extinction factors inferred by each survey
to correct the corresponding FUV luminosity densities.

Adopting a different approach, Burgarella et al. (2013) measured total UV attenuation from
the ratio of FIR to observed (uncorrected) FUV luminosity densities (Figure 8) as a function of
redshift, using FUVLFs from Cucciati et al. (2012) and Herschel FIRLFs from Gruppioni et al.
(2013). At z < 2, these estimates agree reasonably well with the measurements inferred from the
UV slope or from SED fitting. At z > 2, the FIR/FUV estimates have large uncertainties owing to
the similarly large uncertainties required to extrapolate the observed FIRLFs to a total luminosity
density. The values are larger than those for the UV-selected surveys, particularly when compared
with the UV values extrapolated to very faint luminosities. Although galaxies with lower SFRs may
have reduced extinction, purely UV-selected samples at high redshift may also be biased against
dusty star-forming galaxies. As we noted above, a robust census for star-forming galaxies at z ≫ 2
selected on the basis of dust emission alone does not exist, owing to the sensitivity limits of past
and present FIR and submillimeter observatories. Accordingly, the total amount of star formation
that is missed from UV surveys at such high redshifts remains uncertain.

Figure 9 shows the cosmic SFH from UV and IR data following the above prescriptions as
well as the best-fitting function

ψ(z) = 0.015
(1 + z)2.7

1 + [(1 + z)/2.9]5.6 M⊙ year−1 Mpc−3. (15)
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Figure 9
The history of cosmic star formation from (a) FUV, (b) IR, and (c) FUV+IR rest-frame measurements. The data points with symbols
are given in Table 1. All UV luminosities have been converted to instantaneous SFR densities using the factor KFUV = 1.15 × 10−28

(see Equation 10), valid for a Salpeter IMF. FIR luminosities (8–1,000 µm) have been converted to instantaneous SFRs using the factor
KIR = 4.5 × 10−44 (see Equation 11), also valid for a Salpeter IMF. The solid curve in the three panels plots the best-fit SFR density in
Equation 15. Abbreviations: FIR, far-infrared; FUV, far-UV; IMF, initial mass function; IR, infrared; SFR, star-formation rate.
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Under the hood - standard imaging

✦ Images from a telescope sample the brightness 
distribution of the sky 

✦ Calibration, background, noise model 
✦ Typically sources of interest are much fainter 

than the background, so take many exposures 
and average them (central limit theorem) 

✴ S/N ~ sqrt(t) 



Under the hood - standard imaging

✦ Basic "astronomy" done with 2D images that 
sample the (projected) brightness distribution of 
sources on the sky

1923 
E. Hubble



Under the hood - standard imaging

✦ Modern digital detectors are ~linear photon-
counting devices that can be calibrated to an 
absolute scale (e.g. W / m2)

2004, Hubble Space Telescope



Imaging statistics
✦ S - Signal rate from source of interest (e.g., photons / s) 
✦ B - "background" rate 
✦ Nϵ2  - Random noise reading the charge on the detector N times  
✦ t - "open shutter" integration time  
✦ Variance Var = (S + B) t + Nϵ2 

✦ For B >> S, Nϵ2 (faint sources, expensive detectors),                           
Signal-to-noise ≈ t / t-1/2 ≈ t1/2 

✦ Increasing signal-to-noise by a factor of two requires four 
times the integration time 

✦ Central limit theorem provides approximately Gaussian statistics, 
but this should be verified and preserved!                          



t ~ 10 minutes

t ~ 2 hours

t ~ 9hours



Source detection and characterization

✦ Point sources in an image (stars) have a finite 
size set by the telescope diameter and optics 

✴ "Point spread function"
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Source detection and characterization

✦ Point sources in an image (stars) have a finite 
size set by the telescope diameter and optics 

✴ "Point spread function" 

✦ Basic weighted source detection 
✴  I = (S / Var ∗ PSF) / (1 / Var ∗ PSF2) 
✴ Var(I) = 1 / (1 / Var ∗ PSF2) 

✦ Essentially, a least squares fit for the intensity of 
a point source anywhere in an image



Source detection and characterization

✦ But be careful!  Large images can be provide 
many "trials" for detecting sources, so "3σ" can be 
risky. 

✦ E.g., relatively small HST images are 2400x2400 
"PSFs" in size, so p=0.01 can still be a very big 
number. 

✦ Worse still in presence of uncontrolled systematics.



Source detection and characterization

✦ Image segmentation assigns regions of the 
image to discrete sources (e.g., scikit-image) 

✦ Measure moments of the light distribution for 
discrete sources, e.g., sum, FWHM



A third dimension: spectral shape I(λ)

✦ Imaging: bandpass filters 
✦ (Much more complicated optics can provide full 

spectra across the 2D spatial field)

λ  
1.0 µm 
1.3 µm 
1.6 µm



Crude distance estimates: "dropouts"

✦ Neutral Hydrogen along the line-of-sight to distant galaxies 
absorbs all light below 1216 Å 

✦ Creates a step-function signal that can be an effective distance 
indicator ("Lyman break") 

✴ Simply observe an object in multiple filters and the bluest 
wavelength in which that object is detected ~1216Å  

(firstgalaxies.org, Magee et al.)

http://firstgalaxies.org


Data Reduction and Machine Learning

✦ The procedures above are done as objectively 
as possible, inevitably involve data compression 
and loss of information 

✦ Image moments are essentially features a 
(semi-)intelligent machine—the researcher— 
has chosen as important 

✦ Speed, efficiency vs. interpretability



Data Reduction and Machine Learning
✦ Example, just give a machine the images themselves and 

let it figure out the mapping between Image ➜ redshift
J. Pasquet et al.: Photometric redshifts from SDSS galaxy images

z=0.258 z=0.039 z=0.094 z=0.163 z=0.078

Fig. 2. Random examples from the image dataset. Images in the 5 SDSS
channels were linearly remapped to red, green, blue, with saturation
↵ = 2.0 and display � = 2.2 applied following the prescriptions from
Bertin (2012).

identical to that of the input images (0.396 arcsec). We chose a
Lánczos-3 resampling kernel (Duchon 1979) as a compromise
between preserving image quality and minimizing the spread of
possible image artifacts. Other SWarp settings are also set to
default, except for background subtraction, which is turned o↵.

The number of overlapping frames contributing to a given
output pixel in a given filter ranges from one or two for “reg-
ular” SDSS images, to 64 for some of the galaxies in Stripe
82. No attempt is made to remove singular images, to mask out
neighbors or to subtract light contamination from close bright
sources, hence all galaxy images are included in the final dataset
unmodified.

Machine learning algorithms dealing with pixel data are gen-
erally trained with gamma-compressed images (e.g., in JPEG or
PNG format). Yet our tests did not show any improvement of
the classifier performance after applying dynamic range com-
pression. We therefore decided to leave the dynamic range of
the images intact. Figure 2 shows five image cutouts from the
dataset.

3. The convolutional neural network

3.1. Neural networks

Artificial neural networks (NNs) are made of interconnected,
elementary computing units called neurons. As in biology where
a natural neuron is an electrically excitable cell that processes
and transmits information via synapses connected to other cells,
an artificial neuron receives a vector of inputs, each with a dif-
ferent weight, and computes a scalar value sent to other neurons.
Once the type of neuron and the network topology have been
defined, the network behavior relies solely on the strength of the
connections (synaptic weights) between neurons. The purpose of
learning (or training) is to iteratively adjust the synaptic weights
until the system behaves as intended.

Multilayered neural network models are currently the basis
of the most powerful machine learning algorithms. In this type
of NN, neurons are organized in layers. Neurons from a layer are
connected to all or some of the neurons from the previous layer.

Convolutional neural networks (CNNs) are a special type of
multilayered NNs. CNN classifiers are typically composed of a
number of convolutional and pooling layers followed by fully
connected layers.

3.2. Convolutional layers

A convolutional layer operates on a data cube, and computes
one or several feature maps, also stored as a datacube. The fea-
ture maps inside a convolutional layer are generally computed
independently of one another. The purpose of a feature map is to
emphasize regions of the input datacube that correlate with a spe-
cific pattern, represented by a set of adjustable kernels (one per
input data plane in our case). In practice, the correlation process

is achieved by convolving the outputs from the previous layer
with the kernels. During training, the kernels, which had been
initially populated with random values, are updated to become
progressively relevant to the classification (or regression; see
Fig. 3). The convolved arrays plus an adjustable o↵set are then
summed and an activation function applied element-wise to form
the feature map.

For the first convolution layer the input datacube is typi-
cally a multispectral image (64⇥ 64⇥ 5 pixels in the case of our
images taken through the ugriz SDSS filters). Subsequent layers
operate on feature maps from the previous layers.

Non-linear activation functions introduce non-linearity into
the network. The most commonly used activation function is the
ReLU (Rectified Linear Unit, Nair & Hinton 2010) defined by
f (x) = max(x, 0). More recently, He et al. (2015) introduced a
Parametric ReLU (PReLU) with parameter ↵ adjusted through
basic gradient descent:

f (x) =
(

x if x � 0
↵x if x  0.

(1)

3.3. Pooling layers

Pooling layers reduce the size of input feature maps through
down-sampling along the spatial dimensions (2 ⇥ 2 elements
in our case). The down-sampling operation typically consists in
taking the mean or the max of the elements. Pooling allows fea-
ture maps to be computed on multiple scales at a reduced com-
putational cost while providing some degree of shift invariance.
Invariance toward transformations of the input image can fur-
ther be reinforced by data augmentation (Goodfellow et al. 2009;
Zhu et al. 2015).

3.4. Fully connected layers

Contrary to their convolution layer equivalents, the neurons of
a fully connected layer are connected to every neuron of the
previous layer, and do not share synaptic weights. In conven-
tional CNNs, the fully connected layers are in charge of fur-
ther processing the features extracted by the convolutional layers
upstream, for classification or regression.

3.5. Output layer

We chose to handle the estimation of photometric redshifts
as a classification problem, as opposed to using (non-linear)
regression. Previous studies (e.g., Pasquet-Itam & Pasquet 2018)
demonstrate the benefits of this approach. Each class corre-
sponds to a narrow redshift bin �z. The galaxy at the center of
the input multispectral image belongs to a single class (i.e., is at
a single redshift).

The classes being mutually exclusive, we imposed that the
sum of the outputs be 1 by applying the softmax activation
function (Bridle 1990) to the output layer. The network was
trained with the cross-entropy loss function (Baum & Wilczek
1987; Solla et al. 1988). The output of this type of classifier
was shown, both theoretically and experimentally, to provide
good estimates of the posterior probability of classes in the input
space (Richard & Lippmann 1991; Rojas 1996). This of course
requires the neural network to be properly trained and to have
enough complexity.
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Fig. 4. Classifier architecture (see Sect. 3.6 for a detailed description).
The neural network is composed of a first convolution layer, a pooling
layer and five inception blocks followed by two fully connected lay-
ers and a softmax layer. The size and the number of feature maps are
indicated for each layer. Further details can be found in Table A.1.

3.7. Photometric redshift estimation

Although photometric redshift PDFs may be directly incorpo-
rated into larger Bayesian schemes for inferring model parame-
ters (e.g., cosmological parameters), they may also be used to
compute point estimates of the individual redshifts. We esti-
mate the photometric redshift of a given galaxy by computing
its expected value from its PDF P(zk):

zphot =

NcX

k=1

zk P(zk) , (2)

where zk is the midpoint value of the kth redshift bin. Assuming
that P(zk) is reliable over the whole redshift range (see Sect. 4.3),
Eq. (2) provides a minimum mean square error estimation of the
photometric redshift given the data.

Alternatively, we tested non-linear regression models with
a multilayered neural network to estimate photometric red-
shifts directly from the softmax layer PDF output, using both a
quadratic and median absolute deviation (MAD) cost functions
(see Sect. 4.1). After training with the spectroscopic redshifts,
both models performed almost identically and did not provide
any significant improvement in accuracy over Eq. (2).

3.8. Experimental protocol

We divided the database into a training sample containing 80%
of the images and a testing sample composed of the remain-
ing 20%. To ensure that the CNN is not a↵ected by galaxy ori-
entation, we augmented the training set with randomly flipped
and rotated (with 90 deg steps) images. We also selected 20 000
images in the training database to create a validation sample that
allows us to control the performance of the model.

To increase the performance, we trained an ensemble of clas-
sifiers as it was shown to be more accurate than individual classi-
fiers (e.g., Krizhevsky et al. 2012b). Moreover the generalization
ability of an ensemble is usually stronger than that of base learn-
ers. This step involves training N times one model with the same
training database but a di↵erent initialization of the weights. As a
compromise between computation time and accuracy, we chose
N = 6. The individual decisions were then averaged out to obtain
the final values of the photometric redshifts. We also averaged
the PDFs, although we are aware that the result is a pessimistic
estimate of the true PDF. Other combination methods will be
investigated in a future analysis. In the following sections, the
terms photometric redshift and PDF refer to averages over the
six trainings. We also processed five cross-validations of the
database to evaluate the stability of the network. This involves
performing five learning phases, each with its own training sam-
ple (80% of the initial database) and testing sample (the remain-
ing 20%), so as to test each galaxy once.

Table 1 shows the performance of each cross-validation,
using the metrics (bias, �MAD and ⌘) defined in Sect. 4.1. The
bias varies slightly but the standard deviation and the fraction
of outliers do not change significantly. Therefore we find the
network to be statistically robust. In the following, the quoted
values for the bias, standard deviation and fraction of outliers
are the average values over 5 cross-validations, unless otherwise
stated. Figure 5 summarises the protocol of the training process.

4. Results

In this section, we present the overall performance of our method
for the estimation of photometric redshifts, and describe our tests
of the statistical reliability of the PDFs.
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Fig. 7. Comparison between the photometric redshifts predicted by the CNN (left panel) and by B16 (right panel) against the spectroscopic
redshifts. The galaxy density and the statistics are averaged over the five cross-validation samples.

Fig. 8. Mean residuals as a function of spectroscopic redshifts (gray)
and CNN redshifts (red). The dashed lines show the corresponding
results for B16. The histograms are the respective redshift distribu-
tions. The CNN redshifts tend to be slightly over(under)-estimated
below(above) the most populated redshift bins of the training sample,
that is, they are biased toward the region of highest training. The e↵ect
is larger for B16, however no bias is found as a function of photometric
redshift in either case.

significantly with 10 000 training sources, they remain compa-
rable to the results of B16, which is also remarkable. Moreover,
for all three trials including the 10 000 sources training sample,
all the trends, or lack thereof, plotted in the next section remain
nearly indistinguishable from our baseline 400 000 sources train-
ing case.

6. Further behavioral analysis of the CNN

In this section, we describe our study of how the performance
of the CNN varies with a number of characteristics of the input
images relating to galaxy properties or observing conditions.

6.1. Galactic reddening

As illustrated in Fig. 1, the SDSS spans a large range in Galac-
tic extinction. The e↵ect of E(B � V) on the observed colors
of a galaxy can mimic that of a redshift increase. The impact
of including the reddening information into the training, or not,
is illustrated on Fig. 11 (left panel). Without this information
provided to the classifier, a strong reddening-dependent bias is
observed (orange line). A weaker trend is observed for B16,
who use SDSS de-reddened magnitudes. The small size of the
sample at high galactic extinction most likely prevents the CNN
from properly accounting for this degeneracy, hence our choice
to include the reddening information into our model, which suc-
cessfully removes the trend (red line).

6.2. Galaxy inclination

As Galactic reddening, the inclination of a galaxy reddens its
color but also a↵ects the shape of the attenuation curve in a com-
plex way (Chevallard et al. 2013). It has been a major issue for
the estimation of photometric redshifts, especially with SED fit-
ting codes (Arnouts et al. 2013). Figure 11 (right panel) shows
that the CNN is very robust to galaxy inclination, unlike the B16
method, which is strongly biased, especially at high inclination.
The network is able to account for this e↵ect thanks to the large
training sample, helped by the data augmentation process that
further expanded it by rotating and flipping the images. While
B16 only uses the photometric information, Yip et al. (2011)
show that machine learning methods can better handle this bias
if the inclination information is included into their training.

6.3. Neighboring galaxies

We investigated the impact of neighboring sources on the
performance of the CNN using the SDSS DR12 neighbors
table, which contains all photometric pairs within 0.5 arcmin.
We selected the spectroscopic galaxies with at least one
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Predicted

Pasquet et al. https://arxiv.org/abs/1806.06607
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GN-z10-1 
H160=25.95


zphot = 10.2 ± 0.4

Candidate #2 (GN-z10): z~10? z=11.1±0.1Oesch+15



GN-z10-1 
H160=25.95


zphot = 10.2 ± 0.4

Candidate #2 (GN-z10): z~10? z=11.1±0.1Oesch+15

The Astrophysical Journal, 786:108 (19pp), 2014 May 10 Oesch et al.

Table 3
Flux Densities of z > 9 LBG Candidates in the GOODS-N Field

Filter GN-z10-1 GN-z10-2 GN-z10-3 GN-z9-1

B435 7 ± 9 3 ± 6 −2 ± 6 −11 ± 11
V606 2 ± 7 −3 ± 5 −5 ± 5 2 ± 8
i775 5 ± 10 6 ± 7 6 ± 7 −9 ± 11
I814 3 ± 7 1 ± 5 −2 ± 8 0 ± 9
z850 17 ± 11 −7 ± 6 −7 ± 8 −14 ± 13
Y105 −7 ± 9 −7 ± 7 −2 ± 10 −18 ± 8
J125 11 ± 8 12 ± 7 23 ± 8 36 ± 9
JH140 102 ± 47 85 ± 34 · · · 86 ± 54
H160 152 ± 10 68 ± 9 73 ± 8 82 ± 11
K 137 ± 67 −45 ± 51 85 ± 261 76 ± 55
IRAC 3.6 µm 139 ± 20 (<81)a 39 ± 21 65 ± 18
IRAC 4.5 µm 122 ± 21 (<119)a 93 ± 21 125 ± 20

Notes. Measurements are given in nJy with 1σ uncertainties.
a 3σ upper limit due to uncertainties in the neighbor flux subtraction.

σz = 0.3–0.4 (1σ ). These uncertainties could be reduced with
deeper JH140 imaging data in the future. However, the high red-
shift nature of these sources is quite secure given the current
photometry. The right panels of Figure 3 show the redshift like-
lihood function. The integrated probability for z < 5 solutions
is strikingly small for each of these sources. GN-z10-3 has the
highest low-redshift likelihood with only 0.2%. In this case, the
best-fit low redshift SED is a combination of high dust extinction
and extreme emission lines, which line up to boost the fluxes
in the H160 and IRAC 4.5 µm bands. It is unclear how likely
the occurrence of such an SED really is. However, deeper Y105
data or spectroscopic observations could rule out such an SED.
Some first spectroscopic constraints are already available from
shallow WFC3 grism observations (see Section 3.3.2).

As a cross-check, we also tested and confirmed the high-
redshift solutions with the photo-z code EAZY (Brammer et al.
2008). In particular, we fit photometric redshifts with templates
that include emission lines as included in the v1.1 distribution
of the code.12 The best-fit EAZY redshifts are all within 0.1 of
the ZEBRA values listed in Table 2.

3.3. Possible Sample Contamination

As we will show in Section 4.1, the detection of such bright
z ∼ 9–10 galaxy candidates in the GOODS-N data set is
surprising given previous constraints on UV LFs at z > 8.
A detailed analysis of possible contamination is therefore
particularly important. We discuss several possible sources of
contamination in the next sections.

3.3.1. Emission Line Galaxies

Strong emission line galaxies have long been known to
potentially contaminate very high-redshift sample selections.
These are a particular concern in data sets which do not have very
deep optical data to establish a strong spectral break through
non-detections (see, e.g., Atek et al. 2011; van der Wel et al.
2011; Hayes et al. 2012). Sources with extreme rest-frame
optical line emission may also contaminate z ! 9 samples if
the z ∼ 10 candidate UDFj-39546284 (Bouwens et al. 2011a;
Oesch et al. 2012a) is any guide. In that case, the extremely deep
supporting data did not result in any detection shortward of the
H160 band, but other evidence (tentative detection of an emission
line at 1.6 µm and the high luminosity of UDFj-39546284)

12 Available at http://code.google.com/p/eazy-photoz/.
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Figure 3. Spectral energy distribution fits to the HST and Spitzer/IRAC
photometry of the four GOODS-N z ∼ 9–10 galaxy candidates (left) together
with the redshift likelihood functions (right). The measurements and their upper
limits (2σ ) are shown in dark red. Best-fit SEDs are shown as blue solid lines,
in addition to the best low redshift solutions in gray. The corresponding SED
magnitudes are shown as filled circles. For all sources, the z ! 9 solution fits the
observed fluxes significantly better than any of the possible low-redshift SEDs.
The integrated likelihoods for zphot < 5 are all <0.2% as shown by the labels
in the right panels.
(A color version of this figure is available in the online journal.)

indicates that an extreme emission line galaxy at z ∼ 2.2 is
a more likely interpretation of the current data (see Bouwens
et al. 2013a; Ellis et al. 2013; Brammer et al. 2013; Capak et al.
2013).

In our SED analysis in Section 3.2, we specifically included
line emission in order to test for contamination from strong emis-
sion line sources. Indeed, for two of the candidates, the best-fit
low-redshift photometric redshift solutions are obtained from
a combination of extreme emission lines and high dust extinc-
tion. However, all candidates are detected (although sometimes
faintly) in several non-overlapping filters. For example, with the
exception of GN-z10-1, all sources show some flux in the J125
filter, as well as a clear detection in H160. It is therefore unlikely
that the detected HST flux originates from emission lines alone.
Furthermore, three of the four candidates show robust detec-
tions in the IRAC bands, which further limits the likelihood of
contamination by pure line emitters. For example, GN-z10-1
(the brightest source), shows evidence for a flat continuum from
the HST H160 to the IRAC 3.6 µm and 4.5 µm bands. As can
be seen from Figure 3, while this can be mimicked with the
combination of [O iii]/Hβ contamination in the H160 band and
continuum emission in the IRAC channels, the shorter wave-
length flux limits rule out such a lower redshift solution.

Taken together, the likelihood that the sources here are
lower-redshift emission line galaxies is low. The emission
line constraints from the IRAC filters are discussed further in
Section 5 where we present galaxy stellar mass estimates.
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Table 3
Flux Densities of z > 9 LBG Candidates in the GOODS-N Field

Filter GN-z10-1 GN-z10-2 GN-z10-3 GN-z9-1

B435 7 ± 9 3 ± 6 −2 ± 6 −11 ± 11
V606 2 ± 7 −3 ± 5 −5 ± 5 2 ± 8
i775 5 ± 10 6 ± 7 6 ± 7 −9 ± 11
I814 3 ± 7 1 ± 5 −2 ± 8 0 ± 9
z850 17 ± 11 −7 ± 6 −7 ± 8 −14 ± 13
Y105 −7 ± 9 −7 ± 7 −2 ± 10 −18 ± 8
J125 11 ± 8 12 ± 7 23 ± 8 36 ± 9
JH140 102 ± 47 85 ± 34 · · · 86 ± 54
H160 152 ± 10 68 ± 9 73 ± 8 82 ± 11
K 137 ± 67 −45 ± 51 85 ± 261 76 ± 55
IRAC 3.6 µm 139 ± 20 (<81)a 39 ± 21 65 ± 18
IRAC 4.5 µm 122 ± 21 (<119)a 93 ± 21 125 ± 20

Notes. Measurements are given in nJy with 1σ uncertainties.
a 3σ upper limit due to uncertainties in the neighbor flux subtraction.

σz = 0.3–0.4 (1σ ). These uncertainties could be reduced with
deeper JH140 imaging data in the future. However, the high red-
shift nature of these sources is quite secure given the current
photometry. The right panels of Figure 3 show the redshift like-
lihood function. The integrated probability for z < 5 solutions
is strikingly small for each of these sources. GN-z10-3 has the
highest low-redshift likelihood with only 0.2%. In this case, the
best-fit low redshift SED is a combination of high dust extinction
and extreme emission lines, which line up to boost the fluxes
in the H160 and IRAC 4.5 µm bands. It is unclear how likely
the occurrence of such an SED really is. However, deeper Y105
data or spectroscopic observations could rule out such an SED.
Some first spectroscopic constraints are already available from
shallow WFC3 grism observations (see Section 3.3.2).

As a cross-check, we also tested and confirmed the high-
redshift solutions with the photo-z code EAZY (Brammer et al.
2008). In particular, we fit photometric redshifts with templates
that include emission lines as included in the v1.1 distribution
of the code.12 The best-fit EAZY redshifts are all within 0.1 of
the ZEBRA values listed in Table 2.

3.3. Possible Sample Contamination

As we will show in Section 4.1, the detection of such bright
z ∼ 9–10 galaxy candidates in the GOODS-N data set is
surprising given previous constraints on UV LFs at z > 8.
A detailed analysis of possible contamination is therefore
particularly important. We discuss several possible sources of
contamination in the next sections.

3.3.1. Emission Line Galaxies

Strong emission line galaxies have long been known to
potentially contaminate very high-redshift sample selections.
These are a particular concern in data sets which do not have very
deep optical data to establish a strong spectral break through
non-detections (see, e.g., Atek et al. 2011; van der Wel et al.
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line at 1.6 µm and the high luminosity of UDFj-39546284)

12 Available at http://code.google.com/p/eazy-photoz/.
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observed fluxes significantly better than any of the possible low-redshift SEDs.
The integrated likelihoods for zphot < 5 are all <0.2% as shown by the labels
in the right panels.
(A color version of this figure is available in the online journal.)

indicates that an extreme emission line galaxy at z ∼ 2.2 is
a more likely interpretation of the current data (see Bouwens
et al. 2013a; Ellis et al. 2013; Brammer et al. 2013; Capak et al.
2013).

In our SED analysis in Section 3.2, we specifically included
line emission in order to test for contamination from strong emis-
sion line sources. Indeed, for two of the candidates, the best-fit
low-redshift photometric redshift solutions are obtained from
a combination of extreme emission lines and high dust extinc-
tion. However, all candidates are detected (although sometimes
faintly) in several non-overlapping filters. For example, with the
exception of GN-z10-1, all sources show some flux in the J125
filter, as well as a clear detection in H160. It is therefore unlikely
that the detected HST flux originates from emission lines alone.
Furthermore, three of the four candidates show robust detec-
tions in the IRAC bands, which further limits the likelihood of
contamination by pure line emitters. For example, GN-z10-1
(the brightest source), shows evidence for a flat continuum from
the HST H160 to the IRAC 3.6 µm and 4.5 µm bands. As can
be seen from Figure 3, while this can be mimicked with the
combination of [O iii]/Hβ contamination in the H160 band and
continuum emission in the IRAC channels, the shorter wave-
length flux limits rule out such a lower redshift solution.

Taken together, the likelihood that the sources here are
lower-redshift emission line galaxies is low. The emission
line constraints from the IRAC filters are discussed further in
Section 5 where we present galaxy stellar mass estimates.
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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 (zphot = 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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shows clear flux exactly along the dispersion location of
GN-z11. After rebinning to a spectral resolution of 93 Å
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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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⇠ 1.65 µm, exactly as expected based on the drop in the G141
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flux is indeed the continuum of GN-z11. The spatial direction
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above and below the trace of our target source. Finally,
we confirmed that a break is seen in both epochs sepa-
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In the following sections, we discuss the possible red-
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straints of the new grism continuum detection as well as
the pre-existing photometry.
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with an even higher redshift solution. Interpreting the
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4 Oesch et al.

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
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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
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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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 (zphot = 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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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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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 (zphot = 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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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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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 (zphot = 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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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 (zphot = 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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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 (zphot = 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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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 (zphot = 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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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 (zphot = 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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shows clear flux exactly along the dispersion location of
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flux is indeed the continuum of GN-z11. The spatial direction
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top panel of Figure 3. Clearly, contamination is signif-
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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.
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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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⇠ 1.65 µm, exactly as expected based on the drop in the G141
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extends over 3.6 arcsec, and the two red lines indicate the trace of
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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-
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In the following sections, we discuss the possible red-
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the pre-existing photometry.
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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 (zphot = 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,

Oesch, Brammer+2016

Candidate #2 (GN-z11): z~10? z=11.1±0.1
Oesch,Brammer+16

✦ Deep HST spectrum supports Lyman-break @ z=11

strong emission line contamination before the acquisition of the
WFC3/IR grism spectra.

APPENDIX C
ESTIMATING STELLAR POPULATION PROPERTIES

SED fitting to the photometry was used to estimate several
stellar population properties of GN-z11 listed in Table 2. This

was done using the code ZEBRA+ (Oesch et al. 2010), an
extension of the photometric redshift code ZEBRA (Feldmann
et al. 2006). The stellar population templates were based on
standard libraries (Bruzual & Charlot 2003), however, nebular
continuum and line emission were added self-consistently
assuming all ionizing photons are transformed to nebular
emission. The allowed star formation histories were based on
standard exponentially declining models with parameters
τ=108,109, and constant star formation, with stellar metalli-
cities of Z=0.05–0.5Ze, and a Chabrier initial mass function.
The ages of the models ranged from 106 year to the age of the
universe at the given redshift. Dust extinction was allowed in the
fit using a standard starburst dust model (Calzetti et al. 2000). The
resulting stellar mass derived for GN-z11 is =:M Mlog 9.0
with formal uncertaintiesD =Mlog 0.4 as derived from the χ2

values of all SEDs in the library. We note, however, that our
longest wavelength filter, IRAC channel 2, only partially covers
the rest-frame optical for GN-z11 atl > 4000rf Å, which is why
we only report an approximate stellar mass in the main body of
the text. Other physical parameters are listed in Table 2.
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Figure 10. 2D (top) and 1D (bottom) grism spectra of GN-z11 split in the two independent epochs of data from our program (epoch 1 left panels; epoch 2 right
panels). Both of these have an exposure time of 6 orbits each, but their neighbor contamination is very different due to the different orientations (see Figure 2). The
blue lines show the contamination level which was subtracted from the 1D spectra. As in Figure 5, the top panel has been slightly smoothed for clarity and the lower
panels show the 1D flux density binned to one resolution element of the G141 grism (93Å). As expected for a 6 orbit exposure, the continuum S/N is 1 at this
resolution. The black dots with errorbars are the binned spectrum to 560Å. The continuum break is detected in both epochs separately.

Figure 11. Histogram of pixel residuals within±0 6 of the trace in the 2D
spectrum after subtracting out the best-fit model of GN-z11. The salmon
colored line is the best-fit Gaussian distribution, which is in excellent
agreement with the expectation of a Gaussian centered at μ=0 with σ=1
(dark red line). This demonstrates that our pixel noise estimates are accurate
and that our extracted spectra are not affected by systematic uncertainties from
neighbor modeling.
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Uncertainties are ≈ Gaussian



GN-z11 is significantly contaminated in the AGHAST
observations by several nearby galaxies given their orientation
(see Figure 2). Furthermore, the observations were severely
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 data sets. 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. 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 93Å (the native resolution element of the grism)

Figure 4. 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 ( cD > 8000p

2 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).
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What does GN-z11 really look like?

It is most likely quite blue from its numerous 
hot young stars, very irregular in shape with 
compact regions bursting with forming stars  

But this is about the best 
we can do on GN-z11 

Astronomers have worked with 
artists to try and visualize what 
galaxies like GN-z11 look like  

M51

Milky WayGN-Z11
Distance:

Radius:

Mass in stars:

Star formation rate:

13.4b light years —

2500 light years 25 × larger

109 M⊙   50 × larger 

25 M⊙ / yr 50 × lower

Candidate #2 (GN-z11): z~10? z=11.1±0.1
Oesch,Brammer+16



Expected counts at z>10
✦ Should have needed a survey >15x larger to find 

GN-z11 based on extrapolations from lower z!

Absolute UV magnitude, M
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Figure 9. Redshift evolution of the cosmic star-formation rate density (SFRD)
ρ̇∗ above a star-formation limit >0.7 M⊙ yr−1 including the new GOODS
z ∼ 10 galaxy candidates. The lower redshift SFRD estimates are based on
LBG UV LFs from Bouwens et al. (2007, 2012b) including dust corrections.
The gray band represents their 1σ uncertainty. The new measurement from
the five detected candidates in the combined CANDELS GOODS-N/S and the
HUDF09/12/XDF data set is shown as the dark red square. The individual
SFRD with error bars were computed from the UV LD of the individually
detected sources. Open diamonds connected with a vertical line represent the
SFRDs as estimated based on integrating the best-fit UV LFs down to the
corresponding luminosity limit of MUV = −17.7 (see Table 4). The upper
diamond represents M∗ evolution, and the lower diamond is derived from
φ∗ evolution. These estimates are offset to z = 10.25 for clarity. Previous
measurements of the SFRD at z > 8 are shown from a combination of HUDF09/
12+GOODS-S (pale red; Oesch et al. 2013a) as well as from CLASH cluster
detections (blue triangles; Bouwens et al. 2012a; Coe et al. 2013; Zheng et al.
2012). Additionally, we also show the results of the HUDF12 field only from
Ellis et al. (2013; green circles). We corrected down their z ∼ 10 point by a factor
2× to account for our removal of a source that was shown to be a diffraction
spike (see Oesch et al. 2013a). When combining all the measurements of the
SFRD at z ! 8 from different fields we find log ρ̇∗ ∝ (1 + z)−10.9±2.5 (black
solid line), significantly steeper than the lower redshift trends which only fall
off as (1 + z)−3.6 (gray line). The current data at z > 8 show that the cosmic
SFRD is very likely to increase dramatically, by roughly an order of magnitude,
in the 170 Myr from z ∼ 10 to z ∼ 8.
(A color version of this figure is available in the online journal.)

function.14 Since the HUDF12/XDF data reaches down to
MUV = −17.7 mag, the derived SFRD is limited at SFR >
0.7 M⊙ yr−1. For the z > 8 points, we did not perform any
dust correction, because it is expected to be negligible based on
the evolution of the UV continuum slope distribution at lower
redshift (e.g., Bouwens et al. 2012c, 2013b; Dunlop et al. 2013;
Finkelstein et al. 2012; Wilkins et al. 2011).

The direct SFRD from the five observed candidates is
log10 ρ̇∗ = −3.25 ± 0.35 M⊙ yr−1 Mpc−3. As can be seen
from the summary in Table 4, this is a factor 0.45 dex
higher compared to our previous estimate using only the one
HUDF12/XDF candidate. However, it remains quite consistent
with our previous estimate that a very large change occurs in the
SFRD in the 170 Myr from z ∼ 10 to z ∼ 8. With the new data,
the build-up remains strong at 1.05 ± 0.38 dex from z ∼ 10 to
z ∼ 8, i.e., by an order of magnitude.

Together with the direct SFRD as measured from the five
detected sources in the XDF and GOODS-N+S, Figure 9 also
shows the SFR densities of the two best-fit UV LFs we derived
in the previous section (for a summary see also Table 4). In
particular, the best-fit M∗ evolution results in a significantly
higher SFRD, essentially equal to the current z ∼ 9 estimates.

14 SFR(M⊙ yr−1) = 1.4 × 10−28 L1500 (erg s−1 Hz−1) (Kennicutt 1998).
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Figure 10. A comparison of the observed SFRD evolution (limited at >0.7 M⊙/
yr) with model predictions. Here we combined all the measurements from our
analysis with the CLASH results (Bouwens et al. 2012a; Coe et al. 2013; Zheng
et al. 2012) at z ∼ 9 and z ∼ 10 (dark red squares). The lower redshift
points (dark blue) are the same as in the previous figure. The model curves
are based on semi-analytical/empirical modeling (Trenti et al. 2010; Lacey
et al. 2011; Tacchella et al. 2013) and on SPH simulations (Finlator et al.
2011; Jaacks et al. 2013). The simulation curves were converted from UV
luminosity densities and corrected for dust extinction by the same amount as
the observational measurements (where necessary). All of these models predict
a significant downturn in the observed SFRD at z ∼ 8, consistent with the
observations.
(A color version of this figure is available in the online journal.)

However, we stress again that M∗ evolution should have resulted
in nine detected z ∼ 10 candidates in our search fields and
should therefore be considered an upper limit.

Combining our updated SFRD estimate with previous analy-
ses from different data sets in the literature at z > 9 (Bouwens
et al. 2012a; Coe et al. 2013; Zheng et al. 2012), the new
best-fit evolution of the cosmic SFRD at z ! 8 is log ρ̇∗ ∝
(1 +z)10.9±2.5, which is almost unchanged from our previous de-
termination without the new luminous sources in GOODS-N and
GOODS-S ((1+z)11.4±3.1; Oesch et al. 2013b). The small change
is mostly due to the fact that our new, combined SFRD mea-
surement from all the CANDELS-Deep and HUDF09/XDF
data almost exactly falls on the previously estimated trend and
that the LF is so steep that the integrated flux is dominated still
by the lower luminosity sources.

As we show in Figure 10, the rapid decline at z > 8 is not
completely unexpected. It seems to be a very generic prediction
of a wide range of theoretical models, which reproduce the
UV LF evolution across z ∼ 4–7. These models include semi-
empirical estimates of the SFRD evolution (Trenti et al. 2010;
Tacchella et al. 2013), semi-analytical models (Lacey et al.
2011), as well as hydrodynamic simulations (Finlator et al. 2011;
Salvaterra et al. 2011; Dayal et al. 2013; Jaacks et al. 2013).
Given that these models all use very different prescriptions and
techniques, it is likely that this rapid decline is mostly driven by
the underlying evolution of the dark matter halo mass function,
which is also evolving very rapidly at z > 8.

5. ROBUST REST-FRAME OPTICAL DETECTIONS OF
z ∼ 10 GALAXIES: NEBULAR EMISSION LINES AND

STELLAR MASSES

The most important result from our IRAC analysis in the
previous sections is that for all three sources in GOODS-N
for which the neighbor subtraction was successful, we detect
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Automated "pipeline" processing for more comprehensive 
search.  



Aside: a UV burst in GNz11?

✦ Jiang et al. (Nature Astronomy, Dec. 2020, https://arxiv.org/
abs/2012.06937) reported detection of a transient burst 
while they were observing GN-z11 in 2017!

https://arxiv.org/abs/2012.06937
https://arxiv.org/abs/2012.06937


Aside: a UV burst in GNz11?

✦ The data: time series of 
dispersed spectra from 
the Keck telescope.  

✦ Burst appears in one 
~2 minute exposure but 
is invisible in exposures 
immediately before and 
after

Δt~3m
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Fig. 1. Detection of GN-z11-flash. (a) 2D images that cover a wavelength range of ~ 2.10 − 

2.20 μm. Image ID209 clearly shows a continuum signal that is referred to as GN-z11-flash. 

The other four images (ID207, ID208, ID210, and ID211) were observed immediately before 

and after ID209. They do not have detectable signal. (b) Exposure time series. The horizontal 

bars indicate the individual exposure time of 179 s. The flux of GN-z11-flash in ID209 is 

normalized to 1 and its error is negligible (the error bar is within the fill circle). The flux 

measurements in the other four images are shown as 2σ upper limits. 

 



Aside: a UV burst in GNz11?

✦ Is it above the atmosphere?  Yes 
✦ Was it a known artificial satellite? No, but the website used to 

check is now down 
✦ Was it a known asteroid or other natural body?  No 
✦ So it's a Gamma Ray Burst 400 Myr after the Big Bang?

4 

associated with a long-duration GRB, but outshines other known UV, optical, or infrared 

transients (e.g., SNe, TDEs, and active galactic nucleus flares). Observations have shown that 

some long GRBs are associated with a bright UV/optical flash5-9, which may originate from 

the reverse shock when the relativistic GRB outflow is decelerated by an ambient medium or 

in an internal !-ray emission site10-14. We search for a possible GRB temporally and spatially 

coincident with GN-z11-flash using archival Fermi Gamma-ray Burst Monitor (GBM) data. 

The non-detection sets up an upper limit of the !-ray flux density ~ 5.9 × 10−7 erg s−1 cm−2 in 

the GBM band (Methods), which can be translated to an upper limit on the isotropic 

luminosity of ~ 9.8 × 1053 erg s−1 for the GRB. Most GRBs have an isotropic luminosity 

below this value, so the non-detection is reasonable. 

We explain GN-z11-flash as a rest-frame UV flash associated with a long GRB at GN-

z11 (Methods). The hard continuum spectrum with βν ≈ 1.2 suggests that the frequency ν of 

the observed emission is slightly lower than the synchrotron self-absorption (SSA) frequency 

νa (i.e. ν ≤ νa). We find that GN-z11-flash was not from an external reverse shock. The most 

likely solution is that this flash was produced together with the prompt !-ray emission from 

an internal site, plausibly an internal magnetic dissipation site. Based on the moderately fast 

cooling synchrotron radiation model18 and the standard method14 to calculate νa, we reach a 

self-consistent solution of νa with the following parameters for a typical bright long GRB: an 

isotropic peak luminosity 1053 erg s−1, an observed peak energy 100 keV, a Lorentz factor 300, 

a co-moving magnetic field strength 105 G, and the distance of an emission region from the 

central engine 5 × 1014 cm. Within this scenario, the duration of the flash is defined by the 

duration of the burst, which is shorter than 245/(1+z) ≈ 20.5 s in the rest frame. This is 

consistent with the typical duration ~ 10 s of long GRBs19,20. Our simulation also shows that 

~51% of prompt emission events from long GRBs at z ~ 11 would show up in only one image 

during our observations. Since no obvious continuum radiation was detected after the 

detection of GN-z11-flash in our observations, we rule out a bright reverse shock component. 

This is consistent with the GRB models in a wide range of parameter space, including a 

Poynting-dominated flux or a normal fireball without substantial magnetization in the reverse 

shock region21. For typical GRB parameters, the predicted flux density of the external forward 

shock emission is below the flux density upper limit set by the non-detections in the 

observations. 

Long GRBs reside in active star-forming galaxies. GN-z11 is a luminous star-forming 

galaxy with a UV star formation rate of ~26 solar masses per year17. During the observations 

of GN-z11, the chance probability of detecting one GRB as bright as GN-z11 in the 

UV/optical is estimated to be (0.3 ~ 60) × 10−10 (Methods). This probability is low, but is 

roughly 103 -105 times higher than the chance probability of detecting a random GRB, and is 

at least 2 orders of magnitude higher than the probabilities from other sources considered 



However....

✦ At least 10 similar "flashes" observed in a search of archival 
datasets from the same instruments in different fields 



Aside: a UV burst in GNz11?

✦ Is it above the atmosphere?  Yes 
✦ Was it a known artificial satellite? Probably 
✦ Was it a known asteroid or other natural body?  No 
✦ So it's a Gamma Ray Burst 400 Myr after the Big Bang?

4 

associated with a long-duration GRB, but outshines other known UV, optical, or infrared 

transients (e.g., SNe, TDEs, and active galactic nucleus flares). Observations have shown that 

some long GRBs are associated with a bright UV/optical flash5-9, which may originate from 

the reverse shock when the relativistic GRB outflow is decelerated by an ambient medium or 

in an internal !-ray emission site10-14. We search for a possible GRB temporally and spatially 

coincident with GN-z11-flash using archival Fermi Gamma-ray Burst Monitor (GBM) data. 

The non-detection sets up an upper limit of the !-ray flux density ~ 5.9 × 10−7 erg s−1 cm−2 in 

the GBM band (Methods), which can be translated to an upper limit on the isotropic 

luminosity of ~ 9.8 × 1053 erg s−1 for the GRB. Most GRBs have an isotropic luminosity 

below this value, so the non-detection is reasonable. 

We explain GN-z11-flash as a rest-frame UV flash associated with a long GRB at GN-

z11 (Methods). The hard continuum spectrum with βν ≈ 1.2 suggests that the frequency ν of 

the observed emission is slightly lower than the synchrotron self-absorption (SSA) frequency 

νa (i.e. ν ≤ νa). We find that GN-z11-flash was not from an external reverse shock. The most 

likely solution is that this flash was produced together with the prompt !-ray emission from 

an internal site, plausibly an internal magnetic dissipation site. Based on the moderately fast 

cooling synchrotron radiation model18 and the standard method14 to calculate νa, we reach a 

self-consistent solution of νa with the following parameters for a typical bright long GRB: an 

isotropic peak luminosity 1053 erg s−1, an observed peak energy 100 keV, a Lorentz factor 300, 

a co-moving magnetic field strength 105 G, and the distance of an emission region from the 

central engine 5 × 1014 cm. Within this scenario, the duration of the flash is defined by the 

duration of the burst, which is shorter than 245/(1+z) ≈ 20.5 s in the rest frame. This is 

consistent with the typical duration ~ 10 s of long GRBs19,20. Our simulation also shows that 

~51% of prompt emission events from long GRBs at z ~ 11 would show up in only one image 

during our observations. Since no obvious continuum radiation was detected after the 

detection of GN-z11-flash in our observations, we rule out a bright reverse shock component. 

This is consistent with the GRB models in a wide range of parameter space, including a 

Poynting-dominated flux or a normal fireball without substantial magnetization in the reverse 

shock region21. For typical GRB parameters, the predicted flux density of the external forward 

shock emission is below the flux density upper limit set by the non-detections in the 

observations. 

Long GRBs reside in active star-forming galaxies. GN-z11 is a luminous star-forming 

galaxy with a UV star formation rate of ~26 solar masses per year17. During the observations 

of GN-z11, the chance probability of detecting one GRB as bright as GN-z11 in the 

UV/optical is estimated to be (0.3 ~ 60) × 10−10 (Methods). This probability is low, but is 

roughly 103 -105 times higher than the chance probability of detecting a random GRB, and is 

at least 2 orders of magnitude higher than the probabilities from other sources considered 






